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A M E R I C A N  J O U R N A L  O F  B OTA N Y R E S E A R C H  A R T I C L E

                      During the Last Glacial Maximum (LGM) 18 000–21 000 yr 
ago, the landscapes and climates of the northern hemisphere 
were dramatically altered due to the advance of continental ice 
sheets that extended over much of the northern portion of the con-
tinent ( Overpeck et al., 1992 ). Palaeontological, biogeographical, 

and phylogenetic evidence suggests that during glacial maxima, 
temperate species survived or relocated to refugia at the limits 
of their range or beyond those limits, leading to isolation, mas-
sive migrations, and reductions in population sizes ( Hewitt, 
2000 ). As the ice sheets retreated at the end of the LGM, his-
torically glaciated areas were recolonized from refugia, and 
populations expanded as the climate warmed ( Hewitt, 2000 ). 
Genetic studies using organellar DNA markers (i.e., chloroplast 
and mitochondrial DNA) have sought to identify the location of 
refugia and the patterns of postglacial expansion of taxa by 
looking for genetic signatures of isolation and a reduction in 
geographical ranges during the LGM ( Hewitt, 1996 ;  Comes 
and Kadereit, 1998 ;  Hewitt, 2004 ). 

 Genetic variation across a range of temperate plant and ani-
mal species together with palaeoecological records have been 
used to identify three major southern refugia in Europe during 
the LGM: the Mediterranean peninsulas of Iberia, Italy, and the 
Balkans ( Frenzel, 1973 ;  Hewitt, 1996 ;  Tzedakis et al., 2002 ). In 
North America, refugia located in Florida and the Gulf Coast 
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  •  Premise of study:  Molecular population genetics is a powerful tool to infer how species responded to past environmental 
change. In the northern hemisphere, interest is increasing in how species responded to changes in ice coverage and temperature 
during the last glaciation maximum (LGM, between 18 000–21 000 yr ago) with a common assumption that glacial refugia were 
located at the southern edge of a species range. 

 •  Methods:  We reconstructed the glacial and postglacial phylogeography of  Sabatia kennedyana , a member of the Atlantic 
Coastal Plains Flora with a current distribution from Nova Scotia (NS) to South Carolina, using both cpDNA and nuclear mark-
ers. We also examined clinal variation in morphological traits, in particular relative investment in asexual vs sexual growth. 

 •  Key results:  We fi nd strong evidence that the species did not reside in southern glacial refugia, but rather in primary glacial 
refugia off the exposed continental shelf extending from Cape Cod and that this area was responsible for the founding of mod-
ern populations across the range from Nova Scotia (NS) to the United States. Additionally, based on the fi nding of higher cp-
DNA diversity and older cpDNA lineages in NS, we propose that multiple founder events occurred in NS, while only a single 
lineage gave rise to current populations in the United States. 

 •  Conclusions:  By understanding how  S. kennedyana  responded to past shifts in climate and by identifying areas of high genetic 
diversity in the northern range edge, we discuss the potential response of the species to future climate change scenarios.  

  Key words:  Atlantic Coastal Plain; Bayesian analyses; clinal variation; cpDNA; extended Bayesian skyline plot; fl ora; 
Gentianaceae; ISSR; northern refugia; Pleistocene; sexual vs asexual investment. 
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have been identifi ed ( Swenson and Howard, 2005 ).  Provan and 
Bennett (2008)  suggested that in addition to extensive southern 
glacial refugia, species also persisted throughout the LGM in 
smaller, cryptic refugia at higher latitudes ( Provan and Bennett, 
2008 ). Some of these putative refugia may have existed in the 
extensive continental shelf region off the New England coast as 
far as Sable Island ( Barrington and Paris, 2007 ), in an area cur-
rently beneath the Atlantic Ocean ( Pielou, 1991 ) ( Fig. 1 ).  One 
North American complex of plant species that are presumed to 
have persisted at the southern end of their range during the 
LGM are the Atlantic Coastal Plain Flora (ACPF). 

 The Atlantic Coastal Plain Flora is a group of over 90 taxo-
nomically unrelated species that occupy oligotrophic wetland 
habitats including seasonal freshwater ponds, lakeshores, and 
kettlehole depressions. Generally slow-growing and poor com-
petitors, these plants are adapted to live in areas with high-
disturbance regimes, which include damage from waves and large 
fl uctuations in water levels that result in extensive periods of 
submersion ( Keddy, 1985 ;  Wisheu and Keddy, 1994 ).  Sabatia 
kennedyana  Fernald (Gentianaceae), a characteristic species of 

the ACPF, is a semiaquatic, herbaceous perennial that occurs 
mostly along the shores of coastal, glaciated ponds throughout 
the coastal plain of the eastern United States, with nearly all 
populations in southeastern Massachusetts and a few others lo-
cated in Rhode Island, North Carolina, and South Carolina 
( USDA NRCS, 2014 ). Disjunct populations at the northern lim-
its of the range occur in southwest Nova Scotia (NS). 

 The primary objective of this phylogeographic study is to 
characterize the genetic diversity and structure of populations 
of  S. kennedyana  at various locations across the species’ range 
to identify possible Pleistocene refugia. Specifi cally, we exam-
ined whether there is evidence for glacial refugia at the south-
ern edge of the range and/or in possible cryptic refugia along 
the eastern seaboard at the northern end of the range. To this 
end, we used comparative analyses of cpDNA sequence data 
with data from intersimple sequence repeat (ISSRs): the former 
are maternally inherited, while the latter are biparentally inher-
ited and dominant. Additionally, because of observed variation 
in plant morphology and an apparent increase in investment in 
sexual vs. asexual growth of ramets in the southern part of the 

 Fig. 1. Sampling sites of extant populations of  Sabatia kennedyana  and inferred historical map of the area during the last glacial maximum (LGM). (A) Map of 
the frequency distribution of two cpDNA ( trnS - trnG  and  rpl20-rps12  spacers) haplotypes in  Sabatia kennedyana  from fi ve locations representing the northern (Nova 
Scotia [NS], Canada), central (Massachusetts [MA], USA) and southern (North Carolina [NC], USA) range distribution of the species. Pie charts show haplotypes 
in NC and MA (USA) and in three region from NS (lower Tusket: L; mid Tusket: M; upper Tusket: U). Sized wedges represent haplotype frequency in each popula-
tion. Haplotype F in black represents private alleles. (B) Inferred historical map of the area depicted in the black square in (A), as estimated to exist 18 000 yr ago; 
dark gray areas indicate land masses currently submerged, but hypothesized to be above sea level during the LGM (modifi ed from  Pielou, 1991 ). The location of the 
proposed refugia is shown by the black rectangle.   
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range ( Sutton, 2007 ), we examined differences in the patterns 
of growth and reproductive strategy among populations to com-
pare clinal variation in morphological and genetic characters. 

 MATERIALS AND METHODS 

 Study organism —    Sabatia kennedyana  is a semiaquatic, herbaceous, lake-
shore perennial herb. It is mainly distributed along the eastern seaboard of the 
United States, populations naturally occur in Massachusetts (MA), Rhode Island 
(RI), North Carolina (NC), and South Carolina (SC), and it was introduced into 
Virginia ( USDA NRCS, 2014 ). At the northern range limits,  S. kennedyana  is 
restricted to NS where it is considered to be disjunct due to the large geographic 
separation between NS and populations in Cape Cod (MA) and the rest of the 
range. Nova Scotian populations are further restricted to 11 lakes in the Tusket 
River Watershed in the southwest of the province. The species is designated as 
endangered in Canada under the Species at Risk Act and in Nova Scotia under the 
Nova Scotia Endangered Species Act due to declines in the species’ geographic 
range ( COSEWIC, 2012 ). The species is also of international concern, with an 
International Global Rank (G-Rank) of G3, and is listed as critically imperiled in 
all states except MA, where it is vulnerable (S3) ( NatureServe, 2015   ). 

 Throughout its range,  S. kennedyana  combines sexual and asexual modes 
of reproduction. Sexually reproductive fl owers are disc-shaped, pale to bright 
pink, hermaphroditic, and possess a bilocular pistil. Protandry and temporal 
separation of fl oral dehiscence on a stem limits self-fertilization, but some self-
pollination occurs and substantial seed set can be produced since the species is 
fully self-compatible ( Hill et al., 2006 ). Sexual reproduction is accomplished 
through insect pollination, with approximately 87% of insect visitors in Nova 
Scotia made up of syrphid fl ies and approximately 5% made up of sweat bees 
( Trant et al., 2010 ). However, the diversity, abundance, and proportion of ob-
served pollinator families appear to differ throughout the range (J. T. Sutton 
and S. V. Good, personal observation). 

 Basal rosettes are capable of asexual (clonal) growth via stoloniferous 
runners that produce additional “daughter” rosettes. These daughter rosettes 
continue to develop through vegetative growth, forming a spreading mat 
(henceforth referred to as a “clonal cluster”). Eventually, one or more rosettes 
in a clonal cluster may undergo sexual reproduction by developing an erect 
fl ower stalk. Due to the extensive clonal growth exhibited by  S. kennedyana , it 
is often very diffi cult to identify a single genet. Based on the general pattern of 
clonal growth, for this study, it was determined that “individuals” (i.e., separate 
plants) would be considered as physically discrete clonal clusters. 

 Study area —   Fourteen populations were sampled from three locations rep-
resenting the northern (NS, Canada), central (MA, USA), and southern (NC, 
USA) range of the species ( Fig. 1 ,  Table 1 ).  Populations of  S. kennedyana  in SC 
are on the border with NC; the populations sampled here from NC are on the 
same river (just north) of the populations of  S. kennedyana  in SC. In NS, sam-
ples were collected from seven lakeshores within the lower, mid, and upper 
Tusket River watershed in Yarmouth County. In NC, two sites were sampled in 
the Waccamaw River watershed in Columbus County. In MA, eight kettle 
ponds in and to the north of Cape Cod were sampled which have little or no 
connectivity via water among them. 

 Morphology —   Eight morphological characters were examined to test for 
differences in vegetative and fl owering investment across the range. Sexual 
variables included fl ower stem height, the number of fl owers per stem, the num-
ber of fl ower stems per cluster, and the number of fl owers per cluster. Addition-
ally, fruits were collected to compare seed set per fruit and fruit mass across the 
range. Vegetative variables included cluster diameter and the number of ro-
settes per cluster. With the exception of seed set and fruit mass, all measure-
ments were taken in the fi eld during peak fl owering season. 

 Statistical analysis for morphology —   We used generalized linear models 
(GLMs) with Gaussian error distributions to test for the effect of location on 
log-transformed data for fl ower stem height, fruit mass, and cluster diameter. 
To test the effect of location on the remaining morphological characters (num-
ber of fl owers per stem, number of stems per cluster, number of fl owers per 
cluster, number of seeds per fruit, and number of rosettes per clusters), we per-
formed GLMs with Poisson error distributions on untransformed data. All sta-
tistical analyses were performed with the program R v. 2.15.2 ( R Development 
Core Team, 2011 ). 

 Genotyping —   Genomic and plastid DNA was extracted from leaf samples 
(which were collected in the fi eld and immediately frozen in a dryshipper) us-
ing GenElute Plant Genomic DNA Kits (Sigma, St. Louis, Missouri, USA), and 
ID PURE  Genomic DNA Isolation Kits (ID Laboratories, London, Ontario, 
Canada). Three sets of ISSRs loci were amplifi ed using primers 854, 841, and 
SNB3 (UBC ISSR primer sets) for 179, 42, and 44 samples respectively ( Table 1 ) 
following a protocol given in  Sutton (2007) . One of these primers (854) was 
used in a previous study that examined clonal variation in a subset of the popu-
lations ( Sutton, 2007 ), while the additional two markers were scored in fewer 
individuals but more populations for the purposes of this study. Final PCR 
products were run on GE Healthcare (Little Chalfont, Buckinghamshire, UK) 

  TABLE  1. Number of samples obtained for 1161 bp of cpDNA data ( trnS-trnG  +  rpl20-rps12 ) and the ISSR data for primers SBN3, 841, and 54 for each 
of the eight ponds sampled in MA, the two creeks sampled in NC, the two lakes in the southern Tusket watershed, middle Tusket and upper Tusket in 
Nova Scotia with their corresponding latitude and longitude. 

Site Latitude Longitude cpDNA ISSR SNB3 ISSR 841 ISSR 854

Massachusetts
 Denrock Pond 42.680010 −71.139461 3 3 3 —
 Cooks Pond 41.922908 −70.665970 1 1 1 —
 Harlow Pond 41.919911 −70.670195 4 3 3 —
 Lamson Pond 41.679862 −70.267805 2 1 —
 Little Cliff Pond 41.755269 −70.013416 2 —
 Marydunn Pond 41.674806 −70.277292 — 39
 North Triangle Pond 41.950579 −70.703530 3 2 3 —
 Grassy Pond 42.501868 −71.451938 4 2 3 —
North Carolina
 Seven Creek1 34.277726 −78.539662 13 35
 Seven Creek2 34.056404 −78.656087 3 —
Lower Tusket
 Wilsons Lake 43.939767 −65.892136 4 3 2 41
 Bennetts Lake 43.928375 −65.902836 11 7 7 —
Mid-Tusket
 Lac de l’École Lake 43.935631 −65.813303 9 7 2 —
 Kegeshook Lake 43.966303 −65.80065 12 2 7 —
 Gillfi llan Lake 43.969922 −65.812131 6 4 6 30
Upper Tusket
 Pearl Lake 44.048628 −65.815194 4 3 3 34
 Third Lake 43.980653 −65.830364 6 4 4 —
Total 87 42 44 179
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polyacrylamide CleanGels. Gels were stained using DNA Silver Staining Kits 
(GE Healthcare), and lanes scored by eye for the presence (1) or absence of 
bands (0). For consistency in scoring among gels, a standard of known molecu-
lar weight bands (Low ranger, Norgen, Thorold, Ontario, Canada) was run in 
the fi rst, middle, and last lanes, and two replicate samples were run near each 
end of all gels. For the chloroplast markers, the  trnS-trnG  intergenic spacer and 
 rpL20-5  ′  rpS12  intergenic spacer ( Hamilton, 1999 ) were amplifi ed as described 
by  Wood (2006)  from 87 samples ( Table 1 ). DNA of purifi ed PCR products 
was sequenced on the MJ basestation genotyper and reads were called using the 
licensed genotyping software Cartographer (MJ Research, Waltham, Massa-
chusetts, USA). Sequences from forward and reverse primers were edited and 
the consensus sequence for each individual extracted using SeqManII (DNA-
STAR, Madison, Wisconsin, USA). Both regions were concatenated and a mul-
tiple sequence alignment was obtained using Clustal W in the program MEGA5 
( Tamura et al., 2011 ). 

 Genetic diversity, structure, and haplotype network —   The levels of cp-
DNA sequence polymorphism were evaluated by calculating the number of 
haplotypes ( h ), haplotype diversity (Hd) and nucleotide diversity (  π  ), excluding 
sites with gaps/missing data, using D NA SP v5.0 ( Librado and Rozas, 2009 ). 
Additionally, the mean pairwise distance between populations was estimated 
using Kimura’s two-parameter model in MEGA5. For the ISSR data, Bayesian 
estimates of expected within-population heterozygosity (hs) were calculated for 
the data from two of the three ISSR data sets (SNB3 and 841) using the software 
Hickory v.1.1 ( Holsinger and Lewis, 2003 ) under the  f -free model. 

 To infer population genetic structure among populations and regions and to 
infer possible refugia during the LGM, we used multiple statistical tests. First, 
genetic divergence between population pairs was measured using Kimura’s 
two-parameter estimates ( Kimura, 1980 ) (for the cpDNA sequences) and Nei’s 
genetic distance estimate ( Nei, 1972 ) (for the ISSR data) as implemented in 
MEGA5 and GENALEX ( Peakall and Smouse, 2006 ), respectively. The result-
ing matrices of genetic distances were used to construct neighbor-joining (NJ) 
population trees using the program NEIGHBOR included in PHYLIP 3.66 
( Felsenstein, 2005 ). Second, an analysis of molecular variance (AMOVA) was 
employed to identify genetically homogeneous populations. Signifi cance of the 
observed  F  CT  values was tested using a random permutation procedure avail-
able in Arlequin v. 3.01 ( Excoffi er and Lischer, 2010 ). We used  F  ST  and pair-
wise differences as the distance method for cpDNA and ISSR data, respectively. 
A principal component analysis (PCA) was performed as a third approach for 
correlating genetic composition with geographic location of populations as 
implemented in the MultiVariate Statistical Package (MVSP) v. 3.21 ( Kovach, 
2007 ). For this analysis, we used the data from ISSR primer 854, which con-
sisted of data from fewer populations but more samples per population than the 
other two primers (see  Table 1 ), thus allowing a better visualization of the dis-
tribution of individuals after collapsing the multilocus genotype data. 

 Patterns of gene fl ow between populations were estimated using a Bayesian 
approach in the program Migrate 3.6 ( Beerli, 2009 ). To explore different gene 
fl ow scenarios, we compared fi ve models based on our genetic diversity and 
structure analysis. The models included one panmictic population, two popula-
tions (USA and Canada), and 3–4 subgroups of the NS populations ( Table 5 ). 
We calculated the log marginal likelihoods as the Bezier approximation score 
and estimated the log Bayes factors (LBF) as ln (marginal likelihood of M0) − 
ln (marginal likelihood of Mn) to determine the level of support for each popu-
lation model. In the search strategy menu, we used 10 000 for the number of 
recorded steps in chain and 10 000 as burn-in for each chain. To compare the 
models, we used the thermodynamic integration method by turning on static 
heating with four chains sampled at every 10th interval and using the default 
temperature scheme. 

 To examine the glacial refugia hypothesis with the cpDNA data, we con-
structed a minimum spanning network with the program Arlequin v. 3.01, visu-
alized in the program HapStar ( Teacher and Griffi ths, 2011 ) 

 Examination of phylogenetic relationship and past demographic changes 
modeled in a Bayesian framework —   To estimate the time of divergence of 
lineages in the US and Canada lineages, we analyzed the cpDNA sequence data 
in a Bayesian framework using the software BEAST v. 1.8 ( Drummond et al., 
2012 ). The divergence times of clades were estimated by partitioning the data 
into two cpDNA segments, using the best evolutionary model for the substitu-
tion process of each marker as identifi ed using BIC, HKY+G, and HKY + I for 
 trnS - trnG  and  rpL20-5  ′  rpS12  spacers, respectively, and setting the rate of sub-
stitution for  trnS-trnG  to 0.0021 and for  rpL20-5  ′  rpS12  to 0.0019 based on the 
mean and relative estimates found in other members of the euasterids I ( Shaw 

et al., 2005 ;  Ku et al., 2013 ). These estimates are slightly higher than an esti-
mated mean rate of evolution across all noncoding elements in the cpDNA of 
0.00152 per site per million years ( Yamane et al., 2006 ). We then employed a 
“strict clock” model based on the recent timescale of divergence among the 
samples, but allowed the rate to vary by placing a uniform prior on the substitu-
tion rate from 0 to 1, with initial values set to 0.0019 and 0.0021. The effect of 
different rates of substitution, models was evaluated by using both lower (e.g., 
using the more rigorously supported value of 0.0013 sites/Myr for  rbcL , a 
slower evolving protein-coding gene in the cpDNA), and higher (e.g., 0.0026, 
twice that of  rbcL , which is at the high end for cpDNA noncoding sequences 
[ Yamane et al., 2006 ], estimates of the substitution rate and then estimating 
relative ages. 

 Implementation of the analyses in a Bayesian framework allows simultane-
ous reconstruction of the tree topology and estimated divergence times of lin-
eages including the associated sampling error and also permits estimation of 
population demographic parameters conditioned on the estimated tree topol-
ogy. We estimated the credible set of the number of population size changes 
and the change in effective population size over time, scaled by the mutation 
rate, by employing a coalescent prior for the tree with an “extended Bayesian sky-
line plot” and then plotted the estimated effective population size against time 
(in million years ago [Ma]) with 95% highest posterior density (HPD) values. 
The posterior distribution of the parameters was sampled by simulating the 
model with two MCMC chains which were monitored for convergence by ex-
amination of the lnL plots over time using the program Tracer v. 1.3 ( Rambaut 
et al., 2014 ). After the fi rst 20 000 generations were discarded as burn-in, sam-
pling was performed every 2000 generations for another 1 000 000 generations 
when the effective sampling size (ESS) of each parameter was above 100 or 
preferably 200 and the MCMC chain had reached its stationary phase (conver-
gence). Population size changes are presented as means with associated stan-
dard deviation (SD) and standard error (SE). 

 RESULTS 

 Morphology —    Three sexual investment variables increased 
in size or number going from north to south from NS to MA to 
NC (fl ower stem height:  F  2,1601  = 3483,  R  2  = 0.81,  P  < 0.001; 
number of fl owers per stem:  F  2,1635  = 38480,  R  2  = 0.98,  P  < 
0.001; number of fl owers per cluster:  F  2,287  = 2112,  R  2  = 0.94, 
 P  < 0.001; Appendices S1 and S2, see Supplemental Data with 
the online version of this article). Fruit mass and the number 
of seeds per fruit were signifi cantly lower in NS compared 
with either MA or NC ( F  2,158  = 183.90,  R  2  = 0.70,  P  < 0.001 
and  F  2,234  = 3.51e+07,  R  2  = 1,  P  < 0.001). The number of ro-
settes per cluster was greatest in NS, followed respectively by 
NC and MA ( F  2,283  = 241.5,  R  2  = 0.63,  P  < 0.001); however, 
cluster diameter was signifi cantly greater in NC compared 
with either MA or NS ( F  2,158  = 263,  R  2  = 0.40,  P  < 0.001). The 
number of fl ower stems per cluster was signifi cantly greater in 
MA compared with NC or NS ( F  2,299  = 14.42,  R  2  = 0.09,  P  < 
0.001), although location only explained 9% of the variation 
in these data. 

 Genetic diversity and structure —    The spacers between  trnS  
and  trnG  and  rpL20-5  ′  rpS12  were aligned with a consensus 
length of 1161 bp, which was reduced to 812 bp after removing 
gaps and missing data (alignment fi le at  www.datadryad.org ). 
Among the 87 samples, 28 cpDNA haplotypes harboring 38 
informative sites were identifi ed in 812 bp. Haplotype sequences 
were deposited in the GenBank database under accession numbers 
JX003130–JX003186 for the  rpL20-5  ′  rpS12  intergenic spacer 
and JX003187–JX003245 for the  trnS-trnG  intergenic spacer. 
The levels of haplotype (Hd) and nucleotide diversity (  π  ) ranged 
from 0.978 (upper Tusket) to 0.298 (MA) and from 0.00505 
(lower Tusket) to 0.00077 (MA), respectively ( Table 2 ),  revealing 
higher sequence polymorphism in NS compared with popula-
tions in MA and NC. 
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 The ISSR primers SNB3, 841, and 854 generated 23, 30, and 
54 fragments with a total of 86.96%, 93.33%, and 88.89% poly-
morphic loci, respectively. The three data sets displayed similar 
levels of genetic diversity and revealed higher ISSR diversity in 
MA compared to NS ( Table 3 ).  

 The neighbor-joining trees based on pairwise genetic distance 
matrices using either cpDNA or ISSR data, showed that popula-
tions from the lower Tusket River watershed (BE-WI) grouped 
closer to populations in the United States than to other popula-
tions in NS (see Figs. S3A and S3B in online Appendix S3). The 
unrooted NJ tree based on the cpDNA sequences (Appendix 
S3A) shows a central group consisting of populations from MA 
and NC, together with populations from the lower Tusket River 
in NS (BE-WI). Populations from the middle Tusket watershed 
(GI-KE-LA) are separated from this central group, and popula-
tions from the upper Tusket (PE-TH) cluster separately. 

 ANOVA using cpDNA sequences and ISSR data revealed the 
highest level of among group differentiation when populations 
were divided into two groups: USA and Canada. The second 
highest  F  CT  value was obtained with three groups: (1) upper Tusket, 
(2) mid and lower Tusket, and (3) United States ( Table 4 ).  

 The PCA based on ISSR data ( Fig. 2 )  supported the AMOVA 
results and showed differentiation between Canadian and US 
populations based on the fi rst two component axes, which ex-
plained 31.3% of the variance. Also, ordination of the popula-
tions according to the fi rst axes showed populations from the 
upper Tusket (PE, TH) as a different group ( Fig. 2 ), as shown 
by the second best model in AMOVA. 

 The comparison of gene fl ow scenarios in Migrate supported 
differentiation between Canadian and US populations ( Table 5 ).  
The LBFs based on the Bezier approximation score also indi-
cated that the second most likely model is one panmictic popula-
tion, and the third best model is two groups in NS—separating 
the upper Tusket—and one group in the United States. Results 
from all the population models showed higher migration rates 
from NS to the US populations compared with migration rates 
from the United States to Nova Scotia (Appendix S4). For ex-
ample, the most likely model (two groups: Canada and USA) 
showed that the migration rate from Canada to the United States 
is about 1.5 times higher (1109.12) than the migration rate from 
the United States to Canada (724.8). 

 Phylogenetic tree, haplotype network, and demographic 
population history —    The Bayesian reconstruction of the tree 
topology and estimated divergence date of lineages revealed 
that three sequences from the lower or middle Tusket River in 
NS have the oldest coalescent times, ranging from 10 000 to 
14 600 yr old ( Fig. 3 ).  The remaining sequences have an esti-
mated most recent common ancestor (MRCA) dating to ~7200 
yr, and these sequences group into three main clades. One of 
these clades has a MRCA ~5800 yr ago and is composed of 
haplotypes exclusively from the lower and middle Tusket River 
NS. In the haplotype network ( Fig. 4 ),  this ancestral haplotype 
is represented by the letter C, and its derivative haplotypes are 
only found in NS, as also shown by the phylogenetic tree. The 
other clade is younger, with a MRCA of ~3500 yr ago, and 
contains haplotypes from the two US populations (MA and NC) 
and from the lower Tusket watershed. This is the most common 
haplotype and is represented by the letter B in the haplotype 
network, and it is also the haplotype with highest frequency in 
the US (88% in NC and 89% in MA,  Fig. 1 ), where it is the 
founder of all private haplotypes in the region ( Fig. 4 ). The 
third clade also has a MRCA dating back ~3500 yr, but it con-
tains haplotypes only from the middle and upper Tusket river 
watershed. The haplotypes in this clade are derivatives from 
haplotypes B (e.g., haplotype E) and C (e.g., haplotype D) ( Fig. 
4 ). Collectively, the results indicate that the oldest and most 
diverse lineages are in NS, while the US populations contain a 
subset of the haplotypes found throughout the range. 

 Using the pooled data set for the US and NS populations (the 
second best model in the Migrate analyses), the posterior distri-
bution of the credible set of population size changes, estimates 
that the mean number of population size changes is 1.6 (SD = 
0.715, SE = 0.05) with a median of 1, and zero (constant popu-
lation size) not being in the credible set. The extended Bayesian 
skyline plot ( Fig. 5 )  on the pooled populations follows a density-
dependent exponential growth pattern, suggesting that there 

  TABLE  2. Genetic diversity of cpDNA sequences from  trnS-trnG  and  rpl20-rps12  spacers sampled from populations of  Sabatia kennedyana  in the Tusket 
river watershed in Canada and Massachusetts (MA) and North Carolina (NC) in USA. 

Location Population Samples ( N ) Number of haplotypes ( h ) Haplotype diversity (Hd) Nucleotide diversity (  π  )

Upper Tusket PE, TH 10 4 0.978 0.00257
Mid Tusket GI, KE, LA 26 6 0.972 0.00473
Low Tusket BE, WI 15 9 0.962 0.00505
MA DEN, GRA, LAM, LIT, NT 19 4 0.298 0.00077
NC SC1, SC2 15 6 0.571 0.00083

  Notes:  PE: Pearl Lake, TH: Third Lake, GI: Gillfi llan Lake, KE: Kegeshook Lake, LA: Lac de l’École Lake, BE: Bennetts Lake, WI: Wilsons Lake, MA: 
Massachusetts, DEN: DenRock Pond, GRA: Grassy Pond, LAM: Lamson Pond, LIT: Little Cliff Pond, NT: North triangle Pond, NC: North Carolina, SC: 
Seven Creeks. 

  TABLE  3. Estimates of expected within-population heterozygosity (hs) of 
populations of  Sabatia kennedyana  from the Tusket river watershed 
in Canada and Massachusetts (MA) and North Carolina (NC) in USA 
using three different ISSR data sets. See  Table 1  for abbreviations of 
population names. 

Location Population SNB3 hs (SD) 841 hs (SD) 54 loci hs (SD)

Upper Tusket 
(Canada)

PE 0.191 (0.035) 0.181 (0.030) 0.110 (0.012)

TH 0.214 (0.031) 0.148 (0.026)
Mid Tusket 

(Canada)
GI 0.263 (0.029) 0.212 (0.021) 0.124 (0.008)

KE 0.247 (0.039) 0.261 (0.023)
LA 0.262 (0.027) 0.264 (0.033)

Lower Tusket 
(Canada)

BE 0.255 (0.032) 0.291 (0.021)

WI 0.299 (0.025) 0.179 (0.033) 0.093 (0.008)
MA (USA) LAM-NT 0.258 (0.033) 0.285 (0.029) 0.186 (0.009)

DEN-GRA 0.337 (0.025) 0.258 (0.032)
COO-HAR 0.277 (0.031) 0.297 (0.024)

NC (USA) SC1 0.127 (0.007)
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was exponential growth until about 1500 yr ago, followed by a 
density-dependent plateau, with a current effective population 
size of ~ N  e  = 1200. Parallel analyses conducted on populations 
only in the United States or Canada show similar results, except 
that the estimated mean number of population size changes is 
lower in NS (mean = 1.16, SD = 0.41, SE = 0.01) than in the 
United States (mean = 1.42, SD = 0.75, SE = 0.02). The skyline 
plots based on both the NS and US populations are consistent 
with a model of approximately constant population size fol-
lowed by expansion, except that, in the NS, population size has 
been stable and larger over the last 9000 yr (Appendix S5) with 
evidence of a gradual expansion, while in the United States, the 
population history is shorter with smaller effective populations 
sizes but a higher rate of exponential growth (Appendix S5). 
These models are consistent with a demographic history of 
gradual postglacial expansion with a density dependent decline 
in growth in the last 1000 yr. 

 DISCUSSION 

 Both the phylogenetic and genetic structure analyses suggest 
that populations from the northern and central eastern seaboard 
in the United States (MA and NC) and the Tusket watershed in 
Nova Scotia, Canada were founded by individuals from one or 
two northerly located refugia, plausibly on the shore of exposed 
and ice-free continental shelf extending east from Cape Cod, an 
area currently beneath the Atlantic Ocean ( Fig. 1 ) ( Sweeney 
and Ogilvie, 1993 ). Thus, despite the substantial distance (1200 

km) between current populations in MA and NC and the ice-
free conditions in NC during the LGM, there is no evidence for 
a separate refugium at the southern end of the distribution. In 
contrast, we found that individuals from the most northerly 
populations in the Tusket River watershed, in particular the up-
per Tusket, harbor divergent haplotypes. We hypothesize that 
this could be caused by three nonmutually exclusive scenarios: 
(1) postcolonization isolation by distance in the upper Tusket, 
(2) greater retention of ancestral diversity in northern parts of 
the range, or (3) a second refugium located further to the north. 

 Lower cpDNA polymorphism in MA and NC compared with 
NS do not support the hypothesis of southern refugia. If the re-
fugia for  S. kennedyana  were at the southern end of the current 
range, we would expect some descendants of these ancestral 
lineages today, but we do not observe them. Rather, all of the 
cpDNA haplotypes in MA and NC are descendants of a single 
ancestral cpDNA haplotype that is shared with individuals from 
the lower Tusket in NS. Moreover, based on the calibrated 
Bayesian tree, the haplotypes from MA and NC that form a 
clade are younger than the MRCA of the haplotypes found in 
NS. This provides strong evidence for northern refugia and 
suggests that NS populations of  S. kennedyana  were colonized 
by multiple founder haplotypes after glaciation. This postglacial 
expansion may have occurred from a single refugium, likely on 
the exposed continental shelf at that time, and the subsequent 
structure in NS may be due to isolation by distance within NS. 
It is also possible that a second refugium existed in the system 
of islands close to modern Sable Island; these islands are 
thought to have had a rich wetland fl ora due to the entrapment 
of enormous amounts of water into during the LGM ( Pielou, 
1991 ;  Keddy et al., 2007 ). 

 Morphology —    The analyses of morphological characters in 
 S. kennedyana  indicate that divergent ecological/climatic factors, 
such as the warmer and longer growing season at the southern 
end of the range have enabled environmental adaptation per-
mitting greater investment in sexual reproduction. This is in 
line with our genetic structure and phylogenetic analyses, which 
showed high levels of population differentiation and divergence 
between the US and NS populations. However, it is in contrast 
to our fi nding of low levels of genetic differentiation among 
populations of  S. kennedyana  within the United States (MA vs 
NC) because we find extensive variation across latitudes in 
morphological traits associated with investment in sexual rela-
tive to asexual reproduction. 

 Three morphological characters associated with sexual re-
production (fl ower stem height, number of fl owers per stem, 
and number of fl owers per clonal cluster) decreased in size or 
number from south to north. Similarly, fruit mass and seed set 

  TABLE  4. Analysis of molecular variance (ANOVA) based on cpDNA and ISSR in  Sabatia kennedyana  from Nova Scotia (Canada) and Massachusetts and 
North Carolina (USA). See  Table 2  for abbreviations of population names. 

Data  k Groups % Variation among groups  φ CT  P  values

cpDNA 2 (PE-TH-GI-KE-LA-BE-WI), 8.54 0.0854 <0.0001
(DR-GR-LM-NT-COO-HAR-NC)

3 (PE-TH), (GI-KE-LA-BE-WI), 7.11 0.071 <0.0001
(DR-GR-LM-NT-COO-HAR-NC)

ISSR (841) 2 (PE-TH-GI-KE-LA- BE-WI), 24.7 0.247 0.02
(-DR-GR-LM-NT-COO-HAR)

ISSR (841) 3 (PE-TH), (GI-KE-LA-BE-WI), 23.5 0.235 0.004
(DR-GR-LM-NT-COO-HAR)

 Fig. 2. Plot of the results of the principal component analyses for the ISSR 
data (primer 841) for populations of  Sabatia kennedyana  in North Carolina 
(NC), Massachusetts (MA), and the lower Tusket, mid Tusket, and upper Tusket 
in Nova Scotia.   
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were reduced in NS compared with either MA or NC. Such re-
ductions in sexual investment at the northern range limits are 
consistent with other phenotypic plant studies. For example, 
 Pilon and Santamaria (2002)  suggested that ecotypes from 
higher latitudes were generally smaller, but sometimes pro-
duced more seeds than their more southern counterparts.  Li 
et al. (1998)  reported that in  Arabidopsis thaliana  (Brassica-
ceae), the size of at least seven morphological characters was 
reduced from high compared with lower latitudes, although 
they attributed this clinal variation to genetic differentiation in 
response to local environmental conditions. 

 While plants in NS invested less in sexual reproduction com-
pared with plants MA and NC, they also invested more in asex-
ual reproduction, as evidenced by greater numbers of rosettes 
per cluster. Plants in NC had larger cluster diameters than plants 
in either MA or NS; however, this was due to larger individual 
rosettes (J. Sutton, personal observation,), rather than increases 
in the number of rosettes. Thus, larger cluster size in NC is 
probably a consequence of longer, warmer growing seasons, 
rather than increased investment to asexual growth. The sup-
pression of sexual components in favor of vegetative (clonal) 
ones is particularly common at the northern limits of a species’ 
range. Northern populations of  Decodon verticillatus  (L.) Ell. 
(Lythraceae) produce roughly twice as many branches as more 
southern populations ( Dorken and Eckert, 2001 ). Biotic and 
abiotic environmental factors such as temperature, moisture, 
and nutrient levels and light availability may also affect compo-
nents of sexual and asexual reproduction ( Eckert, 2002 ). For 
instance,  Van Groenendael et al. (1996)  found an increase in 
clonality in habitats that were colder, more humid, with lower 
light availability and/or nutrient poor. 

 Interestingly, plants had more fl ower stems and fewer ro-
settes per cluster in MA compared with NS or NC, suggesting 
that plants in the middle of the species range may have experi-
enced the largest shift from asexual to sexual allocation. This 
fi nding suggests that in addition to changes in growing season 
associated with latitude, other environmental factors may be 
driving this phenotypic response. In MA,  S. kennedyanna  popu-
lations are situated in kettle ponds that frequently undergo pro-
longed, consecutive years of fl ooding ( Elliston, 2006 ), while 
populations in the other two habitats occur on the shorelines of 
rivers that have more regular seasonal water regimes. Thus, the 
observation of high levels of sexual investment in MA may be 
associated with opportunistic sexual reproduction in low water 
years, resulting in a tradeoff between vegetative and sexual 
output. 

 Genetic diversity ISSR vs. cpDNA data —    Our analysis of 
cpDNA genetic diversity revealed generally low levels of 

polymorphism across the range, but also higher haplotype and 
nucleotide diversity in NS compared with populations in the 
USA. The analyses from the biparentally inherited markers 
(ISSR) on the other hand, showed similar levels of genetic diver-
sity in populations from MA to those in NS. These apparently 
contrasting results may be explained by the different effective 
size and mutation rates of both types of markers; cpDNA has 
half the effective population size and a much slower mutation 
rate (1  ×  10 −9  to 3  ×  10 −9 ) ( Wolfe et al., 1987 ) than biparentally 
inherited markers such as ISSRs (1  ×  10 −6  to 1  ×  10 −2 ) ( Bhargava 
and Fuentes, 2010 ). Thus, the cpDNA genome is not only more 
sensitive to changes in population size, but levels of diversity 
should also refl ect those in the more distant past since most 
polymorphism existing in the cpDNA would predate the LGM 
( Anderson et al., 2006 ;  Maggs et al., 2008 ). Inferences from 
ISSR data, which have mutations rates on the order of 1 per 
1000 to 100 000 per generation per locus, would refl ect more 
recent demographic and ecological events. The fi nding of rela-
tively high ISSR variation and high levels of investment in 
sexual reproduction in MA suggests that, despite periodic 
fl ooding, which probably results in consecutive years of low 
seed output ( Elliston, 2006 ), numbers of  S. kennedyana  in MA 
have probably been historically high. However, there are cur-
rent concerns about the number of  S. kennedyana  in MA due to 
recent rapid loss of habitat. 

 Glacial refugia and postglacial migration —    We have mul-
tiple lines of evidence supporting a rapid expansion of  S. ken-
nedyana  following the LGM: our calibrated phylogenetic tree, 
genetic structure, and diversity analyses, as well as the extended 
Bayesian skyline plot, all suggest that populations have under-
gone a rapid historical expansion, likely from coastal refugia, 
into their current habitats on the Eastern Seaboard. Using the 
cpDNA sequence data, we simultaneously estimated the tree 
topology, divergence dates, and demographic history of popu-
lations across the range by employing a Bayesian analyses 
( Drummond et al., 2012 ). In the calibrated tree topology, the 
three oldest lineages emanate from individuals in the mid or 
lower Tusket river watershed, while there are three other clades, 
all 5800 yr old or younger, that show marked phylogeographic 
clustering. One of these clades harbors haplotypes from the 
United States and the lower Tusket watershed, while the other 
two contain haplotypes exclusively found in NS either from the 
lower/mid or mid/upper Tusket river watershed. Visualization 
of the timing of the coalescent events on this calibrated phy-
logeny suggests that populations of  S. kennedyana  expanded 
exponentially after the last glaciation and then exhibited a 
density-dependent decline in growth over the last 1000 yr or 
more. Although the timing of these events is dependent on the 

  TABLE  5. Comparasion of fi ve different gene fl ow scenarios based on cpDNA data in  Sabatia kennedyana  from Nova Scotia (Canada) and Massachusetts 
and North Carolina (USA). See  Table 2  for abbreviations of population names. 

Model

Bezier approximated score

Lm (mL) LBF Model rank

2 populations: (Canada), (USA) −3119.66 0 1
1 population −3150.94 31.28 2
3 populations: (PE-TH), (GI-KE-LA-BE-WI), (DR-GR-LM-NT-COO-HAR-NC) −3156.96 37.3 3
3 populations: (PE-TH), (GI-KE-LA), (BE-WI-DR-GR-LM-NT-COO-HAR-NC) −3288.91 169.25 4
4 populations: (PE-TH), (GI-KE-LA), (BE-WI-) (DR-GR-LM-NT-COO-HAR-NC) −3310.49 190.83 5

  Notes:  ln (mL) = log marginal likelihoods; LBF log Bayes factor = ln (marginal likelihood of M0) − ln (marginal likelihood of Mn). The model rank is 
in descending order (the preferred model is no. 1). 
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estimated rate of substitution employed in the Bayesian analy-
ses, experimentation with different substitution rates generated 
similar results and the three main clades had estimated MRCAs 
between 3000 and 6000 years ago (not shown). Furthermore, in 
all models, a demographic model of constant population size 
was rejected in favor of one or more population size changes 
that indicated an exponential increase in population size after 
glaciation and a subsequent (but less dramatic) slow down to-
ward the present. 

 The Bayesian analyses of the demographic history of popu-
lations were performed on the pooled data set, as well as by 
dividing the data set into populations from the USA and NS. 

These models were justifi ed based on the results of the ANOVA 
and Bayesian migration analyses, which indicate that the best 
model of population structure separates populations from the 
United States (MA and NC) from those in NS. However, the 
second-best migration model groups all populations together. 
For the Bayesian demographic analyses, pooling all of the data 
indicates that there has been predominantly exponential growth 
with a plateau in the last 1000 yr. When the demographic his-
tory of NS and MA/NC are reconstructed separately, both areas 
exhibit predominantly exponential growth post-Pleistocene. 
However, the estimated population sizes have been higher in 
NS, probably because it harbors greater haplotype diversity and 

 Fig. 3. Phylogenetic tree reconstructed within a Bayesian framework on 87  rpl20-rpS12  and  trnS-trnG  intergenic spacers from the cpDNA in  Sabatia kennedy-
ana  samples from the upper (cyan), middle (green), and lower (blue) parts of the Tusket river watershed in NS and from kettleponds in MA (red) and two rivers in 
NC (purple). Branches are colored by the posterior support for the branch; node labels represent the estimated median age of nodes based on a strict clock framework 
using the estimate rate of substitution of these intergenic spacers (see text for details).   
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may have experienced less decline in population size in recent 
history. 

 The fi nding of greater genetic diversity in NS is also sup-
ported by the haplotype network in which populations from the 
United States (MA and NC) and the lower Tusket watershed 
(NS) share many common haplotypes that appear centrally and 
at high frequency in the haplotype network. Together, these re-
sults display a classic pattern of increasing genetic diversity 
nearing the glacial refugia ( Dixon, 2011 ). This result suggests 
that all three geographically distant sites were founded by indi-
viduals from the same refugium, likely off of the cost of current 
day Cape Cod. A refugium at this location would have strad-
dled the populations in MA and NS, but would have been more 
distant from the current populations in NC. 

 We also fi nd evidence for a possible second refugium farther 
north. This hypothesis is supported by fi ndings that despite the 
geographic proximity of populations in NS, located less than 25 
km from each other, there is considerably genetic differentia-
tion and higher haplotype diversity in NS than either population 
in the United States. Although the highest among group variation 

was found between the US and NS populations, alternative 
population models separate individuals from the upper Tusket 
from those in other NS populations. The NJ trees based on aver-
age population pairwise differences also separate the upper 
Tusket in NS from the mid and lower Tusket populations. These 
results suggest that there was more than one founder event in 
NS postglaciation; the divergent NS haplotypes may have ema-
nated from diverse haplotypes in a single refugium, or possibly 
by the founding of haplotypes from more than one refugium. 
Alternative explanations for these fi ndings include postcoloni-
zation isolation by distance in the upper Tusket and/or greater 
retention of ancestral diversity in northern parts of the range. 

 Collectively, our results suggest that unglaciated coastal 
areas at the edge of the ice sheets may have been important for 
the survival of this Atlantic Coastal Plain species during the 
Holocene glaciation. The presence of northern cryptical refugia 
probably allowed pockets of diversity for other plant and ani-
mal species to persist ( Stewart and Lister, 2001 ;  Petit et al., 
2003 ). The existence of refugia on the exposed and ice-free 
northeastern continental shelf in North America was suggested 

 Fig. 4. Haplotype network of the 28 cpDNA haplotypes detected in  Sabatia kennedyana . Circle size is proportional to haplotype frequency; the color represents 
groups based on location and genetic structure analyses; upper Tusket (cyan), mid Tusket (green), lower Tusket (blue), Massachusettes (red), and North Carolina 
(purple). The letters inside the most common haplotypes depict the symbols used in the map from  Fig. 1 . All other haplotypes are private and correspond to haplotype 
F in  Fig. 1 . Haplotypes found in more than one location are colored as pie charts with proportionally sized wedges representing the haplotype frequency in each popu-
lation. Small black circles represent undetected intermediate haplotypes; the length of the lines connecting the nodes represents the relative genetic distances.   
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for other plant species in a review by  Barrington and Paris 
(2007) . For example, the lack of genetic structure between pop-
ulations of Peck’s avens ( Geum peckii ) located on the alpine 
summits of the White Mountains in New Hampshire and at sea 
level in Nova Scotia suggests that coastal bogs in unglaciated 
regions of the north Atlantic coast may have provided Pleisto-
cene refugia for this alpine species ( Paterson and Snyder, 1999 ). 
Isozyme data from beachpea ( Lathyrus japonicas ) showed that 
genetic diversity is higher in populations located in Cape Cod 
and Newfoundland and that diversity decreases away from 
these two centers ( Schmitz, 2002 ).  Walker (1998)  showed that 
in beachgrass ( Ammophila breviligulata ) populations from the 
northern Atlantic (Long Island to Nova Scotia) have a greater 
nucleotide diversity than those in southern Atlantic (North Car-
olina to New Jersey) and inland (Lake Champlain and the Great 
Lakes). Collectively, these molecular data suggest the existence 
of glacial refugia in the North Atlantic in the ice-free exposed 
area off the coast of Cape Cod for these coastal species. Our 
study is the fi rst to show that these areas were refugia for mem-
bers of the Atlantic Coastal Plain, a taxonomic group with a 
more southern range. 

 The use of molecular data in relation to the distribution of 
Pleistocene fossil records is a powerful tool to infer the location 
of putative northern refugia (e.g.,  Tremblay and Schoen, 1999 ). 
For example, paleoecological records ( Pielou, 1991 ) and cp-
DNA data ( Boys et al., 2005 ;  Walter and Epperson, 2005 ) sug-
gest the occurrence of northeastern coastal refugia, in addition 
to fossils that provide evidence for southern Appalachian 
Mountain refugia, for red pine ( Pinus resinosa ). Additional 
geological studies (reviewed by  Walter and Epperson, 2005 ) 
support this hypothesis and suggest that terrestrial ecosystems 
may have persisted in unglaciated areas off of the present At-
lantic coastline due to the drop of sea levels (as much as 100 m) 
during the LGM ( Keddy et al., 2007 ). Unfortunately, fossil re-
cords from the north Atlantic Coastal Plains are limited, since 
this area is now covered by the Atlantic Ocean. Instead, studies 
on haplotype distribution and genetic structure on additional 

Atlantic Coastal Plain species may further improve our under-
standing of the survival and postglacial expansion of popula-
tions from this region. 

 Climate change —    Understanding the rates by which species 
responded to past shifts in climate may provide insight into the 
resilience and vulnerabilities associated with recent climate 
change. For  S. kennedyana , range expansion is accomplished 
via seed dispersal (e.g., fl oating on water) or by the movement 
of individuals on fl oating mats of vegetation dislodged by ice 
scouring events (A. Trant, personal observation). Estimates of 
postglacial migration rates are diffi cult to obtain since little is 
known about species’ distribution at the LGM. For example, 
trees were originally estimated to have postglacial migration 
rates of 1500–2000 m/yr, based on pollen records; however, 
refugia have been identifi ed using cpDNA haplotype distribu-
tions, which greatly reduce these estimated rates to less than 
100 m/yr ( McLachlan et al., 2005 ;  Anderson et al., 2006 ). 
Though the exact locations of refugia identifi ed in this study 
and the length of time  S. kennedyana  has occupied its current 
locations are unknown, we estimate a minimum migration rate 
of ~40 m/yr (assuming a refugium was near current day Sable 
Island and that  S. kennedyana  arrived in NS recently <10 000 yr 
ago). This migration distance may have been achieved by a 
stepping stone mosaic of habitat patches, which can be crucial 
for long-distance dispersal events and maintaining genetic di-
versity ( Saura et al., 2014 ). 

 New challenges exist for species trying to track suitable cli-
mate given the unprecedented rate of climate change ( Cunze et al., 
2013 ) and the high level of landscape fragmentation ( Renton 
et al., 2013 ). In the case of  S. kennedyana , the majority of wa-
tersheds no longer have natural hydrological regimes, which is 
important for creating critical habitat for the Atlantic Coastal 
Plain Flora (ACPF) taxa ( Wisheu and Keddy, 1989 ;  Morris et al., 
2002 ). Climate change presents a renewed need for refugia, a 
place where habitat and climate remain suitable for species to 
persist ( Ashcroft, 2010 ). Since the distribution of  S. kennedyana  

 Fig. 5. Extended Bayesian skyline plot on the pooled cpDNA sequence data from the US and NS populations as generated from a Bayesian analyses that esti-
mated historical demographic patterns conditional on the tree topology and time of divergence of lineages. The  x -axis represents time in units of million of years ago; 
 y -axis is an estimate of population size scaled by mutation rate. The mean and 95% mean posterior density (HPD) are indicated.   



 S UA R E Z - G O N Z A L E Z  E T  A L . — P L E I S TO C E N E  R E F U G I A  F O R  P LY M O U T H  G E N T I A N    •  V O L .   1 0 2  ,  N O.   4    A P R I L    2 0 1 5    •   619 

is restricted by specifi c habitat and watershed requirements 
( Wisheu et al., 1994 ) and not likely by a temperature isocline, 
the current locations may be appropriate refugia under near fu-
ture climate change scenarios. A greater conservation impor-
tance should be considered for populations at the northern edge 
of the distribution (NS) since these populations may be able to 
tolerate the largest increase in temperature and also contain the 
highest known levels of genetic diversity across the species dis-
tribution ( Jump and Penuelas, 2005 ), which may have signifi -
cant advantages for adapting future change. 
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