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The evolutionary and population demographic
history of marine red algae in East Asia is poorly
understood.
Here,
we
reconstructed
the
phylogeographies of two upper intertidal species
endemic to East Asia, Gelidiophycus divaricatus and
G. freshwateri. Phylogenetic and phylogeographic
inferences of 393 mitochondrial cox1, 128 plastid
rbcL, and 342 nuclear ITS2 sequences were
complemented with ecological niche models.
Gelidiophycus divaricatus, a southern species adapted
to warm water, is characterized by a high genetic
diversity and a strong geographical population
structure, characteristic of stable population sizes
and sudden reduction to recent expansion. In
contrast, G. freshwateri, a northern species adapted
to cold temperate conditions, is genetically relatively
homogeneous with a shallow population structure
resulting from steady population growth and recent
equilibrium. The overlap zone of the two species
roughly matches summer and winter isotherms,
indicating that surface seawater temperature is a key
feature influencing species range. Unidirectional
genetic introgression was detected at two sites on
Jeju Island where G. divaricatus was rare while G.
freshwateri was common, suggesting the occurrence
of asymmetric natural hybrids, a rarely reported
event for rhodophytes. Our results illustrate that
Quaternary climate oscillations have left strong
imprints on the current day genetic structure and
highlight the importance of seawater temperature
and sea level change in driving speciation in upper
intertidal seaweed species.
Key index words: agar-producing algae; East Asia; ecological niche modeling; Gelidiophycus; phylogeographical inference; upper intertidal species
Abbreviations: AMOVA, analysis of molecular variance; BI, Bayesian inference; BSP, Bayesian skyline
plot; ENM, Ecological niche modeling; LGM, Last
Glacial Maximum; MDA, mismatch distribution analysis; ML, maximum likelihood; Myr, million years
ago
The distribution of intertidal seaweeds is shaped
by a harsh physical environment, which imposes
physiological stress, and competitive interactions
between species. Both the physical environment and
biotic interactions, however, are known to vary on
evolutionary scales. For example, oscillations in temperature during the Quaternary (2.4 Myr to the present), and associated changes in sea level, greatly
affected the distribution of species as well as their
current day population genetic structure (Hewitt
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2000). During the Pleistocene glaciations, sea levels
dropped 130–150 m below the present level (Wang
1999, Kimura 2000), resulting in repeated loss of or
shifts in habitats. Depending on the local geography, populations became fragmented and restricted
to small refugia, resulting in genetic bottlenecks
and strong genetic structure and possible local
adaptation (Avise 2000, Hewitt 2000). Subsequent
sea level rise resulted in rapid population growth,
expanded geographical ranges and genetic homogenization (Avise 2000, Han et al. 2008).
How ecological interactions and Quaternary oscillations affected diversification in intertidal seaweeds
remains incompletely understood (Maggs et al.
2008). Relatively few phylogeographic studies have
been published for East Asian algae and most have
focused on brown algae (Uwai et al. 2009, Cheang
et al. 2010, Hu et al. 2011, Lee et al. 2012; but see:
Yang et al. 2009, Kim et al. 2012). Furthermore,
these studies have focused on single species only, so
it remains unclear to what extent historical, geographical, and environmental factors have driven
speciation in closely related species of intertidal red
algae in this complex environment.
The Kuroshio Current is a major warm current
(average sea surface temperature, 24°C) that profoundly influences the composition and distribution
of marine biota in East Asia (Ni et al. 2014, Gallagher et al. 2015, Hu et al. 2016). The current runs
from the eastern Philippines along the edge of the
continental shelf to the middle of the east coast of
Japan (Fig. 1). In the East China Sea, the Kuroshio
Current splits into the Yellow Sea Warm Current to
the west and the East Korea/Tsushima Warm Currents to the east. Along the Chinese coast, the
South China Sea Warm Current flows northward
throughout the year, while the China Coastal Current flows southward in the winter. The vast freshwater outflow of the Changjiang River (Yangtse)
functions as a geographic barrier, resulting in
genetic discontinuities among many marine organisms in China and Korea (Teague et al. 2003, Xiao
et al. 2004, Cheang et al. 2010, Dong et al. 2012,
Guo et al. 2015, He et al. 2015). In the south of
Japan, the Kuroshio Current crosses the Tokara
Strait, located between Amami and Tanegashima
Islands, and functions as a geographic barrier
between the Palearctic and Oriental regions (Watase
1912, Zhai et al. 2012).
The present study focuses on two small, morphologically simple intertidal red algae: Gelidiophycus
divaricatus and G. freshwateri (Gelidiales). In 1868,
Martens described Gelidium divaricatum from Hong
Kong (von Martens 1868) and the species was subsequently reported from China, Korea, Japan, and Taiwan (Dawson 1954, Taniguti 1976, Akatsuka 1986,
Xia 2004). However, recent morphological and
molecular analyses showed that this taxon comprised two species distinct from those in Gelidium,
resulting in the transfer of G. divaricatum to the new
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FIG. 1. Ocean currents and
biogeographical barriers in East
Asia. Shaded sea areas are
continental shelves that would
have been exposed during
periods of low sea level (<120–
150 m). Arrow lines indicate
warm currents and dotted arrow
lines indicate cold currents: CCC,
China Coastal Current; EKWC,
East Korea Warm Current; KC,
Kuroshio Current; RC, Ryukyu
Current; SCSWC, South China
Sea Warm Current; TC, Taiwan
Warm Current; TWC, Tsushima
Warm Current; WKCC, West
Korea Coastal Current; YSWC,
Yellow Sea Warm Current. Four
major locations were marked as
(a)–(d): (a), Jeju Island; (b),
Tanegashiama; (c), Amami; (d),
Okinawa. Thick black lines
indicate two biogeographical
barriers: CRO, Changjiang River
Outflow; Tokara Strait (Watase
Line).

genus Gelidiophycus and the description of a new
species, G. freshwateri (Boo et al. 2013). Gelidiophycus
divaricatus occurs in Hong Kong and Vietnam,
which has prostrate to erect axes with irregular to
subpinnate branches and retuse tetrasporangial sori
in enlarged, compressed branch apices. Gelidiophycus
freshwateri, which occurs in Korea, China, and Japan,
was described only recently (Boo et al. 2013), and
has subdistichous to bipinnate branches and clavate
tetrasporangial sori in stichidium-like branchlets.
However, these species are difficult to distinguish by
morphology alone in the field.
Both species are economically important for agar
production (Akatsuka 1986, Xia 2004). In addition,
of 14 species tested, Gelidiophycus freshwateri is one of
the most palatable to young abalone (Harada and
Kawasaki 1982). Both species have a triphasic sexual
life history and are also capable of asexual propagation via fragmentation (Akatsuka 1986, Xia 2004,
Boo et al. 2013). Gelidiophycus divaricatus and G.
freshwateri are dominant in spring and summer but
are rarely encountered in autumn and winter (Yoon
and Boo 1991, Xia 2004). Both species form a continuous belt, with barnacles and bivalves, in the
upper intertidal zone, surviving extremely variable
physical conditions. For example, in summer, G. divaricatus may experience high light levels and temperatures up to 50°C in Hong Kong (Williams and
Morritt 1995), with extreme desiccation stress for 4–
6 h during low tides. In winter, G. freshwateri

tolerates freezing temperatures and desiccation.
These stressors, which may be exacerbated by climate change, likely impact population structure.
The distribution and ecological characteristics of G.
divaricatus and G. freshwateri make them excellent
subjects for testing how past oceanographic conditions and current barriers to dispersal have shaped
historical and contemporary genetic structure. The
latter was assessed in the present study using three
markers, cox1, rbcL and ITS2.
Mitochondrial-encoded cox1 is a fast-evolving gene
that has proven valuable for DNA barcoding. A
large fragment (1,200–1,359 bp) provides more
genetic information for the taxonomy and biogeography of red algae than the short fragment (c.
664 bp), known as COI-5P on the upstream side of
the cox1 gene (Geraldino et al. 2006, Freshwater
et al. 2010, Boo et al. 2014a, 2016a,c). Plastidencoded rbcL is the most commonly used marker
for identifying species and phylogenic relationships
in the Gelidiales (Freshwater et al. 1995, Nelson
et al. 2006, Boo et al. 2014b). ITS2, part of the
nuclear ribosomal cistron located between the 5.8S
and 28S rRNA genes, is useful for comparison with
organelle (cox1 and rbcL) data sets (Saunders and
Moore 2013, Guillemin et al. 2014). Here, we analyzed DNA sequence variation at cox1 from 393 individuals, internal transcribed spacer 2 (ITS2) regions
from 342 individuals, and rbcL from 128 individuals
of Gelidiophycus divaricatus and G. freshwateri,
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representing the three genomes of red algae, collected throughout their ranges, to clarify the temporal origin and infer their demographic histories. In
addition, we combined species distribution models
with molecular phylogeographic analyses for each
species to identify the species’ glacial (LGM) distributions and postglacial colonization routes.
Together, these analyses should deepen our understanding of the speciation and phylogeography of
warm- and cool-temperate marine algae.
MATERIALS AND METHODS

Population sampling. A total of 396 individuals were collected in the intertidal zone of 39 locations in East Asia: 123
individuals from 16 populations of Gelidiophycus divaricatus in
Korea, China, Hong Kong, Japan, Taiwan and Vietnam, and
273 individuals from 26 populations of G. freshwateri in Korea,
China and Japan (Table S1 in the Supporting Information),
covering most of the geographical range of the genus (Dawson 1954, Akatsuka 1986, Xia 2004, Boo et al. 2013). Sampling at most locations included three to 30 individuals
collected at intervals of about 2 m. Due to the difficulty of
procuring an equal number of samples at each site for these
small (up to 2 cm), entangled, patchy species, we collected
samples from as many sites as possible and samples of equal
number from selected sites, as recommended in previous
reports (Teske et al. 2011, Dijoux et al. 2014). Field-collected
specimens were desiccated in silica gel and stored at room
temperature. Epiphytes on specimens were removed under a
dissecting microscope before DNA extraction.
DNA extraction, amplification, and sequencing. DNA extraction, PCR amplification, and sequencing procedures for the
ITS2 region as well as cox1 and rbcL followed Boo et al.
(2013). The large fragment of cox1 was amplified and
sequenced using a primer pair of COXI43F and COXI1549R
(Geraldino et al. 2006). Primer pairs for the amplification
and sequencing of ITS2 were the newly designed forward primer 5.8S-F (50 -TGC AGA ACT CGT GAA TCA TC-30 ) and previously published reverse primer 28B (Lindstrom and Hanic
2005). For 43 individuals of Gelidiophycus divaricatus and 85 of
G. freshwateri with distinct cox1 haplotypes, we analyzed rbcL
sequences. The primers used for amplifying and sequencing
rbcL were F7, F645, R753, and RrbcS start (Freshwater and
Rueness 1994, Lin et al. 2001, Gavio and Fredericq 2002). To
confirm the sequences that were unexpected in the first analysis, we re-extracted genomic DNA from the same material
and repeated the sequencing. Nuclear cellulose synthase catalytic subunit A (CesA) and ribosomal small subunit (SSU)
sequences were analyzed for individuals that were revealed to
be conflicted in topology between organellar (cox1 and rbcL)
and nuclear (ITS2) markers. Amplification and sequencing
of CesA followed Boo et al. (2016b) and those of SSU followed Saunders and Moore (2013).
All sequences of the forward and reverse strands were
determined for all taxa, and the electropherograms were edited using the program Chromas v.1.45 (McCarthy 1998) and
checked manually for consistency. In addition, 33 sequences
(19 cox1 and 14 rbcL), previously analyzed by Boo et al.
(2013), were downloaded from GenBank (Table S1). Nucleotide sequences were aligned using Mega6 (Tamura et al.
2013). Unique haplotype sequences of cox1, rbcL, ITS2, CesA,
and SSU were deposited in GenBank (Table S1).
Phylogenetic analyses. Phylogenetic trees of individual (cox1,
rbcL, and ITS2) and concatenated (cox1+rbcL+ITS2) data sets
were reconstructed using Bayesian inference (BI) and maximum likelihood (ML) using two Gelidiaceae species as

outgroups. Gaps in ITS2 were included in the alignment and
phylogenetic analysis. For individual data sets, MrModeltest 2.3
(Nylander 2004) was used to determine the best-fit models
based on the Akaike information criterion (AIC): GTR+G for
cox1, HKY+G for ITS2, and GTR+I for rbcL. For concatenated
data set, we determined the best-fitting combination of partitions among genes and substitution models for partitions using
PartitionFinder v1.1.0 (Lanfear et al. 2012). The PartitionFinder
analysis found two subsets, as cox1 (subset 1) and rbcL+ITS2
(subset 2), and selected TrN+G and GTR+G+I models for each
subset, respectively, based on AIC and the corrected AIC.
BI was performed for individual and concatenated data
sets with MrBayes v.3.2.1 (Ronquist et al. 2012) using the
Metropolis-coupled Markov Chain Monte Carlo (MC3) with
the selected substitution models by model test programs. For
each matrix, four million generations of two independent
runs were performed with four chains and sampling trees
every 100 generations. The burn-in portion was identified
graphically by tracking the likelihoods at each generation to
determine when they reached a plateau. Twenty-five percent
of saved trees were removed, and the remaining trees used to
calculate the Bayesian posterior probabilities (BPP). The ML
analyses were performed using the Pthreads version of
RAxML v8.0.X (Stamatakis 2014) set as follows: a rapid bootstrap analysis and search for the best-scoring ML tree in one
single program run with 1000 bootstrap replicates under the
GTRGAMMA model.
To confirm the discordant topologies of cox1 and ITS2
phylogenies for three individuals from Jeju Island, Korea (see
Results), we reconstructed trees by distance analyses using
the Neighbor-joining algorithm in Mega6 under the Kimura
2-parameter model with 2,000 bootstrap replicates. The
ingroup data set was selected based on the unique sequences
for cox1 and ITS2, including three individuals showing discordant topologies.
Phylogeographic analysis of cox1 and ITS2. Haplotype diversity (h) and nucleotide diversity (p) were calculated for each
population (hS and pS) and at the species level (hT and pT)
using DnaSP v.5.1 (Librado and Rozas 2009). Unrooted networks between haplotypes were constructed with TCS v.1.21
(Clement et al. 2000), under 95% statistical parsimony criterion. For the cox1 data set of Gelidiophycus divaricatus, we had
to increase the TCS connection limit to 35 steps to link the
divergent network. Gaps (indels) detected in the ITS2 data
set were treated as single mutation events and coded as substitutions (A or T).
The occurrence of significant population structure was
inferred by testing whether GST (the index that considers
only haplotype identities) and NST (the index that takes into
account a measure of haplotype divergence) were significantly different using 1,000 permutations in PERMUT (Pons
and Petit 1996). Analysis of molecular variance (AMOVA) in
Arlequin v.3.5 (Excoffier and Lischer 2010) was performed
using Ф-statistics to quantify the proportion of total genetic
(cox1 and ITS2) variance, with significance of fixation indices
tested using 10,000 permutations.
Historical demography. Historical demography was inferred
using the cox1 data set. The null hypotheses of spatial expansion and pure demographic expansion, respectively, were
tested using mismatch distribution analysis (MDA) in Arlequin v.3.5. For each expansion model, goodness-of-fit was
tested with the sum of squared deviations (SSD) and
Harpending’s raggedness index (HRag) using 1,000 parametric bootstrap replicates (Schneider and Excoffier 1999). We
also used tests of selective neutrality (Tajima’s D and Fu’s FS)
to infer potential population growth and expansion (Tajima
1989, Fu 1997).
The MDA-derived expansion parameter (s) and its 95%
confidence interval (CI) were converted to absolute estimates
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of time (T, in generations) since expansion began using
T = s/2u (Rogers and Harpending 1992, Rogers 1995), where
u is the neutral mutation rate of the entire cox1 sequence per
generation. The value for u was calculated as u = lkg, where
l is the substitution rate in substitutions/site/year (s/s/y), k
is the average sequence length of the cox1 under study (here,
1,193 bp; see the Results section), and g is the generation
time in yr (i.e., age of first reproduction; approximated as
4 year, as observed for Gelidiophycus divaricatus; Akatsuka
1986). The substitution rate (l) for cox1 was set at 5.5 9 109
(s/s/y), a value used in a study of the red alga Mazzaella laminarioides (Montecinos et al. 2012) that was first proposed for
the intergenic spacer cox2-3 (a noncoding region neighboring
cox1) in a study of the red alga Bostrychia calliptera (Zuccarello
and West 2002).
BEAST v.1.8.1 (Drummond et al. 2012) was used to infer
the demographic histories of Gelidiophycus divaricatus and G.
freshwateri by constructing Bayesian skyline plots (BSPs) of
effective population size (Ne) through time (Heled and
Drummond 2008). According to jModelTest v.2.1.5 (Darriba
et al. 2012), the HKY+G model was selected for both species.
The same substitution rate (0.55% per Myr) used in MDA
was also adopted here. The Markov chain Monte Carlo
(MCMC) were run for 5 9 107 generations with trees sampled every 1,000 generations and the first 10% of the samples
were discarded as burn-in. The result was visualized by Tracer
v.1.5 (Rambaut and Drummond 2009). Three replicate runs
using different random seeds were conducted to confirm convergence.
Ecological niche modeling (ENM). The distribution of Gelidiophycus divaricatus and G. freshwateri was modeled under current
climatic conditions by calculating an ensemble of five commonly used algorithms: generalized linear models, generalized
additive models, maximum entropy (MaxEnt), random forests
and surface range envelope in the R package biomod2 (Thuiller et al. 2009). We compiled a database with distribution
records (presence data only) based on genotyped specimens
and credible distribution records from the literature, resulting
in 40 and 72 distribution records for G. divaricatus and G.
freshwateri, respectively. Distribution data were correlated with
environmental predictors selected on the basis of known ecological and physiological tolerances for seaweeds. Environmental data for mean, minimum, and maximum sea surface
temperatures (SSTmean, SSTmin, SSTmax); mean photosynthetically active radiation (PARmean); minimum diffuse attenuation (DAmin); and salinity (SAL) were derived at a spatial
resolution of 5 arcmin from Bio-Oracle v.1.0 (Tyberghein
et al. 2012). The set of marine variables was complemented
with atmospheric environmental data, potentially relevant to
the distribution of intertidal species (Jueterbock et al. 2013).
We selected the annual mean temperature (Bio1), the maximum temperature of warmest month (Bio5), the minimum
temperature of the coldest month (Bio6), and annual precipitation (Bio12) from the WorldClim database v.1.3 (Hijmans
et al. 2004). Due to the lack of reliable absence records, we
generated pseudo-absences which are a random sample of
coastal pixels from the local environment (longitude between
105° and 145°, latitude between 5° and 45°). As no independently sampled evaluation data for the generated models was
available, two different ways to obtain the evaluation data set
from our data set were explored by either splitting “randomly”
or “spatially” (Roberts et al. 2017). The random splitting
method consists of randomly splitting the data set into training and testing. The spatial approach consisted of dividing
data sets based on geography. Based on the results of the fivefold spatial and random cross-validation, over-fitting was
reduced by discarding predictors that have null contributions
or are highly correlated with a better performing predictor
(Pearson correlation >0.7). The final models, fitted with all

available records, therefore included four predictors: mean
sea surface temperature, minimum diffuse attenuation, salinity, and precipitation. Evaluation of the cross-validation model
performance was based on the area under the receiver operating curve (Hanley and McNeil 1982).
RESULTS

Phylogenetic analyses of Gelidiophycus. A total of
863 sequences including 33 previously published
sequences (19 cox1 and 14 rbcL) was used for phylogenetic analyses: 393 cox1 (1,193 bp), 128 rbcL
(1,394 bp), and 342 ITS2 (367 bp). We combined
three data sets (2,954 bp) from 43 individuals of
Gelidiophycus and, as outgroups, two species in the
Gelidiaceae. The concatenated tree (cox1+rbcL+ITS2) was highly concordant with individual
gene trees (Figs. S1–S4 in the Supporting Information). The genus Gelidiophycus was monophyletic
(1.0/100; BPP/ML) and included two clades: G. divaricatus and G. freshwateri (Fig. S1). The occurrence
of G. divaricatus was newly confirmed in China
(Dongshan Dao), Korea (Jeju Island), Japan (south
of Kagoshima), and Taiwan. The occurrence of G.
freshwateri was confirmed in Korea, China, and
Japan. The pairwise divergence between G. freshwateri and G. divaricatus ranged from 11.1%–12.7% in
cox1, 2.9%–3.2% in rbcL, and 6.3%–7.9% in ITS2.
Discordant organellar and nuclear gene tree topologies
in Jeju Island populations. We discovered, for the
first time, Gelidiophycus divaricatus (11 individuals) at
Geumneung and Hado, Jeju Island, Korea, where G.
freshwateri was very common (Table S1). Among
these, three individuals, two from Geumneung
(CNU064469, CNU032801) and one from Hado
(CNU056369), were conflicted in topology between
mitochondrial cox1 and nuclear ITS2 phylogenies
(Fig. 2). The mitochondrial cox1 data set (Fig. 2A)
placed these individuals with G. divaricatus, however,
the nuclear ITS2 data set (Fig. 2B) was consistent
with G. freshwateri.
The mitochondrial cox1 data set showed two separate haplogroups for 11 individuals of Gelidiophycus
divaricatus at Jeju Island; four individuals (JJ1, haplotype DC25) were grouped with Dongshan Dao,
China (CHN5, haplotype DC3) but the other seven
(JJ1/JJ3: 6/1, haplotype DC24, DC26) were distantly
related to haplotype DC25 (Fig. 3A; Table S1). The
three individuals showing discordance were
included in haplotype DC24. Another organellar
data set, plastid rbcL (data not shown), was congruent with cox1, belonging to G. divaricatus (Table S1).
Four individuals shared the same haplotype from
Dongshan Dao (CHN5, haplotype DR3) but the
other three (haplotype DR4), including two individuals showing discordance, were separated by two
mutation steps.
In contrast, the nuclear ITS2 region showed that
three
individuals
(CNU064469,
CNU032801,
CNU056369) belonged to Gelidiophycus freshwateri,
while the other four belonged to G. divaricatus
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FIG. 2. Neighbor-Joining (NJ) trees of mitochondrial cox1 (A) and nuclear ITS2 (B) showing genetic introgression between two species
of Gelidiophycus. The terminal nodes are labeled as voucher code and population code (see Table S2 for population codes). Statistically
supported NJ bootstrap values (≥50%) are shown. Bold letters and dotted lines indicate individuals with genetic introgression at Jeju
Island.

(Fig. 2B; Table S1). The other two nuclear data sets,
SSU and CesA sequences (phylogenies not shown),
were congruent with ITS2, belonging to G. freshwateri. Because the three individuals are presumably
the result of genetic introgression, we excluded the
three ITS2 sequences in subsequent phylogeographic analyses.
Genetic diversity and population structure of Gelidiophycus divaricatus. The cox1 alignment for 123
individuals was 1,193 bp long with 95 variable sites.
These polymorphisms identified 26 haplotypes
(DC1–DC26) across 16 populations; seven populations had a single haplotype (Fig. 3A; Table S2 in
the Supporting Information). At the species level,
the cox1 data set revealed high estimates of haplotype diversity (hT = 0.920) and nucleotide diversity
(pT = 0.01716), highlighting genetic heterogeneity
within the species.
The parsimony network of 26 cox1 haplotypes
formed nine haplogroups, with many missing steps
(Fig. 3A), roughly matching geographical distribution. For example, haplotypes from Hong Kong and
Vietnam grouped together, and haplogroups from
Kagoshima, Tanegashima, and Okinawa were distinct. A single haplotype from Taiwan was separated
by more than 31 missing steps. Haplotypes from

Jeju Island were separated into two groups: one limited to Jeju Island (DC24 and DC26) and the other
(DC25) clustering with two haplotypes from Dongshan Dao, China (DC3 and DC4). Interestingly, one
haplotype (DC13) from Okinawa occurred in
Amami and Miyazaki, suggesting northward dispersal by contemporary ocean currents.
Nonhierarchical AMOVA (Table 1) showed that
91.85% of the genetic variation in cox1 was found
among populations (P < 0.01). A smaller but significant amount of genetic variation was found within
populations (8.15%, P < 0.01). Genetic subdivision
was highly significant among populations (ФST =
0.92, P < 0.001), and this variation exhibited significant phylogeographic structure (NST = 0.883 >
GST = 0.662, P < 0.01).
The alignment of the ITS2 data set for 96 individuals was 367 bp long with 23 variable sites. These
polymorphisms identified 16 ribotypes (DI1–DI16)
across 15 populations (Fig. 3B); seven populations
were fixed for a single ribotype (Table S2). At the
species level, the ITS2 data set revealed high estimates of ribotype diversity (hT = 0.754) and nucleotide diversity (pT = 0.00967). In the parsimony
network (Fig. 3B), 13 ribotypes were single-population ribotypes (private) and mostly populations
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FIG. 3. TCS-derived network of Gelidiophycus divaricatus and G. freshwateri; (A) G. divaricatus: mitochondrial cox1, (B) G. divaricatus:
nuclear ITS2, (C) G. freshwateri: mitochondrial cox1, and (D) G. freshwateri: nuclear ITS2. Each circle denotes a single haplotype or ribotype
with size proportional to frequency. Small open circles represent missing haplotypes. Haplotypes or ribotypes are colored according to
country as shown in the key.

harbored a distinct set of ribotypes. Three ribotypes
(DI1, DI3, DI11) were shared by two to five populations, DI1 from Hong Kong (HKG1, HKG2), China
(CHN5), Korea (JJ1) and Japan (OKI1), DI3 from
Hong Kong (HKG3), Vietnam (VIE) and Japan
(OKI3, AMA), and CI11 from Korea (JJ1) and Japan

(MIY1). Nonhierarchical AMOVA (Table 1) showed
that 82.51% of the genetic variation in ITS2 was
found among populations (P < 0.01). A smaller but
significant amount of genetic variation was found
within populations (17.49%, P < 0.01). Genetic subdivision was highly significant among populations
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TABLE 1. The analysis of molecular variance (AMOVA) for cox1 (mtDNA) and ITS2 (nrDNA) data sets for Gelidiophycus and
its two species, G. divaricatus and G. freshwateri.
cox1 (mtDNA)
Source of variation

Gelidiophycus
Among species
Among populations
within species
Within populations
G. divaricatus
Among populations
Within populations
G. freshwateri
Among populations
Within populations

ITS2 (nrDNA)

df

Sum of squares

Percentage of
variation (%)

1
40

12,407.26
1,161.13

93.66
5.56

ФCT = 0.94
ФSC = 0.88

3
6

11.798
8.818

19.21
44.76

ФCT = 0.19
ФSC = 0.55

351

213.01

0.78

ФST = 0.99

61

11.145

36.02

ФST = 0.64

15
107

1,184.03
99.87

91.85
8.15

ФST = 0.92

14
81

142.56
28.11

82.51
17.49

ФST = 0.83

25
244

427.38
113.15

77.89
22.11

ФST = 0.78

25
217

71.17
73.85

44.49
55.51

ФST = 0.44

Ф-statistics

df

Sum of squares

Percentage of
variation (%)

Ф-statistics

All levels of variation were significant (P < 0.01).

(ФST = 0.83, P < 0.001), and this variation exhibited
significant phylogeographic structure (NST = 0.871 >
GST = 0.736, P < 0.01).
Genetic diversity and population structure of Gelidiophycus. freshwateri. The alignment of the cox1 data
set for 270 individuals was 1,193 bp long with 63 variable sites. These polymorphisms identified 55 haplotypes (FC1–FC55) across the 26 populations
(Fig. 3C); four populations were fixed for a single
haplotype (Table S2). At the species level, the haplotype diversity was high (hT = 0.850) but nucleotide
diversity was low (pT = 0.00335). The parsimony network of 55 haplotypes grouped into two large haplogroups (hereafter haplogroup 1 and haplogroup 2)
that were connected with private haplotypes from
Jeju Island (FC54 and FC55) and eastern Japan
(FC39 and FC40) by three missing steps (Fig. 3C).
The two groups did not correspond to geographical
regions. Haplogroup 1, with FC1 from Yellow Sea
and south coast of Korea at its center, connected with
many private haplotypes from China, Korea, and east
Japan without missing steps. Two private haplotypes
from Tanegashima were separated by four missing
steps, suggesting a southern limit for G. freshwateri;
the species was not found in Amami and Okinawa
during our intensive collections. Haplogroup 2, with
FC10 from Korea and Japan at its center, connected
with many private haplotypes from Korea and Japan.
The star-shape pattern of both groups is indicative of
recent population expansion.
Nonhierarchical AMOVA (Table 1) showed that
77.89% of the genetic variation in cox1 was found
among populations (P < 0.01). A smaller but significant amount of genetic variation was found within
populations (22.11%, P < 0.01). Genetic subdivision was highly significant among populations
(ФST = 0.78, P < 0.001), and this variation exhibited
significant phylogeographic structure (NST = 0.771 >
GST = 0.461, P < 0.01).
The alignment of ITS2 data set for 243 individuals
was 366 bp long with nine variable sites. These

polymorphisms identified 11 ribotypes (FI1–FI11)
across 26 populations (Fig. 3D); eight populations
were fixed for a single ribotype (Table S2). At the
species level, the ribotype diversity was high
(hT = 0.610) but nucleotide diversity was low
(pT = 0.00325). In the parsimony network of ITS2
(Fig. 3D), six ribotypes were private and most populations harbored a distinct set of ribotypes. Five ribotypes (FI1, FI2, FI3, FI5, FI11) were shared by two to
23 populations. Of these, FI5 was the most common,
widely distributed ribotype. Three ribotypes (FI1,
FI2, FI3) were found in Korea and China, and ribotype FI11 was found only in East Japan.
Nonhierarchical AMOVA (Table 1) showed that
44.49% of the genetic variation in ITS2 was found
among populations (P < 0.01), while 55.51% of variation was found within populations (P < 0.01). The
analysis revealed moderate differentiation among all
the populations of Gelidiophycus freshwateri (ФST = 0.44,
P < 0.001), but nonsignificant phylogeographic structure (NST = 0.553 > GST = 0.504, P > 0.05).
Historical demography inferences based on mtDNA. For
Gelidiophycus divaricatus, Tajima’s D and Fu’s FS were
not significant at the haplogroup and species level.
The observed mismatch distributions of haplotypes
failed to reject the spatial expansion model (SSD
and HRag values P > 0.05). The multimodal distribution (Fig. 4A) and neutrality tests suggest that the
populations of G. divaricatus are in equilibrium. The
BSP showed a more detailed demographic history
(Fig. 4B). The divergence time of G. divaricatus
from its recent ancestor was estimated to be about
1.85 Ma. Ne indicates that G. divaricatus maintained
stable population sizes until the Late Pleistocene
(c. 0.3 Ma), then underwent a bottleneck 0.1–
0.3 Ma ago, after which its population expanded
until the present.
For Gelidiophycus freshwateri, Tajima’s D and Fu’s
FS values were significantly negative (P < 0.05) at
the haplogroup and species level (Table 2), indicating that populations of Gelidiophycus freshwateri
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expanded in the past, although the observed mismatch distributions of haplotypes (Fig. 4, C–E)
failed to reject the spatial expansion model
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(SSD = 0.024 and HRag = 0.035, P > 0.05; Table 2).
Based on the corresponding s values, and assuming
a substitution rate of 5.5 9 109 s/s/y (see

FIG. 4. Mismatch distribution analysis (MDA) and Bayesian skyline plot (BSP) of Gelidiophycus divaricatus and G. freshwateri using cox1
data set; (A) MDA of G. divaricatus, (B) BSP of G. divaricatus, (C) MDA of G. freshwateri, (D) MDA of G. freshwateri haplogroup 1, (E) MDA
of G. freshwateri haplogroup 2, (F) BSP of G. freshwateri, (G) BSP of G. freshwateri haplogroup 1, and (H) BSP of G. freshwateri haplogroup
2. For mismatch distributions, the grey bar charts represent the observed distributions, whereas the black dotted lines represent simulated
data under a spatial model. For the Bayesian skyline plots, the x-axis represents the time since the present in years and the y-axis represents the estimated effective population size. The black solid line is the median estimate, and the grey line shows the 95% highest posterior density (HPD) intervals.
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earlier), we dated the spatial expansions to glacial
cycles likely predating the LGM (c. 0.08 Ma, 95%
CI: 0.20–0.03 Ma; Table 2). The BSP analysis
(Fig. 4, F–H) showed that the divergence time
from its recent common ancestor was about
0.35 Ma, and indicated steady population growth
up to the Late Pleistocene (c. 0.1 Ma), followed by
stable population sizes until the present.
Ecological niche modeling. Our ENM revealed that
mean sea surface temperature contributed strongly
(70%) to the current distribution of Gelidiophycus
divaricatus (Table S3 in the Supporting Information). The percentage contribution of minimum diffuse attenuation was low (18%), and those of both
salinity and precipitation were less than 7%. Similarly, mean sea surface temperature was most important (74%) in the distribution of G. freshwateri. The
percentage contribution of minimum diffuse attenuation was low (21%), and those of salinity and precipitation were less than 3% (Table S3).
Habitat suitability for Gelidiophycus divaricatus was
very high in northern Taiwan through Okinawa to
southeast Japan (Fig. S5A in the Supporting Information), while that for G. freshwateri was very high in Jeju
Island, Korea and from the south to the middle of
Honshu, Japan (Fig. S5B). However, habitat suitability for G. freshwateri was relatively high on both sides
of the East Sea (= Sea of Japan), an unexpected
result, since the only record of this species from these
coasts is from western Japan (Fig. S5B).
DISCUSSION

Phylogenetic relationships. Phylogenetic analyses of
mitochondrial cox1, plastid rbcL and nuclear ITS2
sequences from samples throughout their geographic ranges confirm the species status of both
Gelidiophycus divaricatus and G. freshwateri, as
described in a previous molecular and morphological study (Boo et al. 2013). The range of G. divaricatus was newly confirmed to include in China
(Dongshan Dao), Korea (Jeju Island), Japan (south
of Kagoshima), and Taiwan. However, the range of
G. freshwateri was confirmed to be limited to Korea,
China, and Japan. Gelidiophycus divaricatus was very
rare at Geumneung and Hado, Jeju Island, Korea,

where G. freshwateri was very common. Additional
sampling in the southern range of Gelidiophycus may
enable a more complete evaluation of its distribution and morphology.
Biogeography and contact zone of Gelidiophycus
divaricatus and G. freshwateri. Our study confirms
the wide geographic and environmental range of G.
divaricatus in East Asia, with a northern range limit
in Jeju Island (Korea) and Miyazaki (Japan). In contrast, G. freshwateri occurs at higher latitudes in
China, Japan, and Korea only. Interestingly, our
study newly reveals a sympatric distribution of these
two species at Dongshan Dao (China), Jeju Island
(Korea) and Miyazaki (Japan). The overlap zone of
these two species roughly matches the summer 28°C
and the winter 20°C isotherms (Fig. 5). Sea surface
temperature appears to be the primary factor delineating the ranges of the two species with G. divaricatus being a warm water species and G. freshwateri a
cool-temperate species. There have been no previous reports that correlated the geographic distribution of red algae in East Asia with temperature, but
our data are consistent with previous studies of
intertidal invertebrates in which the upper limit of
temperature tolerance is more important than the
lower limit for determining biogeographical patterns (Sorte and Hofmann 2005, Marco et al. 2010,
Shen et al. 2011, Cheang et al. 2012).
The seawater temperature at Jeju Island, where
the northernmost population of Gelidiophycus divaricatus is found, averages 26°C in summer and 13°C
in winter. The presence of two distinct haplogroups
at this northern endpoint reflects both the historical
and contemporary dispersal of G. divaricatus from
China or Japan. The historical dispersal might have
occurred before 1.8 Ma, the period of the most
recent common ancestor in the BSP analysis, when
seawater temperature may have been warm. However, the close relationship between populations at
Jeju Island and Dongshan Dao suggests that G.
divaricatus likely migrated north via the Taiwan
Warm Current (Fig. S6 in the Supporting Information). In contrast, G. freshwateri may have dispersed
south to Dongshan Dao with the China Coastal Current during cool winter conditions. Buoyant artificial materials, tree trunks, shells, and floating

TABLE 2. Summary of mismatch distribution parameters and neutrality tests for pooled populations of Gelidiophycus freshwateri based on cox1 sequences.
Model

Spatial
expansion
Demographic
expansion

Group

Parameter (s)

Expansion time (t, yr)

SSD

HRag

Fu’s FS

Tajima’s D

Species level
Haplogroup 1
Haplogroup 2
Species level
Haplogroup 1
Haplogroup 2

4.126 (1.514, 10.473)
0.280 (0.405, 6.391)
1.135 (0.621, 1.418)
6.637 (1.352, 10.230)
0.281 (0.156, 0.467)
0.996 (0.734, 1.652)

78,602 (28,842–199,516)
5,331 (7,715–121,752)
21,622 (11,830–27,014)
126,438 (25,756–194,887)
5,353 (2,972–8,897)
18,974 (13,983–31,471)

0.024
0.002
0.000
0.023
0.260**
0.000

0.035
0.025
0.047
0.035
0.025
0.047

25.443***
20.756***
29.041***
25.443***
20.756***
29.041***

1.795*
2.035***
2.389**
1.795*
2.035***
2.389**

Estimates were obtained under models of spatial or pure demographic expansion using ARLEQUIN.
*, P < 0.05, **, P < 0.01, ***, P < 0.001; yr, years ago. Mutation rate = 5.5 9 109.
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FIG. 5. (A) Geographic distribution of cox1 haplotypes from 36 populations of Gelidiophycus (see Table S2 for population codes). Pie
chart denotes the proportion of haplotypes present in each population. In G. divaricatus, private haplotypes are white, and four shared
haplotypes are blue (DC2), purple (DC7), sky blue (DC13), and navy (DC24). In G. freshwateri, private haplotypes are grey, and four
shared haplotypes are lime (FC1), olive (FC4), green (FC10), and light green (FC27). Orange line indicates isotherm (20°C) of mean sea
surface temperature (SST) in January and red line indicates isotherm (28°C) of mean SST in August. Photographs of Gelidiophycus divaricatus (B) from Big Wave Bay, Hong Kong and G. freshwateri (C) from Wando, Korea; each species growing on rocks in the high intertidal
region.

macroalgae are rafting agents, as suggested in the
long-distance dispersal of other nonbuoyant marine
algae (Fraser et al. 2013, Boo et al. 2014a, Guillemin et al. 2014, L
opez et al. 2017).
The Changjiang River outflow apparently does
not function as a biogeographic barrier for Gelidiophycus, since G. freshwateri occurs south of it in Putuoshan (29°32″ N, CHN4) and Gouqi Island

(30°42″ N, CHN3; Fig. S6). Although it is absent
from these Chinese sites, G. divaricatus occurs at
least at two locations in Jeju Island, Geumneung
and Hado. Bidirectional dispersal across the Changjiang River outflow has been reported for some
intertidal brown algae and invertebrates (Lee et al.
2012, Ni et al. 2012), but the outflow is a geographic barrier for fucalean brown algae and some
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benthic invertebrates (e.g., Xiao et al. 2004, Cheang
et al. 2010, Hu et al. 2011, Guo et al. 2015).
The Tokara Strait is well known as a geographical
barrier for many terrestrial species (e.g., Zhai et al.
2012). It is an asymmetric biogeographical barrier
because it allows southern species to disperse to the
north, but impedes the southern dispersal of northern species (Fig. S5). Gelidiophycus divaricatus crosses
the Tokara Strait, occurring in Tanegashima Islands,
Kagoshima harbors, and Aoshima, while the southern limit of G. freshwateri is the Tanegashima
Islands, to the north of the Tokara Strait. Rhizoclonium (Cladophoraceae, Chlorophyta) may be a suitable genus to further test this asymmetry for marine
algae because two species occur south of Tokara
Strait and one species to the north (Ichihara et al.
2016). The asymmetric barrier posed by the Tokara
Strait has been reported in seagrass, corals and
fishes (Nakabo 2002, Sakai et al. 2005, Kawano et al.
2012).
ENM showed that the current distributions of
Gelidiophycus divaricatus and G. freshwateri are best
explained by mean sea surface temperature, followed by minimum diffuse attenuation, while contributions of both salinity and precipitation were
relatively minor. The major difference between
ENMs of both species is that the response curve for
mean sea surface temperature resulted in a more
northern and temperate distribution of G. freshwateri, compared to the subtropical distribution of G.
divaricatus. The ENM suggests that minimum diffuse
attenuation is a delineating factor in the range of
these upper intertidal species, which are exposed to
air and sunlight during low tides.
The predicted suitable habitat for Gelidiophycus
divaricatus was highly consistent with the known
occurrence of the species. Likewise, the predicted
suitable habitat for G. freshwateri reflected the occurrence records well, except for the East Sea (= Sea of
Japan). The model predicted high suitability along
the Korean east coast and Japanese west coast
despite the lack of the observed occurrence data
except one previous report (Akatsuka 1986) in western Japan which needs confirmation. On both sides,
the intertidal zone is very steep and narrow (about
0.3 m or less) and the upper intertidal zone, preferred by both species, is not well developed (Akatsuka 1986, Boo et al. 2013). Clearly, substrate
availability is another important factor for habitat
suitability. Because ranges of seaweeds are delineated by diverse oceanographic and environmental
factors, further physiological studies may support
our inference from ENM.
Population equilibrium, bottleneck, and rapid expansion
of Gelidiophycus divaricatus. High genetic diversity
in both haplotypes (Hd = 0.920) and nucleotides
(p = 0.01716) of mitochondrial cox1 indicates that
G. divaricatus maintained population equilibrium
during its long evolutionary history (Grant and
Bowen 1998). This is also corroborated by MDA and

BSP analyses (Fig. 4, A and B) and may be due to
stable sea water temperatures maintained by the
Kuroshio Current in southern latitudes during Pleistocene (Shen et al. 2011). The population structure
of G. divaricatus roughly matches its regional distribution (Fig. 3A), suggesting that ranges of species
were different enough, and isolated by distance, to
produce genetically distinct populations, especially
after a genetic bottleneck due to the sudden reduction in effective population size. It is well-known
that low sea levels in the Pleistocene (2.6 Ma–
11.7 Ka) separated populations, shaping their geographical and genetic structures (Woodruff 2010,
Ludt and Rocha 2014). The evolutionary demography of G. divaricatus is a product of three historical
events: population equilibrium from 1.8–0.35 Ma, a
sudden decrease in population size from 0.1–
0.35 Ma, and rapid population expansion from
around 0.1 Ma to the present (Fig. 4B).
The cox1 and ITS2 markers displayed the same
patterns of genetic diversity (Fig. 3, A and B), but
patterns in parsimony networks between mitochondrial and nuclear genes were not consistent, as in
previous studies (e.g., Guillemin et al. 2014). The
lower resolution of the ITS2 network may be due to
its biparental inheritance and concomitant genetic
recombination during meiosis.
Rapid growth and population equilibrium of Gelidiophycus freshwateri. High haplotype (Hd = 0.850)
but low nucleotide diversity (p = 0.00335) of mitochondrial cox1 suggests that G. freshwateri experienced rapid population expansion, an inference
supported by significant negative values of Tajima’s
D (1.795, P < 0.05) and Fu’s Fs (25.443,
P < 0.001; Table 2). The Bayesian skyline plot provides further evidence of a sudden population
expansion ~0.2 Ma followed by population equilibrium from about 0.1 Ma to the present (Fig. 4D).
Although G. freshwateri has significant structure at
the population level in PERMUT, cox1 haplotype
networks revealed a star-shaped structure with two
major haplogroups (1 and 2; Fig. 3C). Low sea level
during late Pleistocene may be responsible for separating these two groups. Because the most common
haplotype in haplogroup 1 (FC1) occurs from
China to southern Korea, and its equivalent in haplogroup 2 (FC10) from southern Korea to Japan, we
suggest that the southern coast of Korea may have
served as a refugium for both groups, as in case of
Ishige okamurae, a brown seaweed (Lee et al. 2012).
The southern source population may have migrated
along the Yellow Sea and Tsushima currents after
the LGM. Sea level changes and coastal currents are
important factors that influence the population
structure of G. freshwateri, as with many other marine organisms from East Asia (e.g., Ni et al. 2014,
Hu et al. 2016).
Asymmetric introgression at Jeju Island, Korea. The
discordant topologies between organellar (cox1,
rbcL) and nuclear genes (ITS2, CesA, SSU) suggest
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genetic introgression (Fig. 2), presumably by natural
hybridization, between Gelidiophycus divaricatus and
G. freshwateri at Geumneung and Hado, Jeju Island.
Genetic introgression occurred at these two sites
where G. divaricatus is very rare and G. freshwateri is
very common. The two contact locations comprise
sandy areas mixed with fine gravel, forming a range
of disturbed microhabitats similar to those reported
for hybridization examples from intertidal brown
algae and invertebrates (Gardner 1996, Coyer et al.
2007). Specimens exhibiting introgression are morphologically similar to G. divaricatus (Boo et al.
2013). Because introgressed individuals belonged to
G. divaricatus in cox1 and rbcL while they possessed
an ITS2, CesA, and SSU signatures of G. freshwateri,
we hypothesize that natural hybridization has
occurred between rare G. divaricatus females and
common G. freshwateri males, but not vice versa.
Reports of asymmetric hybrids in natural populations
are rare in red algae, although such hybrids have
been observed in experimental crosses between red
algal species. For example, crosses in culture between
male Antithamnion sparsum (Ceramiales) and female
A. defectum formed normal offspring, but not vice
versa; when female A. sparsum was crossed with male
A. defectum, fertilized auxiliary cells were aborted
(Boo and Lee 1983). Genetic introgression has also
been reported between Neosiphonia harveyi and N.
japonica and between Chiharaea americana f. americana
and C. americana f. bodegensis (Hind and Saunders
2013, Savoie and Saunders 2015). However, asymmetrical introgression appears more common in brown
algae, plants and animals (e.g., Wirtz 1999, Mallet
2005, Coyer et al. 2007, Kikuchi et al. 2010, Neiva
et al. 2010, Qi et al. 2012, Liu et al. 2014).
CONCLUSIONS

Our study extends the range of warm-water Gelidiophycus divaricatus from Hong Kong to Taiwan and
temperate locations in Korea, China, and Japan,
while the range of the cool-temperate species, G.
freshwateri, does not extend to subtropical waters.
Our results illustrate that Quaternary oceanographic
conditions left strong imprints on the current
genetic structure of two upper intertidal agarophyte
species. The results also highlight the importance of
seawater temperature and sea level change for the
distribution and population demography of marine
agarophytes in East Asia. Asymmetric genetic introgression, detected in populations from Jeju Island,
is rare in red algae. Our study provides basic information for the use and management of agaroseyielding seaweeds, a recent concern due to their global decrease in biomass (Callaway 2015). Their temperature-dependent geographic ranges, supported
by distribution and ecological niche modeling, promises that Gelidiophycus can serve as a model for predicting changes in species’ distributions due to
ocean warming.
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Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:
Figure S1. Phylogeny of Bayesian inference
using cox1 + rbcL + ITS2 data sets from Gelidiophycus. The terminal nodes are labeled with voucher
code, population code, and country. Bayesian posterior probabilities (≥0.90) and ML bootstrap values (≥50%) are shown. Asterisks indicate full
support in both analyses. Dash (-) indicates values < 0.90 and < 50%. Blue color indicates G. divaricatus and green color indicates G. freshwateri.
Figure S2. Phylogeny of Bayesian inference
using cox1 data set from Gelidiophycus. Only distinct haplotypes were included. The terminal
nodes are labeled with haplotype code and GenBank accession number. Bayesian posterior probabilities (≥0.90) and ML bootstrap values (≥50%)
are shown. Dash (-) indicates values < 0.90
and < 50%.
Figure S3. Phylogeny of Bayesian inference
using ITS2 data set from Gelidiophycus. Only distinct haplotypes were included. The terminal
nodes are labeled with haplotype code and GenBank accession number. Bayesian posterior probabilities (≥0.90) and ML bootstrap values (≥50%)
are shown. Dash (-) indicates values < 0.90
and < 50%.
Figure S4. Phylogeny of Bayesian inference
using rbcL data set from Gelidiophycus. Only distinct haplotypes were included. The terminal
nodes are labeled with haplotype code and

GenBank accession number. Bayesian posterior
probabilities (≥0.90) and ML bootstrap values
(≥50%) are shown.
Figure S5. Maps illustrating the ecological
niche modeling for Gelidiophycus divaricatus (A)
and G. freshwateri (B). Dots indicate the collection
sites in this study and previously reported sites.
Colored lines indicate predicted habitat suitability.
Figure S6. Contemporary dispersal routes and
biogeographical barriers of Gelidiophycus divaricatus and G. freshwateri (see Table S2 for population
codes). In the parenthesis, former number indicates number of G. divaricatus specimens and latter indicates number of G. freshwateri specimens.
Arrow lines indicate warm currents and dotted
arrow line indicates cold current: CCC, China
Coastal Current; KC, Kuroshio Current; RC, Ryukyu Current; TC, Taiwan Warm Current. Thick
black lines indicate two biogeographical barriers:
CRO, Changjiang River Outflow; Tokara Strait
(Watase Line).
Table S1. Collection information, haplotype
codes, and GenBank accession numbers of specimens used in this study. Bold number indicates
sequences generated in this study. -, not applicable.
Table S2. Details of samples locations, sample
sizes, and genetic characteristics of 16 populations
of Gelidiophycus divaricatus and 26 populations of
Gelidiophycus freshwateri based on cox1 and ITS2
sequences. n, number of analyzed samples; h,
number of haplotypes or ribotypes, H, haplotypes
or ribotypes; Hd, haplotype diversity; p, nucleotide diversity; SD, standard deviation; -, not applicable.
Table S3. Percentage contribution and the
range of values of occurrences for the different
predictors used in the final ensemble ecological
niche model fitted with all available distribution
records of Gelidiophycus divaricatus and G. freshwateri.

