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Ocean currents play a role in both facilitating and impeding connectivity of

marine organisms’ populations, serving as key drivers and potential barriers. The

emergence of Taiwan around five million years ago (Mya) impacted the Kuroshio

Current which later shaped the distribution of marine organisms. In this study, we

examined how the Kuroshio Current influenced the distribution and population

divergence of the marine red alga Dichotomaria elegans (Galaxauraceae,

Nemaliales). Through phylogenetic analysis, species delimitation, and

morphological comparison of Taiwanese species, we determined its

phylogenetic position relative to other species within the D. marginata

complex of the genus Dichotomaria. We uncovered the hidden cryptic

diversity within the D. marginata complex in Taiwan and proposed the new

combinations D. elegans and D. latifolia based on Galaxaura elegans and G.

latifolia. Genetic analysis based on three loci (mitochondrial cox2-3 and cox1,

and plastid rbcL) from 32 locations across the Philippines, Taiwan, and Japan

revealed three allopatric lineages within D. elegans. The first lineage is restricted

to the northern Philippines and southern Taiwan, while the second has a broader

latitudinal range along the Kuroshio Current. The third lineage is found in

southeast Luzon, Philippines, close to the bifurcation of the North Equatorial

Current, near the start of the Kuroshio Current. The divergence of the first two

lineages during the mid-Pliocene (~3.7 Mya) coincided with the emergence of

Taiwan, with the current dynamics accentuating their separation. The Kuroshio

Current exhibited a dual impact on the biogeography of D. elegans: promoting

the dispersal of the second lineage towards higher latitudes and preventing the

first lineage from moving northward. Principal component analysis showed that

habitat conditions and morphologies differed between the two D. elegans
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lineages. This study provides insights into the cryptic diversity of Dichotomaria in

Taiwan, as well as the genetic divergence, biogeographical patterns, and

ecological associations of D. elegans, highlighting the interplay of island

formation and currents shaping the diversification of seaweeds in the

Northwest Pacific Ocean.
KEYWORDS

Dichotomaria, Galaxauraceae, geographical barrier, incipient speciation, Kuroshio
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1 Introduction

Identifying the processes underlying population structures and

diversification in marine organisms presents challenges, as oceans are

highly interconnected environments (Faria et al., 2021). Nevertheless,

studies on population differentiation in marine environments have

revealed numerous cases of allopatric speciation, suggesting the

presence of more spatial barriers than previously suspected

(Miglietta et al., 2011). Ocean currents, in particular, are known for

driving the connectivity of marine organisms; yet, they can also act as

potential barriers (Faria et al., 2021).

The Kuroshio Current originates from the bifurcation of the North

Equatorial Current, which splits East of Luzon to form the northbound

Kuroshio Current and the southbound Mindanao Current (Figure 1).

The precise location of this bifurcation exhibits seasonal and annual

latitudinal shifts, typically averaging around 13.4°N at the surface

annually (Wang and Hu, 2006). Subsequently, the northward flow of

the Kuroshio Current through the Luzon Strait, situated between the

Philippines and Taiwan, facilitates the redistribution of water across

the Ryukyu Arc into higher latitudes in Japan (Qu and Lukas, 2003).

This process facilitates the dispersal of marine organisms from the

Philippines to Taiwan and the Ryukyu Islands (Chen and

Keshavmurthy, 2009; Hsiao et al., 2011; Kuriiwa et al., 2014;

Arriesgado et al., 2016). Kuroshio Current branches intrude at

approximately 25.5–26.4°N off Northeast Taiwan and around 20°–

21°N, leading to the formation of eddies and upwelling cold domes in

both northern and southern Taiwan (Lee et al., 1999; Nan et al., 2011;

Wu et al., 2017). Hence, the Kuroshio Current can also act as a barrier

through differential water velocities, upwelling cold domes, and eddies

between inner and open seas. For instance, studies show that the

Kuroshio Current can act as a physical barrier for Blacktip grouper fish

populations from the East China Sea and the south of mainland Japan,

isolating them from their southern counterparts as they cannot cross

the strong Kuroshio Current (Kuriiwa et al., 2014). An upwelling cold

dome created by the Kuroshio Current branch in Northeast Taiwan

has isolated coral populations between the southern Ryukyus and the

East China Sea (Suzuki et al., 2016; Kuo et al., 2023), leading to the

presence of cryptic coral species in Northern Taiwan, Ryukyu Island,

and the East China Sea. While the effects of the Kuroshio Current on

marine organism diversification are well-studied in northern Taiwan
02
and Japan, research on the southern Taiwan and Philippines regions is

scarce (Lee et al., 1999; Nan et al., 2011). Further studies are needed to

explore the potential barriers (i.e., eddies and local upwelling domes) to

marine organisms’ dispersal generated by the Kuroshio Current in

southern Taiwan.

The geological emergence of Taiwan from the collision of the

Philippine plates and the Eurasian plate, which was completed

around five million years ago (Mya) (Hall, 2002; Sibuet and Hsu,

2004), and the emergence of the islands along the Luzon Volcanic

Arc, between 3.5 and 6.3 Mya (Lai and Song, 2013), impacted the

marine coastal organisms and their subsequent geographical

distribution in the area. Studies on planktonic foraminifera and

various fossil assemblages (Gallagher et al., 2015; Wang et al.,

2020) have shown that the Kuroshio Current reached its present

impact and latitudinal range around 3 to 3.5 Mya. Therefore, we

hypothesize that the emergence of Taiwan and the Luzon Arc, along

with the establishment of the modern Kuroshio Current, impacted

the current distribution pattern of coastal marine organisms. Such a

scenario could be further complicated by the sea level fluctuations of

the late Pleistocene (1.8 Mya-11,000 years BP) caused by glaciations

and inter-glacial periods (Shen et al., 2011; Lee et al., 2021), modern

connectivity, and barriers created by the Kuroshio Current, as well as

environmental selection.

Red algae are good models to test these hypotheses as they have

limited dispersal. Unlike brown algae like Sargassum, which have air

bladders providing positive buoyancy, or free-floating green algae such

as Ulva, red algae do not rely on their vegetative structure for dispersal

(Graham et al., 2008; Fu et al., 2019). Additionally, red algae lack

flagella during their entire life cycle, relying mainly on water currents

and the attachment and growth of spores on various substrates to

spread and colonize new areas (Cole and Sheath, 1990). Hence, their

populations are highly influenced by potential marine barriers and

easily subjected to the impacts of local environments. Among red

algae, we focus on the genus Dichotomaria, due to its common

occurrence in tropical and subtropical oceans. Dichotomaria species

are characterized by either terete or flattened thallus forms exhibiting a

dimorphic life history with different cortical structures between

gametophyte and sporophyte. Initially, Dichotomaria proposed by

Lamarck (1816) was dismissed, with its species placed under

Galaxaura by Kjellman (1900). Subsequent studies suggest shifting
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these Galaxaura species back to Dichotomaria (Huisman et al., 2004b;

Wang et al., 2005). All the species examined in this study are part of a

taxonomic group within Dichotomaria, called the D. marginata

complex. Dichotomaria marginata (J.Ellis & Solander) Lamarck,

1816, a tropical and sub-tropical species with a flattened gross

morphology (Huisman and Borowitzka, 1990), was historically

grouped with several other species forming the D. marginata

complex (Huisman and Borowitzka, 1990; Huisman et al., 2004b).

However, subsequent molecular and morphological analyses

(Schneider et al., 2016; Santos et al., 2020) have identified distinct

species within this complex. Hence, the D. marginata complex species

diversity is not well characterized, with new species continually being

discovered (Sherwood et al., 2010; Liu et al., 2013; Wiriyadamrikul

et al., 2014; Schneider et al., 2016; Santos et al., 2020). In addition,

regionally endemic lineages have been observed, including D. tenera

(Kjellman) Huisman et al. in South Africa and D. viridis G.N.Santos

et al. in Brazil (Huisman et al., 2004b; Santos et al., 2020). For these

reasons, members of the D. marginata complex are promising

candidates for studies exploring the effects of ocean currents on

diversification and biogeographical patterns.

Possibly three species from the D. marginata complex are found

in Taiwan. Previous studies show the presence of D. marginata (Liu

et al., 2013). Two species, Galaxaura elegans T.Tanaka, identified in

the lower littoral zone in Kenting National Park, South Taiwan, and

G. latifolia T.Tanaka, discovered growing on rocks near the low tide

mark in North East Taiwan, were described by Tanaka in 1935 and

tentatively linked with D. marginata in more recent studies (Wang

et al., 2005).
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Here we unraveled the species diversity of the D. marginata

complex, with emphasis on the Taiwan species, using genetic

analysis of three loci (plastid rbcL, mitochondrial cox1 and cox2-

3) and morphological analysis of thallus and cortical structures. In

addition, we examined contemporary and historical factors, with

attention to the influence of the Kuroshio Current, influencing the

distribution and lineage divergence of G. elegans. We explored

the hypothesis that the formation of Taiwan, in conjunction with

the current system (i.e., the presence of the Kuroshio Current,

generating eddies, and upwelling in the South of Taiwan) led to

the separation of distinct lineages between south Taiwan and the

eastern offshore islands. Our findings not only highlight the pivotal

role of island formation and the Kuroshio Current in driving

the lineage divergence and ecological differentiation of seaweeds

in the Northwest Pacific Ocean but also underscore the previously

underappreciated cryptic diversity of Dichotomaria species

in Taiwan.
2 Materials and methods

2.1 Sample collection, morphological
examination, and DNA sequencing

A total of 161 individuals of “D. elegans” from 32 different

locations in the Philippines, Taiwan, and Japan, were included in

this analysis (Supplementary Tables 1, 2). Additionally, 64 samples

of other Dichotomaria species were included for phylogenetic
FIGURE 1

Overview of D. elegans sampling area. The North Equatorial Current and its bifurcation into Kuroshio Current and Mindanao Current, and the
intrusion of the Kuroshio Current into the South China Sea (SCS), and the Kuroshio Branch Current (KBC) are depicted as blue arrows. The sampling
locations for D. elegans lineages 1, 2, and 3 are shown as red, green, and grey dots, respectively.
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analysis and species delimitation (Supplementary Table 1).

Specimens were collected from shallow waters at least 5 m apart.

These thalli were subsequently identified via DNA barcoding using

the mitochondrial intergenic spacer between the cytochrome

oxidase subunit 2 and subunit 3 genes (cox2-3). For each

individual, a portion of the thallus was preserved in silica gel for

DNA analysis. For morphological observations, another portion

was preserved in 10-15% formalin in seawater. Genomic DNA was

extracted from the dried thalli using a DNeasy Plant Mini Kit

(Qiagen, Hilden, Germany) according to the manufacturer’s

instructions. Gene amplification was performed for six genetic

markers: two nuclear genes, i.e., the large subunit (LSU) of the

ribosomal cistron and the elongation factor 2 gene (EF2); two

plastid genes, i.e., the large subunit of the ribulose-1,5-

bisphosphate carboxylase gene (rbcL) and the RNA polymerase

gene beta subunit (rpoC1); and two mitochondrial regions, i.e., the

cytochrome oxidase subunit 1 gene (cox1) and the intergenic spacer

between the cytochrome oxidase subunit 2 and subunit 3 genes

(cox2-3), under the PCR conditions described in Lin et al. (2001)

and Wang et al. (2005). The primer pairs used to amplify the six

regions were the following: for LSU, T01 (Harper and Saunders,

2001)/nu28SR (Conklin et al., 2009), for EF2, EF2L1Pey/Mang48

(Saunders and Moore, 2013), for rpoC1, F2/R2 (Zhan et al., 2020),

for cox1, cox143F (Geraldino et al., 2006)/C880R (Yang et al., 2008),

and for cox2-3, cox2-for/cox2-rev (Zuccarello et al., 1999). To

amplify the rbcL gene, multiple sets of primers were used: F7/

R753, F492/R1150, and F993/Rsst (Freshwater and Rueness, 1994).

Additionally, we used internal-sequencing primers designed for the

Galaxauraceae: rbcL-F85, rbcLF476, and rbcLR562 (Wang et al.,

2005). The Sanger sequencing was conducted using an ABI 3730

DNA Sequencer (Applied Biosystems, Foster, California) by

Mission Biotech Company (Taipei, Taiwan). While PCR

amplification was successful for three of the amplified markers

(rbcL, cox1, and cox2-3), only a small percentage of specimens

yielded amplification for the two nuclear markers (LSU and EF2)

and the plastid marker rpoC1. Consequently, the following analyses

primarily focus on rbcL, cox1, and cox2-3, with results pertaining to

LSU, EF2, and rpoC1 briefly discussed. Voucher specimens were

deposited at the Department of Life Science, Tunghai University,

Taichung, Taiwan and at Herbarium of Biodiversity Research

Center, Academia Sinica, Taipei (HAST), Taiwan. Collections

from Sorsogon, the Philippines, were lodged at the Herbarium

Sorsogonense (HS).
2.2 Phylogenetic analysis and
species delimitation

In order to determine the diversity within the D. marginata

complex in Taiwan, and to assess the phylogenetic placement of “D.

elegans”, 44 rbcL and 52 cox1 sequences, corresponding to 64

specimens of Dichotomaria were aligned with 20 rbcL and 19

cox1 “D. elegans” sequences (Supplementary Table 1). These

sequences were obtained from GenBank or produced as part of

this study, as described previously. Our dataset included sequences

from all known species in the D. marginata complex (i.e., D.
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huismanii C.W.Schneider et al., D. intermedia (R.C.Y.Chou)

J.Wiriyadamrikul et al., D. marginata, D. sibogae (Weber Bosse)

Huisman et al., D. tenera, and D. viridis, and G. elegans and G.

latifolia (for which we will propose the new combinations “D.

elegans” and “D. latifolia”, respectively) as the ingroup and two

closely related species to the D. marginata complex, terete D.

obtusata (J.Ellis & Solander) Lamarck (rbcL and cox1) and

flattened D. spathulata (Kjellman) A.Kurihara & Huisman (rbcL

only), as outgroups. To avoid bias in using single-locus species

delimitation methods, our dataset comprised representative

samples distributed across key taxonomic groups (Puillandre

et al., 2012). Two separate sequence matrices, rbcL, and cox1, of

1,306 bp and 517 bp, respectively, were aligned using MEGA X

version 10.1.7 (Kumar et al., 2018). The Tamura-Nei (1993) model

+G +I and the Hasegawa-Kishino-Yano (1985) model +G+I were

selected for rbcL and cox1, respectively, using jModelTest 2 (Darriba

et al., 2012), and utilized for the phylogenetic analyses.

A concatenated alignment was generated from rbcL and cox1

sequence matrices using MEGA X version 10.1.7 (Kumar et al., 2018).

The Bayesian Inference (BI) method was used to reconstruct a

phylogenetic tree using MrBayes v.3.2.7a (Ronquist et al., 2012).

Statistical support for each node of the BI tree was based on two

Markov Chain Monte Carlo (MCMC) runs (nchains = 4) for

350,000,000 generations with sampling every 200,000 generations,

after discarding 75% of the resulting trees (i.e. the trees below the

convergence, with a standard deviation of split frequencies above 0.01)

as ‘burn-in’. Given the presence of several nodes with low support, we

presented a consensus phylogeny in which these poorly supported

nodes are collapsed (Figure 2). The original fully dichotomous tree is

displayed in Supplementary Figure 1. In addition, maximum likelihood

(ML) single-locus phylogenies were generated using MEGA X version

10.1.7 (Kumar et al., 2018) (Supplementary Figures 2, 3). The

phylogenetic trees were visualized using FigTree.v1.4.4 (http://

tree.bio.ed.ac.uk/software/figtree/).

Two algorithmic species delimitation methods were applied to

the rbcL and cox1 alignments, excluding the outgroup sequences:

the Generalized Mixed Yule-Coalescent model (GMYC) (Pons

et al., 2006) and the Automated Barcode Gap Discovery (ABGD)

(Puillandre et al., 2012). For the GMYC analyses, ultrametric

phylogenetic trees were first generated using BEAST2 v.2.6.7

(Bouckaert et al., 2019), with the substitution models previously

determined, a gamma distribution for four rate categories, and a

Birth-Death model as the tree priors. Four MCMC chains were run

for 30,000,000 generations with sampling every 30,000 generations.

50% of the resulting Bayesian trees (i.e. the trees below the

convergence) were discarded as ‘burn-in’. GMYC analyses were

performed using the software R v.4.2.3 (R Core Team, 2021)

package splits v1.0.2.0 (Monaghan et al., 2009). The species

boundaries were identified by detecting shifts in branching rates

within the ultrametric phylogenetic tree, using a single threshold.

The ABGD analyses were performed using an online analysis web

tool (https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html). The

putative number of species in the datasets was determined based

on pairwise genetic distance matrices calculated using MEGA X

version 10.1.7 (Kumar et al., 2018). The relative gap width was set to

1, and only the initial partitions were considered, as suggested by
frontiersin.org
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Kekkonen and Hebert (2014). The pairwise and overall diversity in

the D. marginata complex and among “D. elegans” lineages was

assessed with MEGA X version 10.1.7 (Kumar et al., 2018).
2.3 Haplotype network analysis

To explore the diversity within “D. elegans”, we utilize an

extensive dataset exclusive for this species (Supplementary

Table 1). The alignments of rbcL, cox1 and cox2-3 used for this

analysis were 1,306, 517, and 297 bp in length, respectively. The

number of haplotypes (Nh), haplotype diversity (h), and nucleotide

diversity (p) were calculated for each locus with the R package pegas

(Paradis, 2010). Concatenation of the rbcL, cox1, and cox2-3

alignments was performed using MEGA X version 10.1.7 (Kumar

et al., 2018), resulting in 2,120 bp multi-locus alignment. Twenty-

three “D. elegans” specimens (those with available sequences for all

three loci) were included. The Kimura (1981) 3-parameter

substitution model was selected for the multi-locus dataset using

jModelTest 2 (Darriba et al., 2012). The phylogenetic network was

estimated from the multi-locus alignment with SplitTree v4.19.2
Frontiers in Ecology and Evolution 05
(Huson and Bryant, 2006), using the neighbor network method

with 1,000 bootstrap replicates.

Next, we constructed single-locus networks with an increased

sample size. A total of 27 rbcL, 43 cox1, and 160 cox2-3 sequences of

“D. elegans”, were aligned using MEGA X version 10.1.7 (Kumar

et al., 2018). To ensure non-redundancy, a custom Python script

was used to retain unique sequences for each alignment. Unrooted

haplotype networks were constructed using the median joining

method, implemented in PopART version 1.7 (Leigh and Bryant,

2015). The cox2-3 haplotype diversity for each location was

visualized on a map created using the R package ggmap (Kahle

and Wickham, 2013). Note that the map represents only 31 out of

the 32 locations of “D. elegans”, as a cox2-3 sequence was not

available for the northernmost location (i.e., Hachijo Island, Japan).
2.4 Lineages' divergence time and
gene flow

To assess gene flow and divergence timing between two cryptic

lineages of “D. elegans”, we conducted an isolation-with-migration
FIGURE 2

Bayesian Inference (BI) phylogeny of the Dichotomaria marginata complex based on a rbcL and cox1 concatenated alignment (left panel) and single
locus species delimitation analyses using Generalized Mixed Yule-Coalescent (GMYC) and Automatic Barcode Gap Discovery (ABGD) methods,
indicated by grey blocks to the right of the tree. The phylogeny includes the outgroups D. spathulata and D. obtusata. The main clades shown in the
phylogeny are indicated on the right. Specimens from Taiwan shown in bold, D. elegans lineages 1, 2, and 3 are highlighted in red, green, and blue,
respectively. Nodal support is presented as posterior probabilities from BI. Only posterior probabilities ≥ 0.5 are shown. H, Hawai’i; Cir,
circumtropical; IO, Indian Ocean; Car, Caribbean.
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(IM) analysis implemented in Ima2 (Nielsen and Wakeley, 2001).

This analysis requires data from individual loci displaying

polymorphic variation within or between populations (Nielsen

and Wakeley, 2001), consequently, we excluded rbcL, due to the

lack of multiple haplotypes in lineage 1, and we excluded lineage 3

(Sorsogon lineage), comprising a single haplotype for all three loci.

Therefore, the analysis was performed to estimate divergence time

(t) and migration rate (m) between lineages 1 and 2, based on the

two mitochondrial markers cox1 and cox2-3, run independently.

Several runs were conducted to determine the most efficient search

parameters that maximized mixing. The final runs included 40

coupled Markov chains, a burn-in period of 100,000 steps, and a

geometric heating model, with the first and second heating

parameters of 0.99 and 0.80 for individual chains. A total of
Frontiers in Ecology and Evolution 06
100,000 genealogies were sampled to estimate the joint posterior

probability distributions of the migration parameters. Based on

previous studies, the mutation rates of cox1 and cox2-3 were set to

be 3.4×10-9 (Hu et al., 2015) and 5.5×10-9 (Li et al., 2015)

substitutions per site per year, respectively.
2.5 Demographic history

Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997) were

calculated to test departure from neutrality, using the R package

pegas (Paradis, 2010) and DnaSP version 6.12.03 (Rozas et al.,

2017), respectively. To estimate the shape of population growth

over time, Extended Bayesian Skyline Plots were produced in
FIGURE 3

Morphological comparison between the three Dichotomaria species found in Taiwan. (A–D) In situ photos of D. “marginata” (A), D. latifolia (B), and
D. elegans growing on a rock (C), and a worm tube, indicated by the arrow (D). (E–G) Habit. Arrows indicate holdfast and arrowheads indicate
cylindrical hairy branch. (H) Branch. (I–K) Gametophytic cortex. Arrows indicate epidermal cells and arrowheads indicate spine cells.
(L–N) Tetrasporophytic cortex from the middle part of the branch. Arrows indicate stalk cells and arrowheads indicate outer cortical cells.
(O–Q) Tetrasporophytic cortex from the side of the branch. Arrows indicate apiculate tip on the outer cortical cells (notice that only the outer
cortical cells from the side of the branch show the apiculate tip when present). Specimens examined are listed as follows: D. “marginata” [(A)
#KTR40B08, Kenting National Park, Eluanbi Peninsula, South Taiwan; (E, H) #TUNG13098, XiangJiaoWan, Kenting Nartional Park, Eluanbi Peninsula,
South Taiwan; (I) #SGAD1606279*, Barangay Project, Biri Is., North Samar, Philippines; (L, O) TUNG14109.4, 3rd Nuclear Outlet, Kenting Nartional
Park, South Taiwan], D. latifolia [(B) #KTR31E08, 3rd Nuclear Outlet, Kenting Nartional Park, South Taiwan; (F, H, J) #HAST146273, Dahsianglan,
Northeast Taiwan; (M, P) #TUNG05409, Longdong, Northeast Taiwan], and D. elegans [(C) #TUNG14245.2, WanLiTong, Kenting National Park, South
Taiwan; (D) #TUNG14010.11, WanLiTong, Kenting National Park, South Taiwan; (G, H, N, Q) #HAST146272, XiaoGangKau, Kenting National Park,
Eluanbi Peninsula, South Taiwan; (K) #TUNG14023.5, HuaPingYan, Xiaoliuqiu Island, Southwestern Taiwan].* Due to the absence of a well-conserved
gametophytic representative of D. “marginata” from Taiwan, a specimen collected in the Philippines was analyzed instead.
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BEAST v1.7.4 (Drummond and Rambaut, 2007). As for the IM

analysis, we excluded rbcL and lineage 3, due to the lack of multiple

haplotypes. We estimated demographic histories of lineages 1 and 2,

based on mitochondrial loci cox1 and cox2-3 (run as independent

loci), using the HKY substitution model, with constant Bayesian

skyline tree priors. We chose to use a strict molecular clock with a

substitution rate of 0.0034 and 0.0055 Myr-1 for cox1 and cox2–3,

respectively (Hu et al., 2015; Li et al., 2015). The MCMC parameters

were set as follows: 1×108 iterations, sampling every 3,000

iterations, and the first 1×107 iterations discarded as burn-in.
2.6 Environmental analysis

To investigate a potential environmental influence on the

separation of lineages 1 and 2, we compared the environmental

features of the locations hosting each lineage. Lineage 3 was not

included in this analysis since it was represented by a single

location. We selected seven sea surface environmental parameters

with long-term average maximum and minimum values, sourced

from BIO-ORACLE v2.2 (Assis et al., 2018): current speed, oxygen

concentration, iron concentration, nitrate concentration, phosphate

concentration, salinity, and temperature. The environmental
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features were retrieved by using the latitude and longitude

coordinates of each sampling location with ArcGIS v10.4

(Supplementary Table 2) and were standardized before statistical

analysis. To reduce the dimensionality of the environmental data, a

principal component analysis (PCAs), was applied. To assess the

disparity in environmental features between the areas hosting

lineages 1 and 2, we conducted a PERMANOVA analysis. To

avoid possible collinearity between environmental features,

PERMANOVA was performed based on principal components

(PCs) derived from the PCA analysis, which are the linear

combination of original environmental factors (Gotelli and

Ellison, 2013). PCs were assigned as the independent variables for

the PERMANOVA. All statistical analyses were carried out using

the R package vegan (Oksanen et al., 2007). The PCA results were

visually represented using the R package ggplot2 (Wickham, 2011).
2.7 Morphological examination

Morphological examinations of thalli of both tetrasporophytic

and gametophytic plants were carried out for the three species

within the D. marginata complex found in Taiwan: D. “marginata”,

“D. latifolia”, and “D. elegans”. We selected the following traits:
A

B

D

E

C

FIGURE 4

Haplotype network of Dichotomaria elegans. (A) Phylogenetic network of Dichotomaria elegans based on a multi-locus alignment (rbcL, cox1, and
cox2-3, n=23), obtained with SplitTree v4.19.2, using the neighbor network method. Numbers along edges are bootstrap values from 1,000
replicates. Only bootstrap support values >70% are shown. (B–D) Median-joining haplotype network based on rbcL (n=27) (B), cox1 (n=43) (C), and
cox2-3 (n=169) (D), constructed in PopART. Each circle represents a single haplotype, with the size of the circle proportional to its frequency in the
sample size. Haplotypes are color-coded according to their respective collection locations, as indicated in the legend. Hatch marks indicate
mutational steps. Small black circles indicate missing haplotypes. (E) Geographic distribution of cox2-3 haplotypes of D. elegans from 16 locations
(31 coordinates, grouped together when geographically close). The pie charts represent the proportion of haplotypes in each location, as indicated
in the legend. Black circles denote the 31 sampling coordinates. The red circle marks the type locality of D. elegans, Eluanbi Peninsula
(Tanaka, 1935).
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gross morphology, color, habitat preference, external branch width,

as well as specific characteristics of the gametophyte (epidermal

cells and spine cells width and height) and tetrasporophyte (stalk

cells height, outer cortical cells width and height, and the presence

of apiculate tips), based on their established taxonomic relevance in

previous Dichotomaria studies (Tanaka, 1935; Kurihara et al., 2005;

Wang et al., 2005; Liu et al., 2013; Wiriyadamrikul et al., 2014;

Schneider et al., 2016). The majority of stalk cells of the

tetrasporophyte were dichotomous, attached to two outer cortical

cells; therefore, to avoid bias, we only measured their height.

Subcortical cells of the tetrasporophyte were also not included in

the analysis as their size appeared to be too variable within a single

specimen. Formalin preserved materials were decalcified using 45%

acetic acid and pre-stained with hematoxylin. Measurements were

carried out using a Leica DM 750 microscope (Leica Microsystems,

Wetzlar, Germany), and photos were taken on a mounted Canon

EOS600D (Canon, Tokyo, Japan) digital camera. Measurements

were carried out using imageJ (Schneider et al., 2012). An ANOVA

was applied followed by a Tukey post-hoc test using R, and the data

were visualized using the R package ggplot2 (Wickham, 2011).

To assess possible morphological differences between lineages 1

and 2 of “D. elegans”, morphological traits were quantitatively

analyzed. Lineage 3 was not included due to its low sample size.

Traits were selected based on the above morphological comparisons

among the three Dichotomaria species, with a particular emphasis

on the traits that were most informative. We focused solely on

tetrasporophytic material due to its higher prevalence and

informative value. Gametophytes were less common, resulting in

a smaller sample size for analysis. The tetrasporophytic cortex

features analyzed were the width and height of outer cortical cells,

and the height of stalk cells in the middle cortex. Measurements

were performed on the second and third internode. Additionally,

the width of nodes and internodes were measured from the thallus.

A PERMANOVA analysis was applied using the R package vegan

(Oksanen et al., 2007), and a PCA was applied and visualized using

the R package ggplot2 (Wickham, 2011). All specimens subjected to

morphological examination are included in Supplementary Table 1.
3 Results

3.1 Phylogenetic analysis and
species delimitation

The phylogenetic tree based on concatenated rbcL and cox1 data

shows 11 well-supported clades. Among these, seven corresponded

to established species: “D. elegans”, D. huismanii, D. intermedia, “D.

latifolia”, D. sibogae, D. tenera, and D. viridis. Notably, “D. elegans”

showed three distinct lineages (lineages 1, 2, and 3) with strong

statistical support (Figure 2). The remaining four clades consisted

of: 1) a circumtropical D. “marginata” clade, represented in the

Caribbean; noteworthy is the absence of a D. marginata type

specimens and unavailability of specimens from the original type

locality, the Bahamas; 2) D. “marginata” from the Indian Ocean,

closely associated with the circumtropical D. “marginata”; 3) a

second D. “marginata” clade, circumscribed to the Caribbean; and
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4) a Hawaiian species, most probably corresponding to the species

formerly categorized as G. infirma, a subterete variation of D.

marginata (Huisman et al., 2004a). Indeed, we observed these

specimens to be subterete in gross morphology. Presently, G.

infirma has been invalidated and merged into D. marginata, thus

necessitating further clarification regarding the species status of this

clade. Additionally, two sequenced specimens did not belong to any

of the clades: 1) a specimen from Indonesia designated asD. sp. 1 by

Wiriyadamrikul et al. (2014); and 2) a specimen from Mexico,

tentatively designated as D. “marginata”. After collapsing the low-

supported nodes, the resulting phylogeny exhibited polytomy,

indicating unresolved phylogenetic relationships among clades,

with the exceptions of D. “marginata” circumtropical and Indian

Ocean clades, which were resolved as sister taxa, and a

monophyletic group consisting of D. huismanii, D. intermedia, D.

“marginata” from Mexico, D. sp. 1, D. tenera, and D. viridis. Single-

locus ML phylogenies (Supplementary Figures 2, 3) showed the

same clades with high bootstrap support, while the relationships

among clades remained ambiguous, with low support. When

considering cox1-based phylogeny (Supplementary Figure 3), “D.

elegans” lineage 2 and 3 appeared to be more closely related to each

other than to “D. elegans” lineage 1.

The analyses of species delimitation using the rbcL and cox1

genes with the GMYC and ABGD methods yielded some

inconsistencies (Figure 2). In the rbcL analysis (Figure 2), GMYC

and ABGD determined 21 and 15 species, respectively. In the cox1

analysis (Figure 2), GMYC and ABGD identified 23 and 22 species,

respectively. Of the 11 clades shown by the phylogenetic analysis,

six were recognized as single species by species delimitation

analyses: D. huismanii, D. latifolia, D. “marginata” Caribbean

clade, D. “marginata” Hawaiian clade, D. tenera, and D. viridis.

The two sequences, D. “marginata” from Mexico and D. sp. 1,

which did not belong to any clades, were also identified as separate

species. The D. sibogae clade included two species, possibly the

sequences from Indonesia belong to a separate species. The

circumtropical and Indian Ocean clades of D. “marginata”, as

well as D. intermedia, instead, exhibited significant diversity,

possibly indicating the presence of multiple species within them.

The species delimitation results regarding “D. elegans” were

inconsistent among markers and methods: while cox1 indicates

each lineage as a separate species, rbcL shows more inconsistency.

The GMYC method suggests four species (with lineage 2

comprising two separate species), whereas ABGD indicates two

species (with lineage 1 and 2 grouped as a single species) (Figure 2).

The overall diversity (as p-distance) in the D. marginata complex

was 0.02 for rbcL and 0.05 for the cox1. The inter-lineage distance in

“D. elegans” was 0.004-0.005 and 0.019-0.027 (rbcL and cox1). This

was lower than the smallest inter-specific distance within the D.

marginata complex: 0.009 (between D. intermedia and D. tenera,

based on rbcL) and 0.029 (between D. huismanii and D. “marginata”

Caribbean clade, based on cox1). The highest inter-species distance

was detected between D. “marginata” Hawaiian clade and D. sp. 1

based on rbcL (0.027) and between D. sibogae and D. intermedia

based on cox1 (0.081) (Supplementary Tables 3, 4).

Additional DNA barcodes, consisting of two nuclear markers

(LSU and EF2) and one plastid marker (rpoC1), had notably small
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sample sizes: six samples for LSU (four from lineage 1 and two from

lineage 2 of “D. elegans”), three for EF2 (two from lineage 1 and one

from lineage 2 of “D. elegans”), and only two for rpoC1 (both from

lineage 1 of “D. elegans”) were successfully amplified. These

sequences span 597 bp for LSU, 331 bp for EF2, and 721 bp for

rpoC1. LSU exhibited no diversity (Supplementary Table 5), EF2

showed very limited differentiation between lineages (i.e., 1 bp

difference) (Supplementary Table 6), while rpoC1 displayed no

diversity in lineage 1 (Supplementary Table 7). Nevertheless, we

provide these sequences for public access (Supplementary Table 1).
3.2 Dichotomaria species in Taiwan

After molecularly identifying “D. elegans”, “D. latifolia”, and D.

“marginata” from Taiwan, we investigated their differentiation

based on external morphology, vegetative anatomical traits, and

habitats. Externally, “D. elegans” stands out with its orange-red

color, commonly found on reefs or worm tubes in the rocky

intertidal and shallower subtidal areas, while D. “marginata” and

“D. latifolia” exhibit a pink to dark red color and are typically found

in the deeper subtidal regions (Figures 3A–D). Additionally, “D.

elegans” features narrower branches (1.79 ± 0.55 mm, range: 1.22-

3.05 mm) in contrast to D. “marginata” (2.61 ± 0.56 mm, range:

1.63-3.48 mm) and “D. latifolia” (2.77 ± 0.63 mm, range: 1.66-4.14

mm) (Figures 3E–H; Supplementary Table 8). This is concordant

with the finding of Tanaka (1935), who distinguished G. elegans

from G. latifolia by having a narrower branch width (1-3 vs. 3-5

mm). ANOVA results show that “D. elegans” branch width is

significantly smaller compared to D. “marginata” and “D.

latifolia” (Supplementary Figure 4). In the gametophyte stage, D.

“marginata” possesses significantly wider epidermal cells (22.75 ±

4.40 mm, range: 15.94-29.08 mm) compared to “D. elegans” (16.22 ±

2.28 mm, range: 11.76-19.66 mm) and “D. latifolia” (15.67 ± 1.52

mm, range: 13.54-17.92 mm) (Figures 3I–K; Supplementary Table 8;

Supplementary Figure 4). The spine cells of the three species exhibit

similar dimensions (Figures 3I–K; Supplementary Table 8;

Supplementary Figure 4). In the tetrasporophyte stage, D.

“marginata” exhibit rounder outer cortical cells (average height/

width ratio: 0.97 -middle of the branch- 1.13 -edge of the branch;

Figures 3L, O; Supplementary Figure 4) compared to the one of “D.

latifolia” (average height/width ratio: 1.29 -middle of the branch-

1.86 -edge of the branch-; Figures 3M, P; Supplementary Figure 4)

and “D. elegans” (average height/width ratio: 1.59 -middle of the

branch- 1.98 -edge of the branch-; Figures 3N, Q), that

progressively appeared more elongated. Notably, the side of

thallus branch outer cortical cells in D. “marginata” and “D.

latifolia” appear apiculate, unlike “D. elegans” (Figures 3O–Q).

Furthermore, stalk cells of D. “marginata” are significantly shorter

(up to 25.54 mm) than those of “D. latifolia” (up to 38.68 mm) and

“D. elegans” (up to 37.94 mm) (Supplementary Table 8;

Supplementary Figure 4). While D. “marginata” has a

circumtropical distribution, the other two are geographically

limited. “D. latifolia” is exclusive to Taiwan, and “D. elegans” is

found in the Philippines, Taiwan, and Japan. In summary, a

combination of geographical location, habitat preference, and
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branch width proves useful in differentiating these three species

in situ. Further analyses of cortical anatomy data are useful to

further identify these species before molecular analysis.

The two species G. elegans and G. latifolia (Tanaka, 1935) are

currently associated with the genus Galaxaura. Given that our

research findings indicate their affiliation with the D. marginata

complex, we propose two new combinations: D. elegans (T.Tanaka)

S.Fontana et al. comb. nov. and D. latifolia (T.Tanaka) S.Fontana

et al. comb. nov. Details are as follow:

Dichotomaria elegans (T.Tanaka) S.Fontana, W.-L.Wang & S.-

L.Liu comb. nov.

BASIONYM: Galaxaura elegans T.Tanaka, 1935.

TYPE LOCALITY: Garanbi (Formosa) (Tanaka, 1935). The

name “Garanbi” refers to the Eluanbi Peninsula, Kenting National

Park, South Taiwan.

GEOGRAPHIC DISTRIBUTION: Southeast and North Luzon,

Philippines; Dongsha Atoll, South China Sea; Luzon Strait; South,

East, and Northeast Taiwan; Hachijo Island, Japan.

TOPOTYPE: HAST146272, collected from XiaoGangKau,

Eluanbi Peninsula, Kenting National Park, South Taiwan (21°

54’15.3”N 120°50’49.9”E); deposited at the Herbarium of

Biodiversity Research Center, Academia Sinica, Taipei (HAST),

Taiwan; GenBank accession: rbcL PP003463, cox1 PP003682,

cox2-3 PP003559.

SPECIMENS EXAMINED: HAST146272 (topotype),

TUNG14245.2 (WanLiTong, Kenting National Park, South

Taiwan), TUNG14010.11 (WanLiTong, Kenting National Park,

South Taiwan), TUNG14023.5 (HuaPingYan, Xiaoliuqiu Island,

Southwest Taiwan).

Dichotomaria latifolia (T.Tanaka) S.Fontana, W.-L.Wang & S.-

L.Liu comb. nov.

BASIONYM: Galaxaura latifolia T.Tanaka, 1935.

TYPE LOCALITY: Kelung, Dairi (Formosa) (Tanaka, 1935).

“Kelung” refers to the area surrounding Keelung city, in

Northeast Taiwan.

GEOGRAPHIC DISTRIBUTION: Northeast Taiwan, East

Taiwan (Taitung), Penghu Islands, South Taiwan.

TOPOTYPE: HAST146273, collected from Dahsianglan,

Northeast Taiwan (25°01’37.1”N 121°58’39.6”E); deposited at

Herbarium of Biodiversity Research Center, Academia Sinica,

Taipei (HAST), Taiwan; GenBank accession: rbcL AY688021,

cox1 PP003717.

SPECIMENS EXAMINED: HAST146273 (topotype),

TUNG05409 (Longdong, Northern Taiwan), KTR31E08 (3rd

Nuclear Outlet, Kenting National Park, Southern Taiwan).
3.3 Haplotype network analysis

We expanded our investigation on D. elegans to encompass a

more comprehensive geographic distribution. This involved an

extensive sampling effort, employing multi-locus and single-locus

haplotype networks. The unrooted multi-locus network tree

confirmed the separation of D. elegans in the three monophyletic

lineages 1, 2, and 3, the latter corresponding to specimens from

Sorsogon, southeast Luzon, Philippines. Lineage 2 appears to have
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the highest diversity (Figure 4A). The relationships between the

three lineages are not resolved from this analysis, as depicted

by the central quadrilateral. Consistent with the multi-locus

analysis, the rbcL network showed the three lineages converging

into a single “missing haplotype” (Figure 4B). The rbcL gene

displayed a low haplotype diversity compared to mitochondrial

genes, as all specimens from lineage 1 shared identical haplotypes,

while specimens from lineage 2 exhibited five different haplotypes.

It should be noted that the haplotype H6 of rbcL, exclusive to

Hachijo Island, Japan, the northernmost location for D. elegans, was

supported by a single sequence retrieved from GenBank, therefore

cox1 and cox2-3 were not determined for this specimen (Figure 4B).

The haplotype networks of cox1 (Figure 4C) and cox2-3

(Figure 4D) showed that lineage 3 (Sorsogon, cox1 H10 and cox2-

3 H10) possibly grouped with lineage 2, yet distantly related. In

lineage 1, cox1 H1 and cox2-3 H1 were the predominant haplotypes

and closely related to rare haplotypes H2, H3, H4 (cox1), and H2,

H3, H4, H5 (cox2-3), differing by a maximum of three mutations

(Figures 4C, D). For cox1, samples from each location displayed

distinct and unique haplotypes in lineage 2, except for cox1 H7

which was shared by Lyudao and Batanes islands (Figure 4C). The

dominant cox2-3 haplotype in lineage 2, i.e., H6, was found at all

locations with lineage 2, except at Dongsha Atoll (Figure 4D). One

haplotype (cox1 H9 and cox2-3 H7) is unique to Dongsha Atoll and

showed a greater genetic distance compared to other haplotypes for

cox1 and cox2-3 (Figures 4C, D). Of all the cox1 and cox2-3

haplotypes in lineage 2, it appeared closest related to lineage 1.

Notably, samples from Sorsogon, Philippines always exhibited an

exclusive haplotype (rbcL H7, cox1 H10, cox2-3 H11) that greatly

differs from lineages 1 and 2 (Figures 4C, D). Therefore, we treated

the Sorsogon haplotypes as a third lineage. Overall, lineage 2

showed higher haplotype and nucleotide diversity than lineage

1 (Table 1).
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The geographical distribution of D. elegans showed a distinct

distribution pattern of the three lineages (Figure 4E). Lineage 1 was

predominantly observed in the Northern Philippines and the

southern region of Taiwan, including the type locality of D.

elegans, the Eluanbi Peninsula within Kenting National Park

(Tanaka, 1935). This location hosted the most common haplotype

of lineage 1 (cox2-3 H1) with high frequency, along with the cox2-3

haplotypes H2 and H3. In Ilocos Norte, North Philippines, the

southernmost location of lineage 1, the most common cox2-3

haplotype H1 was found, along with the unique cox2-3 haplotype

H5 exclusive to this location. In contrast, lineage 2 exhibited a

broader latitudinal range along the Kuroshio Current (Figure 4E).

The most common cox2-3 haplotype within lineage 2, H6, along

with a combination of other cox2-3 haplotypes H8, H9, and H10,

was distributed across multiple islands in the Luzon Strait (Batanes)

and east of Taiwan (Lanyu, Lyudao), as well as on the east and

northeast coasts of Taiwan. Additionally, specimens of lineage 2

were found in Dongsha Atoll, in the South China Sea, exhibiting a

distinct cox2-3 haplotype H7 that was solely found in this location.

Lineage 3 was found at the southernmost D. elegans location, i.e.,

Sorsogon, southeast Luzon, Philippines. Lineage 3 consists of a

single cox2-3 haplotype H11, which links to lineage 2.
3.4 Divergence time, gene flow, and
demographic history

The IM results indicated that the estimated divergence time

between lineages 1 and 2 is approximately 3.7 Mya (95% HPD:

1.924–6.036 Mya) (Figure 5A). The posterior distribution of m1

(lineage 1 to lineage 2) and m2 (lineage 2 to lineage 1) shows no

clear peaks, with a probability of migration approaching zero

(Figures 5B, C), indicating the absence of gene flow from both
TABLE 1 Sample size (n), number of haplotypes (Nh), haplotype diversity (h), nucleotide diversity (p), Tajima’s D and Fu’s Fs of Dichotomaria
elegans lineages.

n Nh h p Tajima’s D (*) Fu’s Fs (**)

rbcL 27 7 0.764 0.003 0.955 (0.340) 1.361 (0.164)

rbcL – lineage 1 11 1 0 0 NA NA

rbcL – lineage 2 9 5 0.806 0.001 -0.075 (0.940) -1.593 (0.125)

rbcL – lineage 3 7 1 0 0 NA NA

cox1 43 10 0.730 0.013 0.802 (0.423) 2.835 (0.059)

cox1 – lineage 1 25 4 0.297 0.001 -1.296 (0.195) -1.999 (0.091)

cox1 – lineage 2 11 5 0.782 0.004 0.292 (0.771) -0.155 (0.245)

cox1 – lineage 3 7 1 0 0 NA NA

cox2-3 160 11 0.606 0.011 0.764 (0.445) 1.401 (0.109)

cox2-3 – lineage 1 101 5 0.133 0.001 -1.681 (0.093) -3.028 (0.036)

cox2-3 – lineage 2 52 5 0.535 0.005 0.100 (0.921) 0.858 (0.208)

cox2-3 – lineage 3 7 1 0 0 NA NA
*p-values associated with Tajima’s D, ** probability that Nh = the observed number of haplotypes, under the null hypothesis. Grey shading indicates value of Tajima’s D and Fu’s Fs with
marginal significance.
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directions. The neutrality tests (Tajima’s D and Fu’s Fs) were non-

significant for all the loci analyzed (Table 1). A marginally

significant negative value was shown for lineage 1 (p < 0.1,

Table 1), suggesting a possible demographic expansion. The

Extended Bayesian Skyline Plots revealed that both lineages 1 and

2 underwent gradual, long-term slight population growth, followed

by more substantial expansion occurring at around 0.265 Mya for

lineage 1 and 0.581 Mya for lineage 2 (Figures 5D, E).
3.5 Environmental and morphological
comparison of lineages 1 and 2 of
D. elegans

We examined the ecological and morphological data to assess

whether there was any significant difference between lineages 1 and

2. The PCA analysis, based on 14 environmental parameters (seven

parameters with long-term maximum and minimum values each),

showed that the first component (PC1) accounted for 23.9% of the

variance in the data, while the second component (PC2) accounted

for 19.7% of the variance (Figure 6). The top three environmental

parameters for PC1, based on the eigenvector, were minimum and

maximum temperature and minimum oxygen concentration

(Table 2). The sampling locations of lineage 2 exhibited lower

temperature (min and max), but higher oxygen (min and max),

nitrate (min and max), and phosphate concentration (max), as well

as higher current speed (min), and salinity (min), compared to

those of lineage 1 (Table 2). For PC2, the top three environmental

parameters were maximum salinity, maximum current speed, and

minimum phosphate concentration, all of which were higher in the

locations of lineage 2 compared to lineage 1 (Table 2). The first five

PCs, which can explain over 80% of the variance in environmental

data, were assigned as independent variables for the PERMANOVA
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analysis. PERMANOVA revealed a significant difference between

the locations of lineages 1 and 2 (Table 3, F1,29 = 3.795, p = 0.002).

Despite these differences, the PCA analysis showed overlapping

areas for the locations of lineages 1 and 2, indicating similar

environmental properties, particularly in geographically

proximate regions. The most notable variations were attributed to

the southernmost location of lineage 1 (Ilocos Norte, Philippines)

and the northern location of lineage 2 (Hachijo Island, Japan)

(Figure 6). Current speed and direction in summer and winter are

visualized in Supplementary Figure 5.

PERMANOVA showed a significant difference between the

tetrasporophyte of lineages 1 and 2, both for cortex cell

measurements (Supplementary Table 9, F1,141 = 7.084, p = 0.001),

and thallus width (nodes and internodes) measurements

(Supplementary Table 10, F1,32 = 4.625, p = 0.002). The PCA

analysis of cortex cells showed that the first component (PC1)

accounted for 30.2% of the variance in the data, while the second

component (PC2) accounted for 24.3% of the variance

(Supplementary Table 11; Figure 7A), while for the thallus width

measurements, PC1 and PC2 accounted for 61.8% and 13.5% of the

variability, respectively (Figure 7B; Supplementary Table 12).

Despite these differences, there is a clear overlap between the area

occupied by lineages 1 and 2 (Figure 7). Overall, lineage 1 cortex

cells and thallus exhibited larger dimensions in comparison to

lineage 2, although both lineages still fell within a similar size

range (Supplementary Tables 13, 14).
4 Discussion

Our research on the D. marginata complex revealed that the

majority of the clades and/or species within the complex have

unresolved relationships with each other, resulting in polytomies or
A B

D E
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FIGURE 5

(A–C) Estimated marginal posterior density distributions for the pairwise divergence time (A) and migration rates (2Nm) (B, C) of Dichotomaria
elegans lineages 1 and 2, inferred from cox1 and cox2-3 loci. (D, E) Extended Bayesian skyline plots of lineage 1 (D) and lineage 2 (E) of D. elegans,
inferred from inferred from cox1 and cox2-3 loci. The upper and lower dashed gray lines represent the 95% highest posterior density intervals.
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nodes with low support in the phylogeny. Several factors may

contribute to this ambiguity, including hybridization or

introgression between lineages, potential gaps in evolutionary
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links within our dataset, or possibly a recent radiation event.

However, as of now, we remain uncertain as to which factor is

primarily responsible for these observations. Nonetheless, we

identified three distinct species in Taiwan: D. elegans and D.

latifolia, originally classified as two Galaxaura species in southern

and northern Taiwan (Tanaka, 1935), alongside a circumtropical

species, tentatively identified as D. “marginata”. The uncertainty

concerning D. marginata stems from our discovery of two distinct

clades close to the type locality, in the Caribbean (specifically the

Bahamas), namely the circumtropical clade and an exclusive

Caribbean clade. Consequently, we are unable to determine which

of the two clades identified in the same geographic region accurately

represents D. marginata. Dichotomaria elegans, while initially

considered endemic to Taiwan, has been found to have a broader

range, spanning the Philippines, the South China Sea, and Japan.

Before this study, D. latifolia was only known from Northeast

Taiwan, however, we expanded its record to Northeast, East, and

South Taiwan, as well as Penghu Islands (West Taiwan). Consistent

with observations made in other studies (Huisman et al., 2004a; Liu

et al., 2013; Santos et al., 2020), our study provides further evidence

for the presence of locally endemic species within the D. marginata

complex. However, the circumtropical species D. “marginata”

appears to deviate from the observed trend of endemism. Two

potential reasons could explain this deviation. First, our analysis

revealed distinct clades within the circumtropical D. “marginata”;

consequently, future investigations might challenge the notion of a

circumtropical species by unveiling cryptic species. Secondly, recent

human activities, such as introductions through aquaculture or

ballast water release could have played a role in introducing D.
TABLE 2 Principal component analysis loadings showing the difference
of the location of Dichotomaria elegans lineages 1 and 2.

Factor PC1 (23.9%) PC2 (19.7%)

Current speed (Max) 0.029 0.430

Current speed (Min) 0.185 0.169

Oxygen concentration (Max) 0.371 0.054

Oxygen concentration (Min) 0.388 -0.118

Iron concentration (Max) 0.037 -0.071

Iron concentration (Min) 0.016 -0.462

Nitrate concentration (Max) 0.380 0.034

Nitrate concentration (Min) 0.262 -0.238

Phosphate
concentration (Max)

0.336 0.232

Phosphate concentration (Min) 0.048 0.390

Salinity (Max) -0.072 0.446

Salinity (Min) 0.133 0.274

Temperature (Max) -0.387 0.078

Temperature (Min) -0.417 0.083
The first two principal components (PC1 and PC2) are shown.
A positive number means the value is higher in the locations of lineage 2, a negative number
means the value is higher in the locations of lineage 1. Values above 0.1 are in bold.
FIGURE 6

Principal component analysis plot of sea surface environmental parameters associated with the location of Dichotomaria elegans lineages 1 and 2.
Each point represents a location, categorized by the presence of either lineage 1 or lineage 2. Arrows indicate the degree of correlation between the
environmental parameters and two principal components (PC1 and PC2). Direction and length of the arrows signify the strength and direction of the
correlation, respectively.
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“marginata” from the Caribbean to the West Pacific or vice versa

(Liu et al., 2013).

The conflicting results obtained for rbcL and cox1 in our species

delimitation analyses are consistent with cases of relatively recent

speciation and less divergent loci. In the broader context of red algae

research, it is a common trend that cox1 evolves at a faster rate than

rbcL (Montecinos et al., 2012; Muangmai et al., 2014; Boo et al.,

2022), which is consistent with our observations for the overall

diversity within the D. marginata complex. Indeed, cox1 displayed a

greater level of genetic divergence (p-distance = 0.05) than rbcL

(p-distance = 0.02). D. elegans exhibits three distinguishable

lineages. However, analyses based on rbcL and cox1 yield

conflicting results: the concatenated phylogeny places lineage 3 as

basal; however, D. elegans lacks a clear sister species to definitively

confirm this placement; conversely, mitochondrial analyses position

lineage 3 within lineage 2. These disparities suggest it is premature

to conclude whether they represent distinct species. Additionally,

the p-distance among D. elegans lineages is lower compared to that

among other recognized species within the D. marginata complex.

Nonetheless, our species delimitation analysis, while not definitive

regarding the potential number of species within D. elegans, does

underscore cryptic diversity within this species.

A body of compelling evidence suggests that the Kuroshio

Current serves as an essential vector of propagules transportation
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from the Philippines to higher latitudes areas such as Taiwan and

Japan. This phenomenon has been consistently observed across

various organisms, including fish, corals, copepods, and seagrass, as

evidenced by studies conducted by Chen and Keshavmurthy (2009),

Hsiao et al. (2011), Shen et al. (2011), and Arriesgado et al. (2016).

In line with these observations, our research reveals a similar

biogeographical pattern within lineage 2 of D. elegans, further

confirming its dispersion by the Kuroshio Current. This

conclusion gains additional support from our findings of the

presence of lineage 2 in Dongsha Atoll, given that the Kuroshio

Current has been shown to periodically intrude into the South

China Sea (Wu et al., 2017). Over the course of the latitudinal

transportation by the Kuroshio Current, populations exhibit

isolation-by-distance, showing the presence of genetic

differentiation around 35°N between the northern peripheral

populations compared to the southern populations. These

variations are often attributed to differences in thermal tolerance

between the northern and southern parts of populations along the

Kuroshio Current (Yasuda et al., 2014; Ackiss et al., 2018; Boo et al.,

2019). In line with this, we observed a unique haplotype

corresponding to the northernmost specimens of D. elegans,

located at 33.09°N (Hachijo Island, Japan). Additionally, we

identified an isolated lineage (lineage 3) located in Sorsogon,

Philippines, at 12.76°N, which is located close to the bifurcation

of the North Equatorial Current. Since the latitude of the

bifurcation is seasonally and annually variable, spanning from

12.9°N and 14.1°N, with an annual average of 13.4°N (Wang and

Hu, 2006) it is possible that lineage 3 resides at the start of the

Kuroshio Current and, therefore upstream of lineage 2.

Alternatively, Sorsogon may be separated from the Kuroshio

Current, which would account for the distinct lineage 3. To

further explore and validate these observations, a more

comprehensive sampling effort along the Kuroshio Current is

required, particularly around the Ryukyu archipelago to test for

isolation-by-distance within lineage 2 and along the east coast of the
A B

FIGURE 7

Principal component analysis plot of the cortex cell measurements (A), and thallus width measurements (B) of the tetrasporophyte of Dichotomaria
elegans lineages 1 and 2. Arrows indicate the degree of correlation between the measurements and two principal components (PC1 and PC2).
Direction and length of the arrows signify the strength and direction of the correlation, respectively.
TABLE 3 Results of PERMANOVA analysis comparing the differences in
principal components (derived from environmental parameters) between
the locations of Dichotomaria elegans lineages 1 and 2.

DF Sum
of square

F p

Lineages 1 46.48 3.79 0.002**

Residual 29 355.24

Total 30 401.72
** p < 0.01.
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Philippines, spanning from Sorsogon to the northern regions, to

understand the relationship between lineage 3 and other D.

elegans populations.

Beyond the transportation facilitated by the Kuroshio Current,

another prominent pattern in biogeography within the Northwest

Pacific Ocean area relates to the population structure found in

species inhabiting peripheral seas. These peripheral seas include the

Yellow Sea, East China Sea, Sea of Japan, and South China Sea. The

population structure observed in these areas is primarily attributed

to their isolation during the Pleistocene glaciation periods when

lower water levels resulted in regional separation. Various

organisms, including fish, crustaceans, mussels, gastropods, and

algae, exhibit this genetic signature, reflecting historical isolation

(Shen et al., 2011; He et al., 2015; Cheng and Sha, 2017; Lee et al.,

2021). Our study revealed that lineage 1 of D. elegans exhibits a split

distribution, found along the southern coast of Taiwan and in the

Northern Philippines. Although lineage 1 is not confined to a

peripheral sea, it is present in areas that remained inundated

during the Pleistocene glaciations. Hence, lineage 1 possibly

showed a limited dispersal while persisting in glacial refugia.

The formation of the Taiwan landmass completed around 5

Mya (Hall, 2002), and the establishment of the present path of the

Kuroshio Current is estimated at around 3 to 3.5 Mya (Gallagher

et al., 2015; Wang et al., 2020). This timeframe coincides with the

divergence time of lineages 1 and 2 of D. elegans, around 3.7 Mya

(mid-Pliocene period). The separation time and geographical

location of the three D. elegans lineages suggest a colonization

of lineage 2 from South to North, followed by the later appearance

of lineage 1. We were unable to determine the divergence time of

lineage 3 due to insufficient multiple haplotypes. Nevertheless,

considering its geographical position and its basal position to

lineages 1 and 2 in the phylogenetic analysis, albeit contradictory

result of the mitochondrial haplotype networks, we hypothesize

that lineage 3 may have originated from a common ancestor

shared with lineage 2. This divergence might have occurred due to

subsequent isolation resulting from the absence of interaction

with the Kuroshio Current. This scenario is also supported by the

absence of gene flow between lineages 1 and 2 and the steady

independent demographic expansion of lineages 1 and 2.

Several factors may have influenced the separation between

lineage 1 and 2 of D. elegans. First, the population in the south of

Taiwan (lineage 1) was possibly left isolated due to impassable

strong currents and lower dispersal capabilities, as they lack flagella

or floating thalli. At the same time, lineage 2 dispersal through the

Kuroshio Current can explain its higher genetic diversity and wider

range. Second, the eddies created by the current intrusion in the

waters of Southwest Taiwan may have further isolated lineage 1.

These eddies are variable in direction and strength, and it was

shown that they never reach the Dongsha Atoll (Nan et al., 2011).

This is concordant with the finding of lineage 1 in the South of

Taiwan but not in Dongsha Atoll, despite the two locations being

geographically closer. Lineage 1 was also identified in northern

Luzon (18°35’16.1”N, 120°46’14.8”E). However, the Kuroshio

Current intrusion into the South China Sea, putatively

responsible for the dispersal of lineage 2 in the Dongsha Atoll,

does not directly affect North Luzon (Nan et al., 2015 and Figure 1).
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This observation further elucidates why lineage 1 is absent from the

Dongsha Atoll. These data suggest that the influence of the

Kuroshio Current on the South and Southwest coasts of Taiwan

and North Luzon is more complex compared to its direct impact on

offshore islands such as Lanyu and Lyudao. Here, the current

systems can act as a barrier that isolates populations, particularly

for species with limited dispersal capabilities such as D. elegans. A

third factor may have contributed to the geographical separation of

lineages 1 and 2 despite the close proximity. On the East Coast of

Taiwan, at around 23.47°N, is an eastward-facing cliff. Moreover, at

this latitude lies the Xiuguluan River, connected to an underwater

canyon, known as the Chimei Canyon (Chiang and Yu, 2022).

Interestingly, specimens from lineages 1 and 2 were discovered

south and north of this location, respectively, only 40 km apart.

Lineage 1 was found at 23.115°N and 23.228°N (to the south), while

lineage 2 was located at 23.484°N (to the north). The geographical

configuration, both on land and underwater, may have influenced

the separation of populations. On the East Coast of Taiwan, lineage

1 is connected to the southern region of Taiwan, while lineage 2

likely arrived via the Kuroshio Current. Lastly, environmental

differences may have enhanced the separation of the lineages. The

Kuroshio Current is fast-flowing and is responsible for transporting

salt and heat to higher latitudes (Qu and Lukas, 2003). While the

Kuroshio Current is oligotrophic, it has been shown to produce

upwelling and vertical mixing, leading to higher nutrient input on

the surface (Chen et al., 2022). As expected, we have found that the

locations hosting lineage 2, hence the Kuroshio lineage, exhibit

environmental characteristics (i.e., higher concentrations of oxygen,

nitrate, and phosphate, elevated salinity, and higher current speeds)

that are markers for the presence of the Kuroshio Current. On the

other hand, the locations hosting lineage 1 experience overall higher

temperatures, primarily attributable to its positioning on the

southern side of the D. elegans range. It is possible that these two

lineages have already adapted to these differences; however, we

hypothesize that, at the present stage, they remain separated more

by dispersal barriers than by environmental factors.

Red algal species are morphologically differentiated by the gross

morphology of the thallus, including overall in situ appearance,

thallus size, and branch length, as well as the characteristics of the

sporophyte cortex, such as the size and shape of the different layers

of cells composing the cortex. Previous studies comparing the

morphology of Dichotomaria species have also relied on these

traits (Tanaka, 1935; Kurihara et al., 2005; Wang et al., 2005; Liu

et al., 2013; Wiriyadamrikul et al., 2014; Schneider et al., 2016).

Building upon these diagnostic traits used for red algae, we have

expanded the existing original account of D. elegans and D. latifolia

(Tanaka, 1935) by providing newly generated morphological

descriptions, micromorphology plates, and corresponding

molecular data. These additions extend to three species within the

D. marginata complex - D. elegans, D. latifolia, and D. “marginata”,

found in Taiwan. This record serves as a valuable resource for future

biodiversity studies, aiding in the comparative analysis and

identification of these three species. Additionally, we have

observed that distinguishing between the lineages of D. elegans

based solely on morphological analyses is a substantial challenge.

While lineages 1 and 2 do exhibit statistically significant disparities
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in size, with lineage 1 generally displaying larger size characteristics,

there is a substantial overlap in size between them. Hence, our

findings strongly advocate for the necessity of employing molecular

analysis techniques to accurately determine the lineage of a

given sample.
5 Conclusions

In this study, we proposed the two taxonomic combinations D.

elegans and D. latifolia. We also provided molecular and

morphological tools to differentiate between these two species and

the circumtropical D. “marginata”. The three species occur in

Taiwan. In addition, we deciphered the biogeographic pattern of

the shallow-water red seaweed D. elegans. This species displays

three distinct lineages. Lineage 1 is located in south and southwest

Taiwan and in the northern Philippines; lineage 2 occurs along the

Kuroshio Current and intrudes into the South China Sea; and

lineage 3 is located near the bifurcation of the North Equatorial

Current. These differences in biogeographic patterns are attributed

to dispersal capabilities and evolutionary histories. We hypothesize

that lineages 2 and 3 shared a common ancestor, with lineage 3

remaining isolated due to its position South of the Kuroshio

Current. Given that lineages 1 and 2 diverged around 3.7 Mya,

their divergence and biogeographical pattern were likely influenced

by the Taiwan landmass formation and the establishment of the

Kuroshio Current. The Kuroshio Current acts as a significant

geographic barrier by both eddies and local cold upwelling

domes, particularly between south Taiwan and the eastern

offshore islands. This study highlights hidden cryptic red algal

diversity in Taiwan, stressing the importance of distinguishing

understudied species to unveil biogeographic patterns and

identify trends and barriers in biogeography.
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