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Ocean warming is one of the most important factors in shaping the spatial

distribution and genetic biodiversity of marine organisms worldwide. The

northwest Pacific has been broadly illustrated as an essential seaweed

diversity hotspot. However, few studies have yet investigated in this region

on whether and how past and ongoing climate warming impacted the

distribution and genetic pools of coastal seaweeds. Here, we chose the

invasive species Gracilaria vermiculophylla as a model, and identified multiple

genetic lineages in the native range through genome-scale microsatellite

genotyping. Subsequently, by reconstructing decadal trends of sea surface

temperature (SST) change between 1978 and 2018, we found that SST in

northern Japan and the East China Sea indeed increased broadly by 0.25-

0.4°C/decade. The projections of species distribution models (SDMs) under

different future climate change scenarios (RCP 2.6, RCP 4.5, RCP 6.0 and RCP

8.5) indicated that a unique genetic pool of G. vermiculophylla at its current

southern range limit (i.e. the South China Sea) is at high risk of disappearance,

and that the populations at its current northern range limit (i.e. in Hokkaido

region) will undergo poleward expansions, particularly by the year 2100. Such

responses, along with this species’ limited dispersal potential, may considerably

alter the contemporary distribution and genetic composition of
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G. vermiculophylla in the northwest Pacific, and ultimately threaten ecological

services provided by this habitat-forming species and other associated

functional roles.
KEYWORDS

biodiversity conservation, climate change, microsatellite genotyping, peripheral
populations, range limits, genetic lineage loss
Introduction

The northwest Pacific, comprising both cold- and warm-

temperate marine biogeographic provinces (Briggs and Bowen,

2012), is a global seaweed biodiversity hotspot with high species

richness and endemism (Keith et al., 2014; Fragkopoulou et al.,

2022). For example, approximately 1500, 1300 and 900 species of

seaweeds have been reported in Japan, China and Korea,

respectively (Ding et al., 2011; Kim et al., 2013; Yoshida et al.,

2015), including 515 endemics in the Southern South China Sea

and 85 endemics in the Jeju Island (Lee, 2008; Ding et al., 2011).

These seaweeds not only provide food, habitat and nursery

services to many marine organisms such as fish and

invertebrates, but also have been used as raw materials for

food, feed and fertilizer ingredients, leading to successful

practices of commercial cultivar selection, genetic breeding

and aquaculture over the past decades (i.e. the kelps

Saccharina japonica and Undaria pinnatifida in East Asia,

Hwang et al., 2019; Hu et al., 2021).

Global marine biodiversity patterns have been relatively

stable over the last millennium but are now confronted with

rapid changes due to climate warming (Molinos et al., 2015).

This trend is believed to apply for coastal seaweeds, as well. The

thermal regime, by regulating a variety of life activities such as

life-histories and photosynthetic performances, has long been

listed as one of the key factors determining the survival and

distribution of intertidal and benthic seaweeds (Hoek, 1982;

Jueterbock et al., 2013). In the north Atlantic, long-term field

monitoring, ecological experiments and phylogeographic

surveys showed that ocean warming, mediated by climate

change, is threatening the genetic diversity and spatial

distribution of seaweeds (Lima et al., 2007; Jueterbock et al.,

2013; Zardi et al., 2015; Neiva et al., 2015), including the

potential loss of unique gene pools of some habitat-forming

species (i.e. Fucus vesiculosus, Nicastro et al., 2013; Fucus guiryi,

Lourenco et al., 2016). Furthermore, species distribution models

(SDMs) progressively forecast that ocean warming will cause

severe contractions at species’ rear edges of distribution and

poleward expansions (Jueterbock et al., 2013; Neiva et al., 2015;

Song et al., 2021; Assis et al., 2022). This warming-induced range

shift of seaweeds also stimulated a few parallel studies in the
02
northwest Pacific and south Pacific. For instance, the kelp

Saccharina flourishes in northern Japan in winter, at sea

surface temperatures (SST) below 5°C, but ocean warming

caused a considerable reduction of standing biomass (>70%)

in the Shakotan Peninsula in Hokkaido in the 1990s (Akaike,

2000). In addition, on the coast of Cape Muroto (Kochi,

Shikoku, Japan), the mean SST increased by 1.24°C between

1970 and 2010. In response, the tropical species Sargassum

ilicifolium gradually expanded its range and replaced

temperate Sargassum species, and also the kelp Ecklonia cava

(Tanaka et al., 2012). Likewise, in temperate Australia, ocean

warming has been found to cause large-scale range contraction

in the kelp Macrocystis pyrifera (Wernberg et al., 2011),

including the deleterious effects on the habitat-forming kelp E.

radiata across its range (Flukes et al., 2015). These research

efforts provide only an initial glimpse of climate-mediated

impacts on seaweeds in the northwest Pacific. Recently,

phylogeographic screening and SDM projections showed that

S. thunbergii expanded its range by 18 degrees of latitude in the

northwest Pacific since the Last Glacial Maximum (LGM, c.

21,000 years ago), and predicted that some unique gene lineages

will be lost under future climate warming (Song et al., 2021).

However, these studies cannot present generalized patterns

about seaweeds’ responses to ocean warming, because

taxonomically and/or physiologically (i.e. warm-temperate vs.

cold temperate) different species usually exhibit variable

functional responses to cl imatic and non-cl imatic

environmental shifts, including the location of sheltered sites

such as coastal upwelling climatic refugia (Lima et al., 2007;

Martıńez et al., 2012; Piñeiro-Corbeira et al., 2018). Studies, with

a biogeographic scale across different marine provinces, may

provide vigorous evidence on how seaweeds responded to past

and contemporary climate warming, and hence may shed light

on conserving and managing natural seaweed resources in a

long-term sustainability perspective.

The agar-producing red seaweed Gracilaria vermiculophylla

(Ohmi) Papenfuss is an intertidal habitat-forming species

endemic to the northwest Pacific, and usually assemblages on

natural hard substrata, muddy and sandy habitats. Gracilaria

vermiculophylla is able to reproduce sexually and vegetatively

(Guillemin et al., 2008), and its spermatia (male gametes) show
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extremely limited dispersal in space and time (Engel et al., 1999).

This species had been previously renamed as Agarophyton

vermiculophyllum based on phylogenetic data, but a more

recent phylogenomic analysis re-classified it back to Gracilaria

vermiculophylla (Lyra et al., 2021). Gracilaria vermiculophylla

can provide superior nursey habitat and compensate for severe

declines of coastal seagrass nurseries, and facilitate the

emergence of a novel ecosystem (Johnston and Lipcius, 2012).

The high rate of uptake of ammonium (NH+
4 ) and nitrate (NH

�
3 )

makes G. vermiculophylla an ideal biofilter component of

Integrated Multi-Trophic Aquaculture (IMTA) systems in

estuarine environments (Abreu et al., 2011). Some unique

ecological traits, such as euryhaline, eurytherm, and high

tolerance to biotic and abiotic factors (for a review, see Hu

and Lopez-Bautista, 2014), contributed to this species’ rapid

colonization of new habitats along the north American and

European coasts over the past 100 years (Krueger-Hadfield et al.,

2017). Recent studies found that compared to the native range,

the invaded G. vermiculophylla populations usually exhibited

exceptional anti-epiphyte defence capability (Wang et al., 2017),

microbial epibiont diversity (Saha et al., 2016; Bonthond et al.,

2020), and heat-shock resistance (Hammann et al., 2016). These

lines of evidence suggest that microbial diversity is vital for the

growth, spatial persistence and expansion of G. vermiculophylla.

However, climate warming has been illustrated to reduce

microbial composition and stability (Hutchins and Fu, 2017),

which in turn can affect microbial network complexity

(Bonthond et al., 2020), potentially leading G. vermiculophylla

in the native northwest Pacific at a high risk of distributional

contraction and genetic diversity loss.

In the native northwest Pacific, population-level molecular

investigations (i.e. amplified fragment length polymorphism and

sequence variation at the mitochondrial cox1 gene) revealed

multiple genetic lineages in G. vermiculophylla scattered along

the South China Sea, the Yellow-Bohai Sea and the Japan-Pacific

coasts, respectively, potentially driven by historical climate

scenarios (i.e. the late Quaternary ice ages) and contemporary

environmental conditions (i.e. the Yangtze diluted water) (Hu

et al., 2018a; Zhong et al., 2020). From 1982 to 2010, the

northwest Pacific had witnessed a dramatic increase in coastal

summer-autumn SST, particularly along the coasts of the

Yellow-Bohai Sea, East and South China Seas, where the

warming rate exceeded 0.5°C per decade (Lima and Wethey,

2012). Similarly, SST around Japan has increased by an average

of 1.1°C over the past 100 years (Japan Meteorological Agency,

2018). However, whether such intense ocean warming has

already or will threaten the distribution range of G.

vermiculophylla in the northwest Pacific, including the putative

risk of diversity loss under future climate scenarios,

remains unknown.

In this study, we firstly used 10 microsatellite loci to screen

the fine-scale genetic structure of 38 G. vermiculophylla

populations sampled across the northwest Pacific. We then
Frontiers in Marine Science 03
assessed whether the chosen representative sampling sites

displayed obvious coastal SST warming during the recent

period of 1978–2018. Finally, we used SDMs to evaluate how

the past climate fluctuations (i.e. the LGM) and future climate

scenarios (Representative Concentration Pathway: RCP 2.6, RCP

4.5, RCP 6.0 and RCP 8.5) may have produced/will produce

changes in the distribution range of G. vermiculophylla. These

combined results such as the identification of unique genetic

lineages and species’ distribution range shifts in response to

climate changes, will provide valuable baselines information for

monitoring and conserving G. vermiculophylla resources in the

wild, including the ecosystem services it provided in the

northwest Pacific.
Materials and methods

Sampling, DNA extraction and
microsatellite genotyping

Thirty-eight populations were sampled in the period 2014–

2019, from Hokkaido, Japan (44.05°N) to Beihai, China (21.49°

N) (Table 1). Detailed field sampling methods are described in

Zhong et al. (2020). In total, we obtained 538 attached specimens

of G. vermiculophylla. Genomic DNA was isolated using the

methods reported in Hu et al. (2004) and Zhong et al. (2020)

with minor modifications (potassium acetate (5.0 M, pH 7.5)

was used twice for extraction).

Based on a previous genetic screening of G. vermiculophylla

(Krueger-Hadfield et al., 2016), 10 species-specific polymorphic

microsatellite loci (Supplementary Table S1) were chosen to

genotype all sampled specimens from all 38 populations. Each

locus was amplified by polymerase chain reaction (PCR) as

described in Song et al. (2021). The genotyping of 10

microsatell ite loci was achieved by Beijing Qingke

Biotechnology Co., Ltd (Qingdao, China). Allelic scores were

checked manually for quality and consistency in STRAND

(Toonen and Hughes, 2001) using the 350 ROX™ size standard

(Applied Biosystems). We tested for linkage disequilibrium

between each pair of loci with 20 batches and 5000 iterations

per batch, and for deviations from Hardy-Weinberg equilibrium

at each locus, using GENEPOP 4.1 (Raymond and Rousset, 1995;

Rousset, 2008). We further checked for null alleles using

MICROCHECKER (van Oosterhout et al., 2004) to avoid bias

in estimating genetic indices. Genetic estimates, including

Shannon’s information index (I), observed and expected

heterozygosity (Ho and He, respectively), fixation coefficient (F),

and inbreeding index (Fis) were calculated with GENALEX 6.5

(Peakall and Smouse, 2006) and FASTAT 2.9.3 (Goudet, 1995),

respectively. The level of genetic differentiation (FST) was

estimated with ARLEQUIN 3.5.1.3 (Excoffier and Lischer,

2010), and gene flow (Nm) among populations was measured

with POPGENE 1.32 (Yeh et al., 1999).
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The number of genetic clusters in G. vermiculophylla was

inferred using Bayesian analysis in STRUCTURE 2.3.4

(Pritchard et al., 2000) with the admixture model and

correlated allele frequencies. To estimate the optimal number

of clusters (K = 1–10), the analysis ran with 10 independent

simulations using a full-length of 106 Markov Chain Monte

Carlo iterations and a burn-in of 105 steps. The best K value was
Frontiers in Marine Science 04
determined using the log probability of the data Pr(x/K)

and the DK criterion (Evanno et al., 2005) in Structure

Harvester (Earl and Vonholdt, 2012). We subsequently

calculated and summarized the average result over 10 runs in

CLUMPP 1.1.2 (Jakobsson and Rosenberg, 2007) to obtain the

final admixture results and viewed them in DISTRUCT 1.1

(Rosenberg, 2004).
TABLE 1 Sampling information of G. vermiculophylla in the northwest Pacific and genetic diversity indices.

No. Locations (Abbreviation) Coordinates Size Na Ne I Ho He F Fis

1 Abashiri, Hokkaido, Japan (ABA) 44.05°N, 144.26°E 10 1.900 1.658 0.504 0.240 0.331 0.259 0.322*

2 Moune Bay, Sendai, Japan (MOU) 38.90°N, 141.62°E 10 2.000 1.460 0.404 0.142 0.247 0.425 0.468*

3 Moune Bay, Sendai, Japan (WG) 38.89°N, 141.62°E 20 2.000 1.308 0.318 0.070 0.192 0.534 0.650*

4 Soukanzan, Sendai, Japan (SOU)* 38.35°N, 141.06°E 10 3.200 2.269 0.751 0.263 0.402 0.327 0.394*

5 Matsushima, Miyagi, Japan (MAT)* 38.35°N, 141.06°E 10 3.100 2.072 0.731 0.320 0.413 0.203 0.275*

6 Tanoami, Fukushima, Japan (TAN) 37.12°N, 141.00°E 10 1.300 1.261 0.170 0.120 0.110 -0.096 -0.043

7 Katsuura, Chiba, Japan (KAT) 35.13°N, 140.29°E 10 2.100 1.635 0.468 0.010 0.275 0.977 0.967*

8 Tateyama, Chiba, Japan (TAT) 34.99°N, 139.84°E 6 1.800 1.592 0.382 0.117 0.238 0.440 0.573*

9 Shimanto, Kochi, Japan (SHI) 32.94°N, 133.00°E 10 1.700 1.385 0.234 0.030 0.117 0.630 0.765*

10 Ichiki, Kagoshima, Japan (ICHI)* 31.71°N, 130.26°E 10 2.800 2.210 0.610 0.230 0.308 0.287 0.301*

11 Shinori, Hokkaido, Japan (SHIN) 41.77°N, 140.82°E 10 2.500 1.801 0.617 0.230 0.373 0.336 0.427*

12 Oga, Akita, Japan (OGA) 39.89°N, 139.85°E 10 1.400 1.294 0.223 0.260 0.155 -0.538 -0.648

13 Hakui, Ishikawa, Japan (HAK)* 36.89°N, 136.78°E 10 2.700 2.040 0.585 0.334 0.322 -0.065 0.016*

14 Mitoma, Fukuoka, Japan (MIT) 33.71°N, 130.42°E 10 2.300 1.721 0.519 0.260 0.301 0.121 0.188*

15 Donghae, Korea (DONG) 37.49°N, 129.14°E 22 1.500 1.213 0.177 0.041 0.102 0.381 0.613*

16 Odo, Korea (ODO) 36.16°N, 129.40°E 9 1.300 1.071 0.090 0.011 0.048 0.471 0.789*

17 Jindo, Korea (JIN) 34.42°N, 126.35°E 10 2.200 1.804 0.563 0.290 0.352 0.125 0.226*

18 Jindo island, Korea (JK) 34.52°N, 126.35°E 16 2.200 1.600 0.451 0.300 0.282 0.048 -0.032

19 Gyeokpo, Korea (GYE) 35.62°N, 126.48°E 34 1.800 1.282 0.254 0.112 0.154 0.412 0.286*

20 Buan, Korea (BK)* 35.72°N, 126.60°E 20 2.800 2.066 0.502 0.160 0.253 0.412 0.389*

21 Daechon, Korea (DAE) 36.32°N, 126.50°E 17 1.600 1.191 0.185 0.129 0.107 -0.018 -0.175

22 Chaseokpo, Taean, Korea (CT) 36.70°N, 126.22°E 18 2.100 1.310 0.247 0.085 0.123 0.048 0.334*

23 Pado-ri, Taean, Korea (PR) 36.75°N, 126.13°E 8 2.000 1.783 0.339 0.150 0.178 0.116 0.222*

24 Zhangzi Island, Dalian, China (ZZ) 39.04°N, 122.74°E 20 1.900 1.239 0.258 0.072 0.145 0.546 0.522*

25 Heishijiao, Dalian, China (HS) 38.87°N, 121.56°E 8 1.800 1.184 0.242 0.038 0.130 0.719 0.742*

26 Huangnichuan, Dalian, China (HN) 38.82°N, 121.56°E 20 2.100 1.557 0.478 0.276 0.300 0.121 0.103*

27 Changdao, Yantai, China (CD) 37.94°N, 120.72°E 16 1.400 1.123 0.120 0.013 0.073 0.484 0.839*

28 Jiming Island, Weihai, China (JM) 37.45°N, 122.48°E 6 1.400 1.296 0.216 0.000 0.139 1.000 1.000*

29 Dongchu Island, Weihai, China (DC)* 37.04°N, 122.56°E 20 3.200 2.346 0.649 0.155 0.330 0.453 0.548*

30 Shi Island, Weihai, China (SD) 36.91°N, 122.41°E 13 2.000 1.493 0.382 0.108 0.223 0.404 0.545*

31 Shilaoren, Qingdao, China (LR)* 36.09°N, 120.49°E 20 3.100 1.755 0.538 0.160 0.276 0.245 0.440*

32 Yinhaiguoji, Qingdao, China (YH) 36.06°N, 120.42°E 20 2.500 1.776 0.399 0.140 0.205 0.243 0.339*

33 No.1 bathing beach, Qingdao, China (YY) 36.05°N, 120.34°E 16 2.900 2.168 0.547 0.181 0.282 0.236 0.386*

34 No.2 bathing beach, Qingdao, China (EY)* 36.05°N, 120.34°E 17 3.000 1.852 0.625 0.276 0.349 0.219 0.238*

35 No.3 bathing beach, Qingdao, China (SY)* 36.05°N, 120.36°E 20 3.500 1.936 0.580 0.180 0.274 0.210 0.365*

36 Shengsi Island, Zhoushan, China (SS) 30.68°N, 122.44°E 19 1.200 1.034 0.054 0.000 0.029 1.000 1.000*

37 Zhangpu, Zhangzhou, China (ZP) 23.92°N, 117.77°E 20 2.700 1.548 0.442 0.102 0.227 0.387 0.570*

38 Jinhai Bank, Beihai, China (JHA) 21.49°N, 109.11°E 20 2.600 1.780 0.441 0.043 0.223 0.729 0.815*
frontiers
Na, mean number of allele; Ne, mean effective number of allele; I, Shannon’s information index; Ho, observed heterozygosity; He, expected heterozygosity, F, fixation coefficient; Fis,
inbreeding index.
*The bold numbers indicate rich genetic diversity indices relatively in these populations.
*p = 0.05.
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Temperature trends in
the northwest Pacific

SST along the northwest Pacific coast was retrieved between

January 1978 and December 2018 at a 4-km resolution from the

Moderate Resolution Imaging Spectroradiometer-Aqua

(MODISAqua) dataset available from the National Aeronautics

Space Administration (NASA) Goddard Earth Sciences (GES)

Data and Information Services Center (DISC). The generation of

the decadal average SST anomaly over the last 40 years followed

the method described by Lima et al. (2007). To obtain a more

precise picture of the warming trend from 1978 to 2018, decadal

averages of SST were gathered for 17 stations (11 dispersed in

latitudes 20.85°N–30.71°N and 6 dispersed in latitudes 41.86°N–

42.32°N, Figure 1) spaced along the northwest Pacific.
SDM projection: Occurrence records

Niche modeling was based on 100 literature-based

occurrence records of G. vermiculophylla (Supplementary
Frontiers in Marine Science 05
Figure S1 and Table S2). We thinned the occurrence records

to avoid the model from misinterpreting areas with high local

occurrence densities as such presenting highest habitat

suitability (Phillips et al., 2009). Areas of high occurrence

density were identified with the bkde2D function of the R

package ‘KernSmooth’ 2.23-15 (Wand and Ripley, 2015), using

a bandwidth of 3.0 in longitudinal and 1.5 in latitudinal

direction. From these areas, 26 occurrence records were

randomly removed by the java program ‘Occurrence Thinner’

v.1.04 (Verbruggen, 2012), using thresholds t1 = 0.6 and t2 = 1.0)

(Figure S1; Table S2).
SDM projection: Background points

Environmental conditions in the distributional range of G.

vermiculophylla were captured by 1,000 background (pseudo-

absence) locations distributed randomly along the northwest

Pacific coast within 10°N-60°N latitude and 95°E-160°E

longitude with the R package ‘raster’ v.3.0.2 (Hijmans

et al., 2011).
FIGURE 1

Decadal sea surface temperature (SST) rate of change (°C) in the northwest Pacific from January 1978 to December 2018. The light grey
indicates the land part.
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SDM projection: Variable selection

To avoid overfitting the models to the occurrence

records, we reduced the full set of 62 environmental

variables from the Bio-ORACLE database (Assis et al., 2018).

Long-term mean and maximum Bio-ORACLE variables were

excluded before variable selection given that no corresponding

values were available for past or future conditions. Using the R

package ‘MaxentVariableSelection’ (Jueterbock et al., 2016), we

selected a set of uncorrelated variables (Pearson’s product

moment correlation <0.8) with relative contribution scores

>5% and a betamultiplier (between 0.5 and 10) that resulted in

a model of lowest AICc [sample-size-adjusted Akaike

information criterion (Akaike, 1974)]. We only tested models

built with hinge features, as these generally provide good

performance when there are at least 15 occurrence sites

(Philipps and Dudıḱ, 2009). In comparison with models

selected by maximum AUC.Test (area under the receiver

operating characteristic estimated from test data, (Fielding and

Bell, 1997), models selected by minimum AICc better predict a

species’ fundamental niche and better allow to transfer habitat

suitability to novel environmental conditions (Warren and

Seifert, 2011; Jiménez-Valverde, 2012; Warren et al., 2014).

Model-overfitting was estimated by the difference between

AUC values from test and training data (Warren and

Seifert, 2011).
SDM projections of habitat suitability

We projected habitat suitability for G. vermiculophylla in the

West Pacific under past, present, and future conditions using

MAXENT 3.4.1 (Phillips et al., 2004; Phillips et al., 2017) with

the settings and variables that characterized the model of highest

performance (lowest AICc, see results). Projections into the past

and future differed from the present-day projection in the mean

ice thickness, and mean SST, the two environmental variables

that could best discriminate suitable from non-suitable habitat.

Mean SST projections for 21kya (LGM) and 6kya (mid

Holocene, MH) were obtained from the PaleoMARSPEC data

layers (Sbrocco, 2014). Mean ice thickness projections for the

LGM and MH were compiled. Mean SST projections and ice

thickness projections into years 2050 and 2100 under

representative concentration pathway (RCP) scenarios (Collins

et al., 2013). RCP 2.6 (low emissions peaking in 2010-2020), RCP

4.5 (medium emissions peaking in 2040), RCP 6.0 (medium

emissions peaking in 2080), and RCP 8.5 (high emissions

continuing to rise throughout the 21st century) were obtained

from the Bio-ORACLE database (Assis et al., 2018). All

projections were based on complementary log-log (cloglog)

output grids (Fithian et al., 2015) averaged over 10 replicated

MAXENT runs.
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Results

Genetic diversity and lineage
differentiation

We identified 126 allelic loci in 38 populations using 10

microsatellites, and the average number of loci was 12.6. Null

alleles were observed, but they were not overrepresented in each

locus or population. MICROCHECKER analysis did not identify

genotyping errors of microsatellites. After false discovery rate

(FDR) correction for multiple tests and Bonferroni correction,

significant linkage disequilibrium for each pair of loci and

deviation from Hardy-Weinberg equilibrium for each locus at all

populations were 2.3% and 38% (p < 0.05) (Table S3), respectively.

Diversity indices were the highest in the two populations from

Sendai in Japan (SOU: Na=3.2, I=0.751, Ho=0.263; MAT: Na=3.1,

I=0.731,Ho=0.320), besides the populations fromDongchu Island,

Weihai (DC: Na=3.2, I=0.649, Ho=0.155), and Shilaoren, Qingdao

(LR: Na=3.1, I=0.538, Ho=0.160), China that showed comparable

estimates (Table 1). Diversity did not show a clear spatial gradient,

butG. vermiculophylla populations in China were genetically more

diverse (the average Na=2.35) than those in Korea (the average

Na=1.99) and Japan (the averageNa=2.2) (Table 1). In addition, Fis
estimates showed that most populations were characterized by

heterozygote deficiency (Fis ≥ 0.016), except for the four

popu l a t ions (TAN, OGA, JK and DAE : -0 . 648≤

Fis ≤-0.032, Table 1).

Pairwise FST values based on microsatellites revealed high

levels of genetic differentiation among populations of G.

vermiculophylla (93.5% of FST values > 0.25) with most

estimates being statistically significant (p=0.05) (Table S4).

Extremely low levels of genetic differentiations were observed

among populations from Weihai and Qingdao, China (FST =

0.017–0.271, population numbers 29-35 in Table S4). In

particular, the three populations from southern China were

strongly differentiated (the average FST = 0.772, population

numbers 36-38 in Table S4) from all other populations. Nm

estimates showed very limited gene flow among most of the 38

G. vermiculophylla populations, and only 3.7% estimates

suggested frequent genetic exchange (Nm >1.0) among

populations (Table S4).

Bayesian clustering of the 38 populations indicated 4 distinct

genetic lineages (the optimal value of DK = 4, Figures 2, 3).

Namely, all 14 populations from Japan and 4 populations from

the east and southwest coasts of Korea (DONG, ODO, JIN and

JK) formed a ‘blue’ lineage, 5 populations from the west coast of

Korea and 5 populations sampled north of 37.40°N in the

Yellow-Bohai Sea formed a ‘green’ lineage, and the ‘red’ and

‘yellow’ lineages that consisted of 10 populations were

distributed in the Yellow and South China Seas, respectively

(Figures 2, 3). When K was set to 6, the ‘blue’ lineage was divided

into two sub-clades, and the three populations (SS, ZP and JHA)
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from southern China formed a distinct ‘brown’ lineage

(Figures 2, 3).
Temperature trends

SST increased throughout the entire northwest Pacific

from 1978 to 2018 (Figure 1). SST increased at the highest rate
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of 0.3–0.4°C decade-1 in the northern Sea of Japan and the

Japan-Pacific coast, corresponding to a SST increase of 1.2–1.6°C

over the past 40-year period. In comparison, the SST warming

rate was approximately 0.15°C per decade in the Yellow-

Bohai Sea, 0.25–0.3°C per decade in the East China Sea, and.

0.15–0.2°C per decade in the South China Sea (Figure 1). In

general, higher latitudes are warming faster than lower

latitudes (Figure 1).
FIGURE 3

Geographical distribution of genetic lineages of G. vermiculophylla in the northwest Pacific identified by microsatellite genotyping. Numbers in
pie charts correspond to sampling localities in Table 1. Colors corresponds to the lineages indicated in the structuring analysis (K = 4). The black
areas represent the elevation >0 m, the gray areas represent the depth of water <130 m, and the light blue areas represent the depth of water
>130 m (sea levels during the LGM).
FIGURE 2

Genetic grouping of 38 G. vermiculophylla populations in the northwest Pacific based on STRUCTURE analysis (K = 4 and K = 6).
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Environmental variables determining
habitat suitability

Of all models built with only uncorrelated variables that

contributed with >5% to the model gain, the model of lowest

AICc (2206) was built with a betamultiplier of 3 (Figure S2A)

and three predictor variables: mean sea surface temperature

(SST), mean sea ice thickness, and minimum nitrate

concentration, with model contributions of 61.7%, 28.5%, and

9.8%, respectively (Table S5). Habitat suitability was predicted to

be highest from c. 15°C to 23°C mean SST (Figure S3A), and in

absence of sea ice (Figure S3B) and nitrate (Figure S3C).

The average AUC.Test value of 0.806 (Figure S2B; Table S5)

suggests that the present-day model could discriminate well

between presence and absence sites. The low AUC.Diff value of

0.02 (Figure S2C; Table S5) suggests that the model was not

overfitting to the occurrence locations and, thus, suitable to be

transferred to past and future climate conditions (Warren and

Seifert, 2011).
Habitat suitability projections

The habitat suitability projected for present-day conditions

(Figure 4) agreed well with the occurrence records of the species

(Figure S1). While the species’ southern distribution limit

currently stretches no further south than northern Vietnam,

cooler water temperatures during the LGM may have provided

suitable conditions to the southern tip of Vietnam and to the

Philippines (Figure 4A). All emission scenarios, however,

predicted the species disappearance within this century from

regions south of Taiwan (Figure 5). The species’ northern

distribution limit shifted northwards from southern shores of

Hokkaido during the LGM to northern shores of Hokkaido in

the Mid Holocene (Figures 4A, B). Within this century, rising

temperatures and melting sea ice will likely open up suitable
Frontiers in Marine Science 08
habitat in the north along the coast of the Kamchatka Peninsula

(all emission scenarios), and in the entire Okhotsk Sea (RCP 4.5,

RCP 6.0, and RCP 8.5) (Figure 5). In the southern range limit,

habitat suitability for the contemporary observed ‘brown’ lineage

in G. vermiculophylla will largely contract or potentially

disappear, particularly by the year 2100 under RCP85 (Figure 5).
Discussion

Climate warming can alter the distribution ranges of

intertidal seaweeds (Hoek, 1982; Lima et al., 2007; Wernberg

et al., 2011; Jueterbock et al., 2013; Assis et al., 2017). In this

study, the analysis of SST patterns off the northwest Pacific coast

from 1978 to 2018 revealed a clear warming trend, particularly in

the Sea of Japan, the Yellow-Bohai and the East China Seas

(Figure 1). Under future climate warming, G. vermiculophylla is

likely to expand its northern range limit poleward and to lose a

unique genetic lineage at its southern range edge, despite the

presence of coastal upwelling waters and several late-Pleistocene

glacial refugia in the northern South China Sea (Hu et al., 2011;

Wang et al., 2012; Hu et al., 2018b).

The SST variability in the northwest Pacific is linked to

large-scale climate variability. Herein, SST increased

significantly in the northwest Pacific between 1978 and 2018.

In accordance, Pei et al. (2017) found an increasing SST trend at

a hydrographic section transecting the Yellow and East China

Seas. Importantly, the increasing rate of SST, which decreased

with water depth, leads to increased vertical stratification and

decreased vertical mixing, and hence largely contributes to the

warming of the Yellow and East China Seas (Pei et al., 2017). In

addition, the warming rate reported here also matches the

increase in SST observed in other marine provinces and

ecoregions over the past decades (Lima and Wethey, 2012).

SDM projections, in situ field observations and empirical

evidence congruently show that significant changes in
FIGURE 4

Niche model projections of G. vermiculophylla in the northwest Pacific. Habitat suitability in cloglog representation at the last glacial maximum
(LGM, 21 kya) (A), the Mid-Holocene (6 kya) (B), and present time (C).
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distribution ranges of intertidal seaweeds have occurred

worldwide from the northeast Atlantic (Lima et al., 2007;

Nicastro et al., 2013; Jueterbock et al., 2013; Neiva et al., 2015;

Lourenco et al., 2016; Assis et al., 2017), to the Arctic (Jueterbock

et al., 2016), to the northwest Pacific (Tanaka et al., 2012; Song

et al., 2021) and the sub-Antarctic (Murcia et al., 2020). Our

study is thus consistent with these previous findings, showing

that coastal seaweed beds worldwide, including the northwest

Pacific, are facing biodiversity loss and range shifts driven by

ongoing and future climate change.

Factors in coastal marine environments such as SST and

nitrate concentrations are usually tightly correlated (Ayers and

Strutton, 2013). For example, population persistence and

recruitment success of the kelps usually decrease with rising

SST, as with low levels of nutrient availability (Muth et al., 2019).

Ocean warming can enhance the stratification of the upper

mixed layer of coastal seawaters (Behrenfeld et al., 2006), and

oceanographic processes (i.e. the intensity and frequency of

upwelling events) can affect dynamic nutrient availability that

is indispensable for the productivity of seaweeds (Lobban and

Harrison, 2012). In this study, poleward range expansion of G.

vermiculophylla seems to be induced mainly by temperature, but

nutrient availability is also a necessary element for its

metabolism and optimal physiological performance (Gordillo,

2012; Franco et al., 2018). Mean SST has been projected as a

direct range-limiting factor for G. vermiculophylla, followed by

mean ice thickness and minimum nitrate (Table S5), implying

that increasing SST and depleted nutrient likely limit spore

recruitment, development, growth, reproduction and survival

of this kind of habitat-forming seaweed (Flukes et al., 2015;
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Muth et al., 2019; Williamson et al., 2019). This, in turn, suggests

that G. vermiculophylla has potentially higher physio-

evolutionary adaption in response to ocean warming, and

accordingly high efficiency of nutrient metabolism, than other

marine macroalgae (Murcia et al., 2020).

Intertidal sessile seaweeds are generally sensitive and

susceptible to climate-driven environmental changes because

they are usually characterized by a short life-span and often live

close to their physiological tolerance limits. While G.

vermiculophylla is eurythermal and can tolerate a wide range

of temperature from 5°C to 30°C in field (i.e. Shikoku Island,

Japan), the optimum temperature for the growth of the

tetrasporophyte and gametophyte is 15–25°C and 20-30°C,

respectively (Yokoya et al., 1999). The SST increase of 0.2–0.4°

C/decade during the past 4 decades in the northwest Pacific

(Figure 1) is not lethal for G. vermiculophylla (van den Hoek,

1982; Davison and Pearson, 1996), but by the year 2050 or 2100

SST is expected to be high enough to act as a limiting factor by

imposing non-lethal effects and increasing the susceptibility to

diseases, or indirectly setting limits on distribution by

determining the outcome of biotic interactions (Sanford,

2002). When the non-lethal temperature increase meets

photoperiod requirement (day length and number of cycles), it

can potentially advance the timing of reproductive events of G.

vermiculophylla (de Bettignies et al., 2018). This effect can be

amplified where critical day lengths are modified by

temperature, and may eventually lead to reproduction failure,

growth cessation, and potential death.

The faster warming rates of SST in higher latitudes than

those in lower latitudes observed in the northwest Pacific
FIGURE 5

Niche model projections of G. vermiculophylla in the northwest Pacific. Future habitat suitability by the year 2050 (upper) and by the year 2100
(lower) in cloglog representation under different emission scenarios (RCP26, RCP45, RCP60, and RCP85).
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(Figure 1) are in accordance with the reports of the

Intergovernmental Panel on Climate Change (IPCC, 2018).

In this study, the northern range limit is projected to expand

to the north of the Sea of Okhotsk (c. 58°N) (Figure 5). However,

the poleward expansion of the warm-water G. vermiculophylla

could be limited by the absence of suitable high temperatures

during the summer (van den Hoek, 1982). The long-term SST

trend from 1978 to 2018 shows a consistent increase, but it is not

known whether this increase was homogeneous between the

summer and winter seasons (Lima et al., 2007). A seasonal

picture of SST trends may help to explain why warming SST had

not hindered the northward range extension of G.

vermiculophylla in summer seasons.

The contemporary southernmost distribution limit of G.

vermiculophylla is at around 21°N (Table 1). SDMs showed the

species’ southern distribution limit retracted 15 degrees

northward since the LGM (Figure 4). By the year 2100, the

southern range limit is forecasted to further contract to the

southern East China Sea (c. 23°N) (Figure 5). Such sequential

retraction in distribution range driven by increasing temperature

since the LGM, including the recorded SST rise over the past 4

decades, suggest that a specific ‘brown’ lineage (Figure 2) is likely

to disappear under projected ocean warming. Geographically,

this unique ‘brown’ lineage occurring at the species’ southern

rear-edge (Figure 2) is characterized by low gene flow and high

genetic differentiation among populations (Table S4) likely due

to a harsher environment, higher genetic drift, higher isolation

and selection as compared with the species’ range center

(Hampe and Petit, 2005). The Yangtze diluted water, which

has been illustrated as a physical barrier for trans-regional

dispersal and genetic exchange of intertidal species (Hu et al.,

2018a) and proposed to move northward to c. 33°-34°N due to

the changed habitat continuity and oceanographic circulation

(Hu and Dong, 2022), will most likely hinder the expansion of

the geographically isolated ‘brown’ lineage of G. vermiculophylla

across the Yangtze River under future climate change scenarios.

Yet, the capacity of G. vermiculphylla to adapt to rising

temperature at the southern range limit has not been

estimated empirically. In addition, phenotypic plasticity, as

one of the mechanisms to help marine organisms to cope with

the changing environments, has been recently documented

effective for seaweeds to perform well and survive the

increases in temperature (Flukes et al., 2015; Rugiu et al.,

2018). It is thus noteworthy to comparatively explore eco-

physiological performances and phenological traits between

central and marginal populations (here refers to the ‘brown’

lineage) of G. vermiculophylla (Usandizaga et al., 2020),

including energy allocation between sexual and asexual

(vegetative) reproduction, and resilience to environmental

extremes (e.g. temperature and nutrients) (Hu et al., 2018a).

In the case of G. vermiculophylla with a haplo-diplontic life

cycle, both gametogenesis and tetrasporogenesis are controlled

by the combination of temperature and day length, leading to a
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strict reproductive time window (Dring, 1984). The ‘brown’

lineage of G. vermiculophylla in the southern range limit is not

only a genetically temperate unit for growth and survival, but

also reproduction (de Bettignies et al., 2018). Indeed,

temperature can overcome photoperiod thresholds as the main

driver of reproduction (Molenaar et al., 1996). Temperature has

been found to significantly affect tetraspore yield of species in the

order Gracilariales, through temperature-dependent

photosynthesis and associated vegetative reproduction and

tetraspore formation (Wang et al., 2010). More importantly,

the ‘brown’ lineage often occurs in sandy or muddy habitats

(authors’ field observation), characterized by soft and unstable

substrata that prevents normal spore (tetraspore and

carpospores) settlement and germination (Simonetti et al.,

1970; Guillemin et al., 2008), as compared with the rocky

bottoms where other northern lineages normally occur. This

characteristic habitat is an important signature of predominant

vegetative reproduction of G. vermiculophylla in its

distributional rear-edge (Krueger-Hadfield et al., 2016). In

order to maintain a constant population size and fitness under

the scenario of ongoing and future SST warming, G.

vermiculophylla can likely shift its reproductive mode from a

mixture of sexual and vegetative reproduction to vegetative

reprodution by fragmentation of erect thalli which can recruit

in soft bottom by sediment burial (Simonetti et al., 1970).

However, this mainly vegetative reproduction can lead to a

bottleneck effect with reduced genetic diversity in the long

term (Guillemin et al., 2008).

Species’ vulnerability to anthropogenic climate change

depends on the degree of climate shifts, and its sensitivity and

adaptive capacity to environmental variables (Fortini and

Schubert, 2017). Climate-driven distributional shifts of the

commercially important and habitat-forming G. vermiculophylla

can impose severe socio-ecological impacts at both local and eco-

regional scales in the northwest Pacific. Relative to the species’

range center, G. vermiculophylla populations at lower latitudes

dwell in habitats close to its optimum growth temperature and are

likely at high risk of extinction due to its sensitivity to climate

change and anthropogenic interferences (Gibson et al., 2009).

However, selection-induced adaption to the local environment

can result in the development of distinct ecotypes in the periphery

(Castric and Bernatchez, 2003), similarly to the unique ‘brown’

lineage comprised of the three southern peripheral populations of

G. vermiculophylla (Figure 2). Zhong et al. (2020) recently

reported that the ancestors of G. vermiculophylla in the

northwest Pacific originated from multiple areas, including the

Japan-Pacific coast, East and South China Sea. This implies that

the unique ‘brown’ lineage of G. vermiculophylla is particularly

important in a conservation context, because the three southern

peripheral populations have not contributed to postglacial

recolonization of the central and northern range in the

northwestern Pacific (Hampe and Petit, 2005). These southern

populations with ancient private diversity, together with their
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functional roles as typical ecosystem engineers of coastal

communities (Thomsen et al., 2013), raise the need of

management and preservation under ongoing ocean warming.

Ex situ conservation of germplasm banks of southern G.

vermiculophylla populations in the northwest Pacific is feasible

in practice (Hu et al., 2018), and this activity will retard the

threat to species persistence and ecological roles, including

the commercial and ecosystem services provided by G.

vermiculophylla in East Asia.
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