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Genetic diversity can inﬂuence resilience and adaptative capacity of organisms
to environmental change. Genetic diversity within populations is largely
structured by reproduction, with the prevalence of asexual versus sexual
reproduction often underpinning important diversity metrics that determine
selection efﬁcacy. Asexual or clonal reproduction is expected to reduce
genotypic diversity and slow down adaptation through reduced selection
efﬁcacy, yet the evolutionary consequences of clonal reproduction remain
unclear for many natural populations. Here, we examine the genomic
consequences of sympatric sexual (haplodiplontic) and clonal morphs of the
kelp Ecklonia radiata that occur interspersed on reefs in Hamelin Bay, Western
Australia. Using genome-wide single nucleotide polymorphisms, we conﬁrm
signiﬁcant asexual reproduction for the clonal populations, indicated by a
signiﬁcantly lower number of multi-locus lineages and higher intra-individual
diversity patterns (individual multi-locus heterozygosity, MLH). Nevertheless,
co-ancestry analysis and breeding experiments conﬁrmed that sexual
reproduction by the clonal morph and interbreeding between the two
morphs is still possible, but varies among populations. One clonal population
with long-term asexuality showed trends of decreased selection efﬁcacy
(increased ratio non- vs. synonymous gene diversities). Yet, all clonal
populations showed distinct patterns of putative local adaptation relative to
the sexual morph, possibly indicating maladaptation to local environmental
conditions and high vulnerability of this unique clonal morph to
environmental stress.
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Introduction

However, several kelp species can also reproduce asexually, for
example by endomitosis, where haploid gametophytes produce
diploid sporophytes without fertilisation [e.g. Lessonia
nigrescens; Oppliger et al., 2007)], or by vegetative
reproduction by fragmentation by the gametophytes
(Destombe and Valeria Oppliger, 2011). In addition, vegetative
reproduction of kelp sporophytes can happen through
expansion of the holdfast through rhizoids (e.g. Laminaria
sinclarii; Demes and Graham, 2011), stolons (e.g. Ecklonia
stolonifera, Macrocystis pyrifera; Murú a et al., 2017; Hayashi
et al., 2020), or less frequently from the thallus frond (e.g. E.
radiata, E. stolonifera; Coleman and Wernberg, 2018; Hayashi
et al., 2020). In algae, the presence of unique asexual lineages has
often been linked to speciﬁc environmental conditions where
asexual reproduction is thought to be more advantageous than
sex and promote survival and enhance recovery (Pacheco-Ruı́z
et al., 2005; Tatarenkov et al., 2005; Demes and Graham, 2011;
Murú a et al., 2017). However, the ecology and vulnerability to
climate change of these unique asexual lineages remains
poorly understood.
The kelp E. radiata is one of the dominant foundation
species of Australia’s Great Southern reef [GSR; Bennett et al.
(2016); Wernberg et al. (2019a)] but has undergone major
declines due to climate change (Wernberg, 2021). E. radiata
reproduces through a sexual haplodiplontic life cycle
(Figure 1A) but a unique asexual morph has been reported
from the Cape Leeuwin area, Western Australia, where a clonal
morph grows sympatrically, interspersed and under the same
environmental conditions as the ‘normal’ haplodiplontic
morph (Coleman and Wernberg, 2018) (Figure 2). This
clonal morph is morphologically distinguishable (more
slender) and forms many club-like haptera at the distal end
of most primary laterals (up to 20) that can each attach to the
seaﬂoor (Figure 1B, Figure 2) (Coleman and Wernberg, 2018).
Once these attached laterals tear off the parent thallus, they are
assumed to grow into a new individual (Lindauer, 1945)
(Figure 1B). What is particularly unique about this mode of
reproduction is that it requires a total reversal in polarity, with
the distal end of the thallus becoming the base of the new
individual (Lindauer, 1945). Although previous research
conﬁrmed widespread asexual reproduction and revealed
slightly reduced genetic diversity in the clonal morph
(Coleman and Wernberg, 2018), much about the ecology and
vulnerability to climate change of this clonal morph remains
unknown. Here, we advance understanding of the ecology and
consequences of asexual reproduction in this species using a
combination of breeding experiments and ddRAD (double
digest restriction-site associated DNA) sequencing.
Speciﬁcally, we test for the effect of clonal reproduction on
selection efﬁcacy and putative adaptation to a changing climate
and provide essential information needed to develop
management plans.

Global climate change is threatening ecosystems worldwide
(Pecl et al., 2017) with rising temperatures and increasing
frequency and intensity of extreme climatic events (Oliver
et al., 2019; IPCC, 2021) resulting in range contractions,
species loss and decoupling of entire ecosystems (Vergé s et al.,
2014; Wernberg et al., 2016; Pecl et al., 2017; Hastings et al.,
2020; Pinsky et al., 2020). The resilience of species to changing
environments is signiﬁcantly underpinned by genetic diversity
(Wernberg et al., 2018; Morikawa and Palumbi, 2019; Becheler
et al., 2020; Hoban et al., 2021) because the higher the
intraspeciﬁc genetic diversity, the more likely a species is to
contain beneﬁcial genetic variation that can be selected for,
allowing adaption to change. Understanding patterns of
genetic diversity is therefore crucial to assess species’ resilience
to climate change especially for foundation species that support
entire ecosystems (Vranken et al., 2021).
Genetic diversity is primarily created and maintained by
genetic recombination involved in sexual reproduction.
Although sexual reproduction includes signiﬁcant higher genetic
and energetic costs than asexual reproduction, it is considered
more evolutionarily advantageous because it creates more variable
offspring which facilitates faster adaptation to changing
environments (Red Queen Hypothesis) (Becks and Agrawal,
2012; Bell, 2019). In contrast, where there is no independent
segregation of alleles and recombination, as in asexual or clonal
reproduction, selection efﬁcacy is predicted to be reduced (Muller,
1932; Muller, 1964; Hill and Robertson, 1966; Hartﬁeld, 2016).
This is because the increased linkage among loci in clones inhibits
selection from working independently on each locus, resulting in
selection interference and decreased selection efﬁcacy (Otto,
2021). This, in turn, can lead to a higher accumulation of
deleterious mutations (Muller’s ratchet, Muller, 1964) and a
slower adaptation rate in asexual individuals. Despite
disadvantages, there exist several forms of asexual reproduction
that are widespread across numerous taxa (De Meeû s et al., 2007),
but often occurring in marginal habitats or areas where abiotic
factors reduce the relative beneﬁt of sexual reproduction
(Silvertown, 2008). Because theory predicts that only infrequent
sex is required to negate selection interference (Hartﬁeld, 2016),
periodic gene ﬂow with sexual lineages has been assumed to occur
for clonal lineages to survive extended periods of time. The mode
of reproduction within populations can thus have a profound
effect on the evolutionary trajectory and adaptation capacity of a
species (Holsinger and Weir, 2009), though the relative
consequences of reproducing asexually vs. sexually remains
poorly understood for many natural populations.
Kelp are important habitat formers or foundation species in
the marine environment and have a complex haplodiplontic
lifecycle where the macroscopic diploid (sporophyte) alternates
with a microscopic haploid (gametophyte) (Figure 1A).
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FIGURE 1

Life cycle of Ecklonia radiata. (A) normal sexual haplodiplontic life cycle. The macroscopic sporophyte (2n) produces zoospores (n) through
meiosis that develop into male and female gametophytes (n). Male and female gametophytes produce sperm (n) and eggs (n), respectively. The
sperm can fertilise the egg and a zygote will develop into a sporophyte (2n). (B) Life cycle of the unique clonal morphotype observed in Hamelin
Bay, Western Australia. Clonal reproduction happens through haptera at the distal end of the laterals that allow attachment to the seaﬂoor.
When laterals attach to the seaﬂoor and tear off the ‘parent’ individual, a new sporophyte can be formed via clonal reproduction.

FIGURE 2

Ecklonia radiata from Hamelin Bay, Western Australia. The ‘normal’ haplodiplontic morph and the unique clonal morph with haptera at the end
of every lateral (white arrow) grow interspersed on the same reef. Picture by TW.
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individuals containing > 75% missing data. Further, a minimum
depth of coverage (DP) of 3 reads per allele and a maximum
coverage of 2x mean sequencing depth, and a minimum allele
frequency of 0.02 was required, and a maximum missingness of
10% per site. Pilots using lower levels of maximum missingness
per sites (1 and 2%) did not change the number of MLLs
detected (see further). Only SNPs with a maximum
heterozygosity of 80%, and SNPs present in 3/4 sites, and in at
least 80% of the individuals were included using Stacks (Catchen
et al., 2013). Resulting in a ﬁnal dataset of 5597 SNPs with
multiple SNPs per RAD locus or a dataset with 4231 SNPs with
max 1 SNP per locus.

We predicted higher heterozygosity and allelic diversity, but
a lower genotypic diversity, in clonal individuals than in sexual
individuals due to the lack of allele segregation and the
accumulation of mutations (Balloux et al., 2003). As previous
research suggested the possibility of sexual reproduction and
admixture of the asexual and haplodiplontic morph (Coleman
and Wernberg, 2018), we also tested for long-term asexuality,
and co-ancestry among individuals to identify gene ﬂow among
haplodiplontic and clonal populations. Further, if admixture
among the clonal and haplodiplontic morph is possible, we
investigated whether it can lift the potential negative
consequences of clonal reproduction. To conﬁrm that sexual
reproduction by the clonal morph and interbreeding with the
sexual morph was possible, as well as to determine whether
asexually produced sporophytelaterals developed into the
asexual morph, we conducted a laboratory breeding and an
aquarium experiment. Finally, we identiﬁed candidate SNPs
associated with clonality to explore the genetic basis of this
unique reproduction mode.

Clonal validation, genotypic richness and
long-term clonality
To conﬁrm and assess levels of clonality, clonal or multilocus lineages (MLLs) (Arnaud-Haond et al., 2007) and clonal
richness statistics were estimated using the dataset with multiple
SNPs per RAD locus. Individuals from the same MLL will not
have the exact same genotype due to sequencing errors and
somatic mutations (Arnaud-Haond et al., 2007). To set the
distance threshold to deﬁne distinct MLLs two distance-based
methods were implemented. First, the maximum proportion of
allelic differences (i.e. bitwise distance) found between technical
replicates of the haplodiplontic morph (d = 0.019), calculated
with bitwise.dist in the R package poppr (Kamvar et al., 2014;
Kamvar et al., 2015), was used as a threshold. Second,
GENODIVE v 3.05 (Meirmans, 2020) was used to calculate a
frequency distribution of pairwise allelic distances calculated
among all sampled individuals (without technical replicates).
The primary small hump of the bimodal distribution was
assumed to represent mutations and sequencing errors
between individuals from the same MLL, the second peak to
represent distances between individuals from different MLL. The
maximum of the ﬁrst hump was used to deﬁne MLL (Figure S2)
(Meirmans and Van Tienderen, 2004). Because MLL can also
be observed when sexual reproduction is present due to low
genetic variation or when the number of genetic markers
used is insufﬁcient to detect the present variation, we
tested for clonal population structure with a permutation test
implemented in GENODIVE. The permutation test was based
on corrected Nei’s diversity index, alleles were randomised over
individuals within populations for 999 permutations, assuming
random mating.
Clonal richness (R) was calculated as R = (G-1)/(N-1) with G
as the unique number of identiﬁed MLLs and N the number of
samples analysed (Dorken and Eckert, 2001; Arnaud-Haond
et al., 2007) and the Pareto Beta index to describe the
distribution of the clonal memberships (high b value for high
evenness, low b value for skewed distribution with dominance of
a few MLLs).

Material and methods
Field sampling, DNA extraction, library
preparation, SNP calling and ﬁltering
Adult sporophytes (stage 3 cf. Kirkman, 1981) were collected
for both the haplodiplontic (sporophytes without haptera on the
laterals) and the clonal morph (sporophytes with club-like
structures on laterals, e.i. haptera by carefully detaching
the holdfast from the sea ﬂoor. For the clonal morph, also the
haptera at the end of the laterals that were attached to the
seaﬂoor were carefully removed, so plants were not damaged.
Sporophytes were collected in 2018 and 2019 from two sites, four
km apart in Hamelin Bay (34°13’48.79”S; 115° 0’52.70”E),
Western Australia, with the two morphs growing interspersed
on the same reefs. At every site, samples were haphazardly
collected at 10 m depth in ~50 m2 and from distinct thalli at
least 1 m apart. Clean tissue samples for DNA extraction were
snap frozen and stored at -80°C until further processing.
For every sample, total genomic DNA was extracted and
cleaned as in (Vranken et al., 2021). For seven haplodiplontic
individuals a technical replicate was taken and for these
individuals DNA was extracted twice. After quality control,
200 ng of DNA per sample was used to prepare ddRAD
(double digestive restriction associated DNA) libraries as in
(Vranken et al., 2021). Final libraries were pooled and each
sent for paired-end sequencing using the Illumina XTEN at the
Kinghorn Centre for Clinical Genomics’ Sequencing Facility
(Darlinghurst, NSW, Australia).
SNP calling was performed as in Vranken et al. (2021). To
retain only high quality SNPs, vcftools 0.1.15 (Danecek et al.,
2011) was used to ﬁrst remove all indels, multiallelic sites and all
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to a ﬁneRADpainter input ﬁle, using Stacks2ﬁneRAD.py script
included and allowing max 10 SNPs per locus. As recommended,
RAD loci were ordered according to linkage disequilibrium
using the ﬁneRADstructure script sampleLD.R to ensure the
correct estimation of the maximum number of clusters by
RADpainter v0.3.2 which subsequently estimates the coancestry matrix (Malinsky et al., 2018). To assign individuals,
ﬁneSTRUCTURE v4.1.0 was used with 100,000 burn-in
iterations, 100,000 sample iterations and thinning every 1000th
generation. ﬁneSTRUCTURE was also used to run a simple treebuilding algorithm using 10,000 burn-in generations. The
resulting co-ancestry matrix, MCMC output and the
coalescence tree were all visualised through R. The effect of
missing data on the ﬁnal output was veriﬁed by comparing the
ﬁnal output with a missing-data-PCA (Malinsky et al., 2018).
The ﬁnal output was used to infer a number of clusters and
explore relationships among clusters. Additionally, using the
clone-corrected dataset with only one SNP per RAD tag pairwise
FST between sampling sites was estimated using the R-package
Stampp (Pembleton et al., 2013).

As clonal reproduction may persist over extended periods of
time, accumulation of mutation at different alleles of the same
locus within one individual will occur (i.e. Meselson effect)
(Hartﬁeld, 2016), leading to an increase of intraindividual
heterozygosity. Moreover, when heterozygous sites are ﬁxed
throughout the genome and shared among multiple clonal
populations, one single shared origin and long-term clonality
is suggested (Wachi et al., 2021). But when no such sites are
present, multiple origins or the presence of sexual reproduction
are supported (Wachi et al., 2021, Figure S3). To test whether the
clonal populations have persisted over extended periods of time
and have a shared origin, individual multilocus heterozygosity
(MLH) was ﬁrst calculated and compared among morphs and
sampling populations using InbreedR (Stoffel et al., 2016) and a
pairwise Wilcoxon test with Bonferroni p-value correction.
Subsequently, the number of shared ﬁxed heterozygous SNPs
per sampling site were calculated using a custom python script
(https://github.com/ascheben/phd_scripts/blob/master/scripts/
ﬁnd_ﬁxed_sites_by_pop_in_vcf.py).

Genetic diversity and
population structure

Putative pattern of environmental
adaptation and selection efﬁcacy

Using the dataset with only one SNP per RAD tag, genetic
diversity within each sampling site was estimated as mean
expected heterozygosity (He), mean observed heterozygosity
(Ho), and average inbreeding coefﬁcient (FIS) in the R package
Hierfstat (Goudet and Jombart, 2022). Signiﬁcance of FIS from 0
was tested by applying 9999 permutations and calculating the
99% conﬁdence interval. As variance of FIS and distribution
patterns of FIS values across loci are thought to be slightly more
informative in cases of partial clonality than average FIS (Reynes
et al., 2021; Stoeckel et al., 2021), these metrics were also
calculated. Linkage disequilibrium was assessed by calculating
the standard index of association (r̄ d) as implemented in poppr
v2.8.3 (Kamvar et al., 2014). We tested for departure from
random association between loci by performing 999
permutations. Individual multilocus heterozygosity (MLH) was
calculated using the R-package InbreedR (Stoffel et al., 2016),
and MLH was compared among sampling populations with a
pairwise Wilcoxon rank sum test with Bonferroni p-value
correction. All diversity metrics were calculated before and
after clone correction (retaining only one sample from each set
of clones).
To assess population structure and admixture among clonal
and haplodiplontic populations, we used the Bayesian modelbased approach implemented in the program ﬁneRADstructure
(Malinsky et al., 2018) to estimate co-ancestry among all
samples. ﬁneRADstructure offers especially high resolution in
inference of recent shared ancestry by using multiple SNPs per
RAD loci and nearest-neighbour haplotype relationships. First,
the haplotype output from populations (Stacks) was converted
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To test whether clonal kelps have a similar pattern of
putative adaptation to the local environment as the
haplodiplontic morph, we performed a Discriminant Analysis
of Principle Components (DAPC) to compare allele frequencies
of 174 loci previously deﬁned as putatively linked to
environmental variables (i.e. mean diffuse attenuation, annual
mean temperature, annual mean temperature range) in Vranken
et al. (2021). DAPC was performed using the R-package
adegenet (Jombart, 2008) for the best ﬁtting number of
clusters K = 4, as deﬁned by minimal cross entropy (CE) and
using the optimal number of principal components as deﬁned by
cross validation. Loci contributions were used to identify the
most important loci driving the observed allelic changes between
the morphotypes. Annotations of the putative environmental
linked loci were taken from Vranken et al. (2021). Further, to test
whether clonal populations accumulate more deleterious alleles
due to relaxed selection, we calculated the polymorphism ratio
pN/pS with pN and pS as the mean population gene diversity for
nonsynonymous and synonymous loci. As selection efﬁcacy is
decreasing, pN/pS is expected to increase. Nonsynonymous (SNP
changing protein sequence) and synonymous SNPs (coding SNP
not changing protein sequence) were ﬁrst identiﬁed by mapping
the stacks loci to our annotated reference genome using bowtie
v1.3.1 (Langmead et al., 2009), annotating SNPs with using
SNPeff v5.0e (Cingolani et al., 2012), and then calculating gene
diversities per locus per populations with Stacks. A KruskalWallis rank sum test and subsequent pairwise Wilcoxon test
with Bonferroni p-value adjustment were applied to test if gene
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germanium oxide (GeO2) (Lewin, 1966). Petri dishes were
incubated at 18°C, with a 12:12 light:dark photoperiod, 6 ± 3
μmol photons m-2 s-1 red light. Petri dishes were checked for
gametophyte development and received a PES medium change
every two weeks. Presence or absence of gametophyte
development was recorded per individual. As soon as
gametophytes were observed, pictures were taken for
observation, sex ratio evaluation and gametophyte growth rate
(See below). After 2 months, light intensities were gradually
increased to 20 μmol photons m-2 s-1 red light. Using tweezers
and a light microscope, male and female gametophytes were
isolated and put in new petri dishes to create single sex cultures.
Male and female gametophytes were distinguished based on
morphology; females have bigger cells and are more coarsely
branched whereas males have thinner ﬁlaments and are more
ﬁnely branched. Only gametophytes with clear morphological
distinction were selected for culture set up. As gametophyte
biomass accumulated, gametophytes were transferred to 250 ml
sterile culture ﬂasks. Gametophytes were grown in a vegetative
state under the above condition until enough material for a
crossing experiment was available (> 1 year) (Figure S1).

diversities of nonsynonymous and synonymous SNPs differed
among populations.

FST based loci differences
To identify loci signiﬁcantly different among morphs, per
loci FST and a subsequent Fisher’ exact test with p-value
correction were performed using Stacks to assess which loci
signiﬁcantly differentiate between the two morphs (Aumer et al.,
2019). To account for differences in sample sizes between
morphs, one unique sample per MLL for the clonal morph
was compared with a similar number of randomly chosen
haplodiplontic individuals. Loci with p< 0.0001 were visually
inspected using TASSEL5 (Bradbury et al., 2007) to identify
alleles fully segregating between the two morphs. Further,
candidate SNPs were mapped to the current draft genome
with bowtie and functionally annotated based on the current
E. radiata gene models using SNPeff. Protein function of coding
regions were identiﬁed using homology based on blastp analysis.

Zoospore release, zoospore germination
and culture set-up

Gametophyte measurements: Sex ratio,
length and growth

To test the capacity of sexual (haplodiplontic) reproduction
of the clonal and haplodiplontic morph and conﬁrm whether
interbreeding is a possible, microscopic life-stages were cultured
in the laboratory and a breeding experiment was performed.
During April 2019, ﬁfteen clean and healthy individuals of the
haplodiplontic and clonal morph were selected from clonal and
haplodiplontic site 2 and prepared for zoospore extraction
following Alsuwaiyan et al. (2019). Brieﬂy, tissue discs were
cut out of the top part of the central lamina using a PVC corer,
softly scraped with a razor blade, washed with autoclaved ﬁltered
seawater, brieﬂy sterilized in iodine solution, again washed with
ﬁltered autoclaved seawater (0.2 μm) and patted dry with clean
tissues. Tissue material was then placed between moist tissue
paper and transported on ice. Once back in the lab, after 20 h,
tissue material of all processed thalli was immersed in 100 ml of
ﬁltered-autoclaved seawater to release zoospores in separate
sterile beakers. After 20 minutes, 10 ml of spore solutions was
transferred to a 10 ml test tube with 10 drops of 100% ethanol.
However, no zoospore release could be observed. For the next
12h,spore release was monitored without success (possibly
spores were too small to be seen) and all tissue material was
removed from the beakers, and all prepared solution was poured
in two sterile petri dishes per individual to test for sporadic
zoospore presence and capacity for spore germination and
development into gametophytes. After a 12 h settlement
period, the water was renewed with autoclaved Provasoli
enriched seawater (PES) (Provasoli, 1968) and added
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Sex ratio was estimated for four haplodiplontic individuals
and one clonal individual (only one asexual individual produced
viable gametophytes), 12 weeks after zoospore release, when
male and female gametophytes were big enough to distinguish
sexes. Male and female occurrences were recorded by
photographing ten ﬁeld of views using the 10x objective for
the haplodiplontic morph and the 40x objective for the clonal
morph and counting 50 random gametophytes. Sex ratio was
calculated as the total number of males per total of
gametophytes. Deviance from 50:50 male:female ratio was
assessed per individual with an exact binomial test.
Length and growth rate were estimated for three
haplodiplontic individuals and one clonal individual and
compared between morphs. To estimate gametophyte length, 20
ﬁeld of views were photographed for one replicate dish per parent
individual, 7 weeks after spore release, using the 10x objective for
the haplodiplontic and the 40x objective clonal morph. The
software ImageJ was used to measure 20 random gametophytes
per individual. Welsh’s t-test was performed to test for differences
in gametophyte length between the two morphs, after conﬁrming
normality. To estimate growth, pictures were taken a second time,
10 weeks after spore release. Differences in gametophyte growth
rate between morphs was tested by applying a linear regression on
gametophyte lengths per morph and testing difference between
slopes using a t-test in MedCalc (Software, 2020). Results were
visualised in R.
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crossings on reproductive success, sporophyte length,
sporophyte RGR and sporophyte density change. A pairwise
Wilcoxon rank sum test with Bonferroni p-value adjustment for
multiple testing was performed with the stats R package, to test
for signiﬁcant differences among crossing treatments.

Crossing experiment: Reproductive
success, sporophyte length, sporophyte
relative growth rate and density change
To conduct a controlled breeding experiment, healthy single
sex male and female gametophytes cultures were ﬁrst broken down
into smaller fragments using a blender. To obtain equal
gametophytes size among cultures, gametophytes were ﬁltered at
60 and 30 mm and eluted in PES, at a mean density of ± 1000
fragments per ml. Male and female cultures from four
haplodiplontic individuals and male and female cultures from
one clonal individual were crossed following a full diallel mating
design (all parents are crossed to all others in every combination
including direct crosses, reciprocal crosses and selﬁng), resulting in
both inter- and intra-morph crosses or ﬁve treatments (Figure S1).

Growth capacity of asexual laterals conﬁrming the mechanism of asexual
reproduction in the clonal morphotype
To test growth capacity of clonal laterals, between two to
seven healthy laterals were selected from 10 clonal adults,
attached to tiles and put in aquaria at ± 17 °C and 12:12 light:
dark cycle. After 8 days of acclimatising, the laterals were hole
punched 2 cm above the proximate end of the haptera. Survival,
growth and development of new haptera on secondary laterals
were recorded after 69 days. RGR of the laterals was calculated as
above where L1 and L2 are lengths between the hole and
proximate end of the haptera at times t1 and t2 (weeks).
Difference in survival and growth rate of laterals sourced from
different parent individuals was tested with respectively a ChiSquare test and a one-way ANOVA after conﬁrming
assumptions of normality and homogeneity of variances.

- ♀ clonal x ♂ clonal - selﬁng
- ♀ clonal x ♂ haplodiplontic
- ♀ haplodiplontic x ♂ clonal
- ♀ haplodiplontic x ♂ haplodiplontic - outcrossing
- ♀ haplodiplontic x ♂ haplodiplontic - selﬁng
Because only one clonal individual produced gametophytes,
there was no intra-morph outcrossing for the clonal morph. For
every cross 2 x 9 ml of gametophytes PES solution was aliquoted
to a sterile 60 mm diameter Petri dish and replicated four times.
Petri dishes were transferred to the red-light culture conditions
as above to let the gametophytes recover. After three days, Petri
dishes were transferred to incubators set at 19.5°C, 25 mmol
photons m-2 s-1 white light, 12:12 light:dark photoperiod. PES
was renewed weekly. The Petri dishes were examined weekly for
four consecutive weeks under a microscope and seven random
ﬁelds of view were photographed.
Reproductive success (RS) was estimated as RS = s/fg with s
as the number juvenile sporophytes, and fg as all female
gametophytes observed. For sporophyte length measures, the
ﬁve largest juvenile sporophytes from every replicate dish were
selected and measured. We avoided random sampling because it
is likely to choose sporophytes that grew from eggs developed at
various dates, thereby misguiding true growth rate trends (Kain
and Jones, 1965). Sporophyte relative growth rate (RGR) was
calculated (ln L2 – ln L1)/(t2 – t1) with L1 and L2 sporophyte
lengths at week 3 (t1) and 4 (t2). The percentage change in
sporophyte density was estimated by counting the number of
healthy sporophytes at week 4 (t2) relative to the density at week
3 (t1). Because there were only gametophytes of one clonal
parent individual, which made the experimental design heavily
unbalanced, and because the data did not follow a normal
distribution, a non-parametric Kruskal-Wallis test, using the
stats R-package, was performed to test the effect of the different
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Results
Validation of clonality, genotypic
richness and long-term clonality
In total, the same 69 MLLs were identiﬁed by both methods
with a total of 15 clonal MLLs and 54 haplodiplontic MLLs.
There were three MLLs within the clonal population at site 1
(clonal site 1 hereafter) and 12 MLLS within the clonal
population at site 2 (clonal site 2 hereafter). For the
haplodiplontic morph, there were 30 MLLs at site 1
(haplodiplontic site 1 hereafter) and 24 MLLs in the
haplodiplontic populations at site 2 (haplodiplontic site 2
hereafter). For the clonal morph, we found a low clonal
richness (R = 0.06), with one particularly big MLL including
22 samples (Beta = 0.70) in clonal site 1. In contrast, clonal site 2
had a high clonal richness (R = 0.58) with ﬁve unique MLLs,
including only one sample and all other MLLs only two or three
individuals (Beta = 2.10). For the haplodiplontic morph, all
MLLs were unique and represented only one sample and no
clonality was found (R = 1). No MLLs were shared across
sampling sites or morphotypes. The null hypothesis of random
mating was rejected for both clonal populations, conﬁrming
clonal reproduction, but accepted for both haplodiplontic
populations, conﬁrming sexual reproduction (Table S1).
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Genetic diversity and
population structure

Clonal individuals have a signiﬁcantly higher MLH compared
to all haplodiplontic individuals (p < 0.001) (Figure 3A). However,
only MLH of clonal site 2 (Mdn 0.128 ± 0.002) was signiﬁcantly
higher than MLH in both populations of the haplodiplontic
morph (haplod1: Mdn 0.091 ± 0.004, haplod2: Mdn 0.104 ±
0.002) (Figure 3A). MLH of clonal site 1 was only signiﬁcantly
(clonal1: Mdn 0.103 ± 0.006) different from overall MLH of
haplodiplontic site 1 (haplod1) (Figure 3A).
There were only shared ﬁxed heterozygous sites present at
clonal site 1, suggesting all clonal individuals at site 1 have a
single shared origin and long-term clonality (Figure 3B). The
number of almost ﬁxed heterozygous sites was also the highest
for clonal site 1 followed by clonal site 2 (Figure 3C).

Populations of the clonal morph showed higher expected
and observed heterozygosity than populations of the
haplodiplontic morph both before and after clone correction
(Table 1). Before clone correction, there was a signiﬁcant
departure from panmixia for clonal site 1, indicated with a
small, but signiﬁcant, negative average FIS of -0.027, but not for
clonal site 2 (Table 1). However, distributions of FIS indicated
both for clonal site 1 and 2 a substantial proportion of negative
per locus FIS values (Figure S4) and a higher FIS variance than the
haplodiplontic morph (Table 1). After clone correction both

A

B

C

FIGURE 3

(A) Individual multilocus heterozygosity (MLH) per sampling population represented with a Box and Whisker plot. Grey dots indicate MLH per
individual. *** indicates a signiﬁcant difference among morphs (Kruskal rank sum test, p < 0.001). Lowercase letters indicate signiﬁcant
differences among sampling populations (pairwise Wilcoxon rank sum test, p < 0.05). (B) Number of ﬁxed heterozygous sites and (C) almost
ﬁxed heterozygous sites among populations. Almost ﬁxed heterozygous are sites with >85% of heterozygous sites. HP refers to haplodiplontic,
CL to clonal.

TABLE 1 Genetic diversity within Hamelin Bay populations of Ecklonia radiata before and after clone correction.

————— no clone correction —————

——————clone correction —————–

pop

N

Ho

He

FIS

CL site 1

34

0.117

0.113

-0.027

0.129

0.213

3

CL site 2

20

0.122

0.123

0.011

0.071

0.027

12

HP site 1

30

0.087

0.097

0.065

0.058

0.007

HP site 2

24

0.096

0.100

0.025

0.045

0.001

V(FIS)

rd

N

He

FIS

V(FIS)

rd

0.114

0.142

0.100

0.161

0.001

0.119

0.125

0.036

0.071

0.002

Ho

Number of samples genotyped (N), observed heterozygosity (HO), expected heterozygosity (HE), average inbreeding coefﬁcient (FIS), variance of FIS among loci (V(FIS)), and standardised
index of association (rd)) per population. Numbers in italic are signiﬁcant with p < 0.01. CL, clonal, HP, haplodiplontic.
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haplodiplontic morph (Figure 4, cluster 2). Clustering of the
clonal morph did not correspond to sampling locations.
Twenty-two individuals of clonal site 1 shared more co-ancestry
with three individuals from clonal site 2 (Figure 4, cluster 1) than
the remaining clonal individuals from their own sampling site.
The second cluster of the clonal morph (Figure 4, cluster 3),
indicated profound substructure. Interestingly, one of the
subclusters (Figure 4, cluster 3A) indicated a substantial coancestry (67 loci) among clonal individuals from different sites,
suggesting dispersal of clonal morphs between sampling sites. All
individuals from clonal site 2 indicate substantially more shared
co-ancestry with the haplodiplontic morph than individuals of
clonal site 1, indicating possible hybridisation between the two
morphotypes at site 2. The individuals from the haplodiplontic
morph from both the sampling sites cluster together, indicating
homogenous geneﬂow among haplodiplontic individuals.
Pairwise FST analysis indicated the biggest genetic differentiation
between clonal site 1 and both the haplodiplontic populations,

clonal populations indicated a deﬁcit of heterozygotes, indicated
by a signiﬁcant positive FIS of 0.100 and 0.036. Before clone
correction, there was a signiﬁcant linkage disequilibrium for
clonal site 1 of rd = 0.213, which resolved after clone
correction. For clonal site 2, there was signiﬁcant linkage
disequilibrium before and after clone correction of respectively
rd = 0.027 and 0.002 (Table 1). As no clones were observed
within the haplodiplontic populations, clone correction was not
done. There was departure from panmixia in both
haplodiplontic populations, indicated by a small, but
signiﬁcant, positive F IS of 0.065 and 0.025 (Table 1).
Distributions of both haplodiplontic site 1 and 2 indicted less
negative per locus FIS values (Figure S4) and lower variance than
the clonal (Table 1). Signiﬁcant but low linkage disequilibrium
was observed for haplodiplontic site 1 (0.007) but not for
haplodiplontic site 2 (0.001) (Table 1).
The clustered co-ancestry matrix indicated three clusters, two
for the clonal morph (Figure 4, cluster 1 and 3) and one for the

FIGURE 4

Clustered co-ancestry matrix among all individuals of Ecklonia radiata samples at Hamelin Bay, estimated using ﬁneRADstructure. The heatmap
indicates variation in estimated pairwise co-ancestry among all genotyped individuals using the colour scale on the right. The dendrogram on
the top indicates the clustering of individuals based on the pairwise matrix of co-ancestry coefﬁcients, bootstraps values ≥ 0.90 are indicated
with a red cross on the dendogram. Black numbered squares indicate main clusters. Dashed lines indicate subclusters. Legends on the left and
below indicate sampling population with CL referring to clonal and HP to haplodiplontic individuals.
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populations (H(3) = 7.1, p = 0.068) (Figure 6C). Notably,
clonal site 2 had the lowest pN/pS value, suggesting high
selection efﬁcacy, driven by a relatively higher synonymous
gene diversity. Synonymous gene diversity was signiﬁcantly
different among populations (H(3) = 13.3, p = 0.004), with
clonal site 2 and haplodiplontic site 1 signiﬁcantly different from
only each other (p = 0.003) (Figure 6D).

suggesting little admixture among clonal individuals at site1 and
the haplodiplontic individuals (Figure 5). Clonal site 2 on the
other hand showed much lower genetic differentiation with the
haplodiplontic individuals, indicating much more admixture
among the clonal individuals at site 2 and the haplodiplontic
individuals. The genetic differentiation between clonal site 1 and
clonal site 2 is bigger than between clonal site 2 and the
haplodiplontic populations (Figure 5). The haplodiplontic
populations showed almost no genetic differentiation (Figure 5).

FST based loci differences
Putative pattern of environmental
adaptation and selection efﬁcacy

We identiﬁed 49 SNPs as signiﬁcantly different between
morphs, of which 19 SNPs were included in the coding regions
of a known gene, although no missense mutations were observed.
Two gene models could be linked to known proteins (Endo-1,3beta-glucanase, family GH81, Leucyl aminopeptidase) with
potential function in cell cycling such as fertilisation, seed
germination, somatic embryogenesis, and meiosis (Table S2).
Other putative functions of proteins linked to gene models were
related to diverse physiological processes, secondary metabolites,
defence mechanisms and immune response (Table S2).

DAPC analysis indicated different trends in putative
environment-linked loci for the clonal and haplodiplontic
morph, possibly indicating maladaptation of the clonal morph
(Figure 6A). The individuals from the clonal morph formed
three distinct clusters of mixed sampling sites while all
individuals from the haplodiplontic morph from both site 1
and site 2 cluster together (Figure 6A). Five loci (11920_39,
12012_31, 19346_48, 31079_35, 66811_33) contribute
signiﬁcantly to the ﬁrst discriminant function LD1 and the
difference among the clonal and haplodiplontic morphotype
(Figure S5). No annotations were available for these loci. The
clonal population at site 1 had the highest pN/pS ratio, suggestive
of relaxed selection (Figure 6B). This high pN/pS ratio for clonal
site 1 was driven by a higher, but non-signiﬁcantly different,
average non-synonymous gene diversity than the other

Gametophyte measurements:
germination, sex ratio, length and
growth rate
Gametophytes developed for only one (7%) of the clonal
individuals from which spores were released, whereas 12 (80%)

FIGURE 5

Pairwise FST estimates among all sampling sites using clone-corrected data. CL and HP refer to clonal and haplodiplontic respectively.
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D

FIGURE 6

Putative trends of selection, polymorphism ratio and non- and synonymous gene diversities for all individuals per sampling population. (A) DAPC
cluster analysis for putative environment-linked loci (174 SNPs) for all sampled populations, only the ﬁrst 2 discriminant functions are shown,
shape of data points refers to the genetic cluster (K = 4). (B) average polymorphism ratio pN/pS. (C) Nonsynonymous (pN) and (D) synonymous
(pS) gene diversities, the black horizontal line indicates average population gene diversity (p). Colours indicate sampling populations in all panels.
CL and HP stand for clonal and haplodiplontic respectively.

of the haplodiplontic individuals had gametophyte development.
Although the clonal morph somewhat developed males and
females with distinct morphology similar to the haplodiplontic
morph (males; thinner ﬁlaments, ﬁnely branched, females;
broader ﬁlaments, coarsely branched, Figure 7), they also
developed gametophytes looking like clumps of cells without
much branching (Figure 7A). Mean sex ratio for the
haplodiplontic morph was balanced (mean 0.56 ± 0.03) but
the clonal morph displayed a signiﬁcant female (0.22) bias as
indicated by comparison to the binomial law, although given
difﬁculties in identiﬁcation of males and females for the clonal
morph, this result should be interpreted with caution.
Gametophyte length 7 weeks after spore release was
signiﬁcantly smaller for the clonal morph (t(43) = -19.0, p <
0.05). Growth rate differed signiﬁcantly among the two morphs
(t(156) = -3.70, p < 0.001) (Figure 8A); gametophytes from the
clonal morph did not grow (average growth of -0.3068 ± 0.5483
μm/day) compared to the haplodiplontic morph which grew at
3.9890 ± 0.6427 μm/day.

Frontiers in Marine Science

Crossing experiment: Reproductive
success, sporophyte length, sporophyte
relative growth rate and density change
Reproductive success (H(4) = 65.19, p < 0.001) and
sporophyte length (H(4) = 16.23, p = 0.003) were signiﬁcantly
different among crossing treatments (Figure 8B, Table 2).
Sporophyte RGR was not signiﬁcantly different among
crossing treatments (H(4) = 9.14, p = 0.058) (Figure 8C,
Table 2). However, overall there was much variation and
differences among treatments were hard to interpret.
Sporophyte density change differed signiﬁcantly among
crossing treatments (H(4) = 11.1, p = 0.026) (Figure 8D,
Table 2). The clonal selﬁng treatment had a density increase of
367 ± 269% (Mdn ± SE), which was signiﬁcantly higher than all
other treatments (p < 0.05), except not signiﬁcantly for treatment
female clonal x male haplodiplontic (p = 0.08, Mdn -28.6 ±
54.9%, Figure 8D), indicating a delayed increase in sporophytes
or a reproduction time lag for clonal selﬁng treatment. As only
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haptera at the tips of the laterals was conﬁrmed by both an
aquarium experiment and genomics. Yet, our results indicated
that sexual reproduction by the clonal morph and interbreeding
with the sexual morph is also possible. High genetic
differentiation with the sexual morph and long-term clonality
were established in one of the two clonal populations, together
with a trend of decreased selection efﬁcacy. Patterns of putative
adaptive variation, however, deviated from the sexual morph in
all clonal populations, indicating possible maladaptation and
high vulnerability to environmental changes in the
clonal morph.
Clonal reproduction can reduce genotypic diversity and
maintain heterozygosity through the lack of independent allele
segregation (Balloux et al., 2003; Hartﬁeld, 2016). Moreover, in
long-term clonality, mutations will accumulate at different sites
at each allele over time, further increasing heterozygosity and
creating high intra-individual diversity (Meselson effect)
(Hartﬁeld, 2016). Relative to the sexual populations, we
identiﬁed signiﬁcantly fewer MLLs, higher levels of
heterozygosity, more negative per locus FIS values,and elevated
levels of linkage disequilibrium in the clonal populations,
indicating asexual reproduction. Moreover, the test for clonal
population structure conﬁrmed that the observed genotypic
structure cannot be explained by sexual reproduction, even
when genetic diversity is limited. Notably, the observed
pattern of ﬁxed heterozygous sites in clonal site 1 suggest that
the individuals from clonal site 1 had a common evolutionary
origin and have long since evolved individually.
Despite the fact that gametophytes from the clonal morph
developed differently and slower, the crossing experiment
indicated that sexual reproduction by the clonal morph and
interbreeding between the clonal and haplodiplontic morph is
possible. This was further supported with substantial admixture

well-formed gametophytes from the clonal morphotype were
selected (no clump-like gametophytes) to build cultures and
perform this crossing experiment, reproductive success and
sporophytes ﬁtness may be overestimated compared to natural
conditions. Further, due to the lack of replication in the clonal
morph, results of these experiments should be interpreted with
caution. Nevertheless, this experiment still provides a qualitative
conﬁrmation that sexual reproduction in the clonal morph and
interbreeding among the two morphs is possible.

Growth capacity of asexual laterals conﬁrming the mechanism of asexual
reproduction in the clonal morphotype
Fifty ﬁve percent of the clonal laterals survived for 10 weeks
independent of parent ID (X214 = 14.67, p > 0.05). Mean growth
rate of the clonal laterals was 11.07 ± 0.51% per week and was
also independent of the parent individual (F10,10 = 5.22, p >
0.05). The lateral that grew the most (i.e., 15.81% per week) was
the only lateral that developed a new haptera on a secondary
lateral at the end of the 10-week period (Figure 7C).

Discussion
Understanding genetic diversity and reproductive
mechanisms of species is key to predicting their adaptive
capacity and resilience to environmental changes. Here, we
investigated the genomic and ecological consequences of clonal
reproduction in a unique clonal morph of kelp, which grows
sympatrically with the haplodiplontic morph. Asexual
reproduction by the clonal morph through the development of

FIGURE 7

Examples of Ecklonia radiata in Hamelin Bay, Western Australia. (A) Gametophytes developed from spores from a clonal sporophyte and (B) a
‘normal’ haplodiplontic sporophyte. a) gametophyte cell clumps without branching, b) male gametophyte, c) female gametophyte, d) male
gametophyte, e) female gametophyte. (C) Lab grown clonal lateral (cut from parent clonal plants) growing into a new adult individual with the
formation of its own new haptera at the top of its own secondary lateral. Pictures taken one month after start of experiment.
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FIGURE 8

(A) Linear regression of gametophyte length measured 7 and 10 weeks after spore release for the haplodiplontic (HP) and clonal morph (CL).
(B–D) Sporophyte measurements for the crossing experiment. (B) reproductive success (number of sporophytes per total number of female
gametophytes), (C) sporophyte relative growth rate (RGR), (D) percentage sporophyte density change (t2 relative to t1). All measurements were
taken 3 (t1) or 4 (t2) weeks after the start of the experiment. Lowercase letters indicate signiﬁcant differences among sampling populations
(pairwise Wilcoxon rank sum test, p < 0.05). CL and HP stand for clonal and haplodiplontic respectively.

2019b). Extreme events can cause mortality, range shifts, new
ecosystem states (Vergé s et al., 2014; Wernberg et al., 2016;
Arafeh-Dalmau et al., 2019; Filbee-Dexter et al., 2020) and drive
changes or losses in genetic diversity (Becheler et al., 2020;
Coleman et al., 2020a; Gurgel et al., 2020), which may impact the
adaptability and vulnerability of these kelp forests to climate
change (Wernberg et al., 2018). Reproductive mode can have a
profound effect in buffering and creating resilience against
extreme events (Becheler et al., 2020). For example, compared
to sexual populations, clonal populations of the red algae
Agarophyton chilense were more resilient to genetic
impoverishment immediately after a catastrophic earthquake
event, although long-term clonality reduced the chances of longterm survival after the environmental changes (Becheler et al.,
2020). Asexual or clonal individuals are predicted to have lower
selection efﬁcacy and adaptive potential due to selection
interference caused by high linkage among loci (Jaron et al.,
2021; Otto, 2021). Although, theory predicts that only infrequent
sex is needed to counter these negative effects (Hartﬁeld, 2016;
Becheler et al., 2020). We observed signals of decreased selection
efﬁcacy (higher pN/pS) in clonal site 1, where we also found proof
of long-term asexuality. In the more admixed clonal site 2, where
sexual reproduction and interbreeding with the sexual morph is

and limited genetic differentiation (low FST) between the sexual
morph and clonal site 2, indicating substantial interbreeding
between the morphs at clonal site 2. Conversely, in clonal site 1
there was limited admixture, high genetic differentiation from
the sexual populations (high FST) and proof of long-term
clonality (ﬁxed heterozygous sites), indicating absence of
sexual reproduction in clonal site 1. Hence, the frequency of
sexual reproduction and interbreeding with the sexual morph
likely varies among clonal lineages.
Underwater kelp forests are threatened by climate change
and the increase of extreme climate events (Wernberg et al.,
TABLE 2 Summary of Kruskal-Wallis rank sum test of differences in
sporophyte measurements (reproductive success (number of
sporophytes per number of female gametophytes), length, relative
growth rate (RGR), density) among different crossings.

DF

H

p-value

Reproductive success

4

65.19

< 0.001

Sporophyte length

4

16.23

0.003

Sporophyte RGR

4

9.14

0.058

Sporophyte density change

4

11.08

0.026

Metric

DF, degrees of freedom; H, Kruskal-Wallis chi-squared.
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more frequent, selection efﬁcacy was high (lower pN/pS),
conﬁrming that occasional sex reduces the negative
evolutionary effects of clonal reproduction. In contrast, relative
to the sexual morph, both clonal populations showed a distinct
pattern of putative local adaptation, suggesting possible
maladaptation to current environmental conditions, lower
selection efﬁcacy and potential high vulnerability of the clonal
morph to environmental changes. Further research using
manipulative experiments linking to ﬁtness measurements and
better genomic resources (e.g. a fully annotated genome) are
needed to further unravel the adaptive capacity and vulnerability
of the clonal morph to environmental stressors.
Processes underlying this unique mode of clonal reproduction
in E. radiata remain elusive. Previously, it has been suggested that
development of this clonal morph was triggered by environmental
cues (Rothman et al., 2015) or wounding or abrasion (McCook
and Chapman, 1992). However, Coleman and Wernberg (2018)
argued that clonal reproduction is likely genetically deﬁned and
heritable due to the abundant production of haptera on the apex
of the laterals (> 50% of the laterals, pers. observation), the vastly
different morphologies among the morphs, and the localised
extent of clonal reproduction despite the sympatric distribution
of the sexual and clonal morphs interspersed on the same reef.
Indeed, a breeding experiment in E. stolonifera suggested that
comparable clonal reproduction from the thallus is heritable
(Hayashi et al., 2020). Clonal reproduction from the thallus in
E. stolonifera is however slightly different from that in E. brevipes.
In E. stolonifera shoots can develop from multiple pinnae on the
serration of the laterals, while in E. radiata a maximum of one
haptera is formed at the tip of each lateral. Yet both clonal
reproduction mechanisms require reversal of cell polarity and
may be underpinned by the same genetic basis. We identiﬁed 49
candidate loci that are signiﬁcantly different among morphs.
These candidate loci might possibly underly clonal reproduction
or be linked to genes underlying clonal reproduction. Links were
found with proteins linked to cell cycling function but also to
tyrosine decarboxylase which has been mentioned in the auxin
biosynthesis process (Bogaert et al., 2019). Auxin inﬂuences algal
development and cell polarity and may also underlie development
of the clonal haptera (Ramakrishna and De Smet, 2014; Coleman
and Wernberg, 2018). Currently, sporophytes resulting from all
crosses performed here are being grown in controlled
environments until phenotyping (presence/absence of the
haptera) can be conducted. Together with further genomic
studies, this will allow an understanding of the heritability of
this unique clonal mode of reproduction and the genomic basis of
polarity reversal in E. radiata.
Underwater forests are under threat from global change
which is outpacing the capacity of kelp forests to adapt (Vranken
et al., 2021; Wood et al., 2021). Preadapting threatened
populations by either assisted adaptation, gene editing or
priming might be a possible solution to protect these habitats
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(Coleman and Goold, 2019; Coleman et al., 2020b; Jueterbock
et al., 2021). Clonality is a trait that has been extensively used
and researched for agronomics and it is generally accepted that
introduction of clonal reproduction or apomixis in
agronomically important crops will revolutionize agriculture
(Pupilli and Barcaccia, 2012). One of the major beneﬁts of
clonal reproduction is that it can assure immediate ﬁxation of
a beneﬁcial genotype or trait in one generation (Savidan, 2000).
In this sense, the trait of clonal reproduction could be highly
beneﬁcial in future management programs for kelp forests, to
quickly spread preadapted (e.g. heat resilient) individuals in
vulnerable populations. Gene editing could be used to engineer
‘super kelps’ that are both highly resilient to environmental
changes and reproduce clonally to ensure such traits are ﬁxed
within populations. As future-prooﬁng techniques can hold
great potential for kelp restoration and conservation practices
(Coleman et al., 2020b), further research focusing on
manipulative experiments and identifying candidate genes
useful for genetic engineering of clonality will be necessary.
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Pecl, G. T., Araú jo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, I. C.,
et al. (2017). Biodiversity redistribution under climate change: Impacts on

Frontiers in Marine Science

16

frontiersin.org

