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Ecological processes and intra-specific genetic diversity reciprocally affect each other.
While the importance of uniting ecological variables and genetic variation to understand
species’ plasticity, adaptation, and evolution is increasingly recognized, only few studies
have attempted to address the intersection of population ecology and genetics using
marine macrophyte as models. Representative empirical case studies on genetic
diversity are reviewed that explore ecological and evolutionary processes in marine
macrophytes. These include studies on environment-induced phenotypic plasticity and
associated ecological adaptation; population genetic variation and structuring driven
by ecological variation; and ecological consequences mediated by intraspecific and
interspecific diversity. Knowledge gaps are also discussed that impede the connection of
ecology and genetics in macrophytes and possible approaches to address these issues.
Finally, an eco-evolutionary perspective is advocated, by incorporating structural-to-
functional genomics and life cycle complexity, to increase the understanding of the
adaptation and evolution of macrophytes in response to environmental heterogeneity.

Keywords: adaptive genetic variation, divergent selection, ecological processes, phenotypic plasticity, ploidy
diversity, genetic consequences

INTRODUCTION

Local adaptive evolution (see explanation in Box 1, other terms are also explained in the
same Box) and the evolution of phenotypic plasticity are both vital processes enabling
organisms in a population to obtain maximum fitness in response to heterogeneous
environments. In the marine environment, migratory connectivity via genetic exchange of
adults, spores or propagules, is a salient difference compared with terrestrial ecosystem
(Palumbi, 1994). Marine connectivity counteracts local adaptation on one hand (so it may
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decrease fitness locally), but by increasing gene flow (N.M)
it allows recolonization, reduces consanguinity, and may
increase effective size at the global (species or metapopulation)
level (Bolnick and Nosil, 2007). Therefore, whether selection
favors phenotypic plasticity or local adaptation will depend
on the balance between spatial environmental heterogeneity
and dispersal-mediated gene flow (van Tienderen, 1991).
Classic ecological genetic studies usually combined field (e.g.,
reciprocal transplant) and laboratory (e.g., common garden)
approaches to investigate how natural selection generated
adaptive variability among populations along different ecological
gradients (Schmidt et al., 2008). In recent years, the emergence
of ecological/landscape genomics based on next-generation
sequencing has provided more comprehensive insights into the
ways in which species respond to their changing environments
and into the limitations of their potential to adapt (Savolainen
et al., 2013). All these types of evidence hint at how genotype,
phenotype, and environment interact as a whole to ultimately
influence adaptive capability and evolvability (Figure 1).

Seaweeds (macroalgae) and seagrasses, collectively termed
marine macrophytes, are ecologically important primary
producers, carbon sinks, and ecosystem engineers, and highly
adaptive to environmental shifts (Reusch et al., 2005; Harley
et al.,, 2012). Ecology and genetics can each influence diversity,
plasticity, adaptation, and evolution of marine macrophytes
(Pereyra et al.,, 2009; Padilla and Savedo, 2013; Duarte et al,
2018; Wernberg et al., 2018; Figure 1). Ecological factors, such
as habitat preferences, species interactions, and environmental
gradients, can generate variable allelic frequencies in macrophyte
populations at specific genetic loci that are associated with
differentiated phenotypes (Schmidt et al., 2008), enabling them
to adapt to different environments (e.g., Bergstrom and Kautsky,
2006; Hays, 2007). In turn, genetic variation/diversity can alter or
modify the fitness and evolvability of organisms, and hence the
way species metabolize, grow and survive, and ultimately interact
with a changing ecosystem (e.g., Bracken et al., 2008; Hughes
et al, 2008). Unraveling the link between adaptive genetic
variation, ecological adaptation, and phenotypic alteration is
also a major goal in evolutionary biology and conservation
biogeography of macrophytes under climate change (Harley
et al., 2012; Hu and Fraser, 2016).

There is a widespread conceptual recognition that ecological
and genetic methods should be united to study adaptation,
speciation, and morphological diversity of marine macrophytes
(Serrao et al.,, 1996; Gabrielsen et al., 2002; Leskinen et al.,
2004; Reusch et al., 2005; Bracken et al., 2008; Pereyra et al,
2009; Krueger-Hadfield et al., 2013; Zardi et al., 2013; Shimada
et al, 2016). However, the respective roles of ecological
processes and genetic variation are studied separately in
macroalgae adapting to heterogeneous environments (reviewed
in Hu et al,, 2016). Only recently studies considered how the
intersection of ecological, genetic, and phenotypic traits may
produce and maintain divergent selection, genetic boundaries,
and functional vulnerability in macroalgae (e.g., Zardi et al,
2015; Saada et al., 2016; Wernberg et al., 2018), including
the identification of neutral genetic variation responding to
environmental gradients (e.g., Kostamo et al., 2012; Zardi et al.,

BOX 1| Glossary of terms, defined in the context to link Ecology and
Genetics in marine macrophytes.

Acclimation: A phenotypic/physiological/metabolic change during an
individual’s lifetime.

Adaptation: A trans-generational fixed change at population level.

Adaptive evolution: A kind of evolutionary change that is adaptive to a
particular environment, which enables an organism to cope with the
environment.

Adaptive genetic variation: The variation found in the genomes that has
evolved to help an organism to increase its fithess.

Clonal propagation: Producing units derived from the same original
reproductive cell that have the capacity for independent life, e.g., ramets
(fronds).

Co-dominant: A locus where all its alleles are expressed, and heterozygotes
can therefore be discriminated from homozygotes.

Cryptic genetic variation: Unexpressed, bottled-up genetic variation that
may become expressed in a new environment.

Divergent selection: The accumulation of differences between closely
related populations within a species, which eventually may lead to speciation.
Fitness: The ability of a phenotype—-more rarely, population or species—to
survive and reproduce in an environment it inhabits.

Genetic assimilation: A process whereby environmentally induced
phenotypes become genetically fixed and no longer require the original
environmental stimulus.

Introgression: The transfer of genetic information from one species to
another as a result of hybridization between them and repeated backcrossing.
Landscape genetics: A scientific field aiming to study how landscape
features interact with microevolutionary processes (e.g., gene flow, genetic
drift, and selection).

Landscape genomics: Combines genomic concepts and technologies with
landscape genetics approaches.

NeM: The average number of effective migrants exchanged per generation.
Ne is the product of the effective population size, and M is the migration rate.
Neutral genetic variation: A gene or locus that has no effect on fitness or
may be subject to various constraints; large parts of an organism’s DNA are
effectively neutral.

Outlier: An observation (or statistical measurement) that has an extreme value
compared with the distribution of other Fgt = 1/(4Nm+-1) observations.
Phenotypic plasticity: The ability of one genotype to generate more than
one phenotype when exposed to different environmental conditions by
modifying phenotypic traits during an individual’s lifetime (Bradshaw, 1965).
Quantitative Trait Loci: Sections of the genome that correlate with a
particular phenotypic trait of a population or an organism.

Seascape genetics: A scientific field aiming to study how spatially variable
structural and environmental features affect genetic profiles of marine
organisms.

2013). Here we summarize the major findings and challenges
associated either with ecological processes or genetic diversity
in macrophytes responding to environmental shifts. We choose
representative studies to illustrate how typical ecological factors
(e.g., temperature, salinity, and water depth) contributed to
genetic variation and population structure in macroalgae and
seagrasses, and how the change of intra- or inter-specific diversity
alter species’ responses to environments, and hence ecosystem
consequences. We finally stress the necessity to select suitable
models/systems and incorporate ploidy diversity (Krueger-
Hadfield et al., 2019) in natural populations to accelerate the
union of genetics and ecology in macrophytes. It must be
stressed out that most study cases selected in this review are
in theory to show signals of local adaptation and evolution in
response to changing environments, because no sophisticated
analysis methods and robust evidence are included to support
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FIGURE 1 | A simplified diagram showing the interactive relationships among environment, phenotype, and genotype, which ultimately impact fitness. The identified
genotypes linked to specific adaptation can be validated in a post hoc process, including the initial association analysis with the selected environmental variables,
identification of the target genes under selective pressure, and subsequently protein function and interactive network with other molecules, and finally functional
identification at a tissue level. At the same time, the evolved plastic phenotypes have wide ecological implications, such as the overwhelming competition to the rival,
the adjustment of community balance, and resource allocation under a harsh environment. Solid lines indicate the main research fields connecting one to another in
macrophytes, and dashed lines indicate the research gaps that need to be focused on in the future.

these presumptions. However, these cases highlight a new avenue
for studying the genomic basis of adaptation and evolution in
macrophytes in the near future.

PHENOTYPIC PLASTICITY AND
ADAPTATION IN MARINE
MACROPHYTES

Phenotypic plasticity plays a fundamental role in plant
adaptation, development, and function. Environment-induced
phenotypic plasticity can be locally adaptive under various
conditions (Pfennig et al., 2010), over a range of spatial
and temporal (e.g., seasonal) scales. In some extreme cases,
heterogeneous environments may not be responsible for
divergent selection upon all genotypes harboring the same
fitness regardless of a given environmental parameter, but the
plasticity of a given trait is still expected to yield a reduced
efficiency of selection in promoting adaptive processes. This can
be formulated as a heuristic model of how phenotypic plasticity
can affect population viability, genetic variation, and adaptive
evolution (Gomez-Mestre and Jovani, 2013). Phenotypic
plasticity can also be considered as a trait per se which can vary
according to the benefits/constraints it brings to the adaptive
process. When plasticity increases fitness, then selection favors
individuals with higher plasticity. When it comes with a fitness
cost (e.g., metabolic cost of the plastic response), then selection
may favor specialized phenotypes with limited plasticity (Pfennig
et al., 2010; Padilla and Savedo, 2013).

Macrophytes are expected to be subject to rapid selection
for phenotypic plasticity, because they are sessile and many
species are capable of genotypic replication through clonal
propagation (e.g., ramets, Scrosati and Serviere-Zaragoza,

2000). These traits are expected to promote larger phenotypic
plasticity relative to motile and non-clonal taxa (Bradshaw,
1965). In macroalgae, fragments are in particular capable of
independent life and therefore genetic individuals (genets) may
fragment naturally into ramets that may act as independent
units in selection (Tuomi and Vuorisalo, 1989). Indeed,
a high degree of phenotypic plasticity was found within
genetically uniform strains of the green alga Acetabularia
acetabulum (L.) P.C.Silva grown under different environmental
conditions (Nishimura and Mandoli, 1992), which has triggered
many studies concerning the factors influencing phenotypic
variation. At the same time, the great phenotypic variation in
macroalgae also results from shifting environmental variables
in space (e.g., light intensity, wave action, tide, temperature,
salinity, nutrient concentrations, predator—prey interactions) and
associated selective fitness, ultimately generating spatial variation
in adaptation (Monro et al., 2007; Padilla and Savedo, 2013).
This is particularly true for macroalgae with clonal propagation
because it allows them to develop either intra-genet phenotypic
plasticity acclimating to environmental change within short time
periods or intra-population variation to ecological differences
between geographic locations, leading to markedly different
demographic fitness (Monro et al., 2007; Flukes et al., 2015;
Duarte et al., 2018).

Plasticity may not only facilitate acclimation to
environmental changes, but also mediate the interplay among
gene flow and adaptation resulting from efficient divergent
selection in macrophytes. Theoretical simulation has shown
that phenotypic traits can evolve under directional selection and
the fitness effect of increased plasticity can promote or inhibit
genetic exchange between selective environments (Crispo and
Chapman, 2008). Therefore, phenotypic plasticity can either
inhibit adaptive genetic divergence and the effect of natural
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selection or promote acclimation by allowing individuals to
survive in novel conditions (Crispo, 2008). Understanding
such interactions involving phenotypic plasticity provides an
opportunity to unravel the long-term evolutionary consequences
and the ecological implications of different phenotypic patterns
in the sea (Padilla and Savedo, 2013). Intra-specific trait variation
can be due to heritable differences between individuals or to
different environments. Suitable approaches for the distinction of
plastic and heritable variation are common garden experiments
and pedigree studies (Aitken and Whitlock, 2013), which are
also challenging because macrophytes can be strikingly plastic in
phenotypic traits.

THE CORRELATION BETWEEN
GENOTYPE AND ECOLOGICAL
FACTORS

Selkoe et al. (2016) cataloged 23 abiotic factors that were tested
for correlation with spatial genetic structure in the marine
environment. These ecological variables often interact, leading
to a complex environment that is often highly variable in space
and time. In most cases, it is therefore difficult to determine
which ecological driver directly contributed to any population
genetic feature. Nevertheless, there is empirical evidence that
light, temperature, salinity, and water motion are the major
abiotic variables affecting macroalgae (Hurd et al., 2014). This
narrows the possibilities and allows us to detect genetic variation
in macroalgae from the micro- to the macro-geographical level.

Most of the recent progress in studying the links between
ecological processes and genetic variation is strongly dependent
on breakthroughs of modern DNA-based technology
(Table 1). Already before the 1990s, studies of allozyme
patterns have clearly shown associations between levels
of genetic variation and species-specific attributes (e.g.,
mating systems) (Sosa and Lindstrom, 1999). During the
last 20 years, co-dominant genetic markers and DNA
sequencing have been increasingly used to study genetic
differentiation, population connectivity, and ecological
adaptation in macrophytes (among others: Valero et al,
2001; Guillemin et al., 2016; Hu et al., 2016; Macaya et al., 2016;
Wennerstrom et al., 2017). More recently, genome-scale
restriction site-associated DNA (RAD) and genotyping-by-
sequencing (GBS) allowed the assessment of the interplay of
biotic and abiotic factors through the production of subtle
genetic variation and evolutionary signatures during recent or
incipient speciation events (Fraser et al., 2016; Kobayashi et al.,
2018). Here, we present a selection of representative findings that
explain how ecological factors may structure population genetic
variation in macroalgae (summarized in Table 2).

High and low intertidal individuals experience different
durations of emersion and immersion time. Such contrasting
abiotic stresses can produce divergent habitat selection and hence
genetic separation in macroalgae (e.g., Billard et al., 2010). Fraser
et al. (2009) reported consistent genetic divergence between
populations of the bull kelp Durvillaea antarctica (Chamisso)
Hariot growing in sheltered and exposed habitats. In this fucoid,
genetic divergence was associated with contrasting phenotypic

variation along gradients of wave exposure, suggesting that the
dynamic environmental variation may enable fitness to be fixed
in these two phenotypes with variable eco-physiological cost
and subsequently adaptive divergent selection occurs. Similarly,
Krueger-Hadfield et al. (2013) found that Chondrus crispus
Stackhouse populations at the high shore [mean low water
(MLW) + 3.6 m] clearly diverged genetically from the low
shore (MLW + 2 m) near Roscoff in Brittany, France. The
isolation imposed by tidal cycles of emersion was suggested
to have increased population genetic differentiation between
the higher and lower stands. These studies suggest that new
recruits either settle near the parents or, alternatively, there is
post-settlement selection for certain genotypes/phenotypes that
can yield micro-geographical genetic divergence and adaptation
linked to strikingly limited gene flow.

Several examples come from algae which inhabit marine to
brackish waters. Previous studies in macroalgae have shown
that asexual reproduction dominates in hyposaline waters,
whereas sexual reproduction is common in high salinity
conditions (Tatarenkov et al., 2005; Kostamo and Maikinen,
2006). Tatarenkov et al. (2005) explicitly connected genotypic
variation in Fucus vesiculosus L. and adaptive shifts of life
history caused by salinity variation, which strongly affected
reproductive fitness and determined distinct salinity range
boundaries among populations (Serrdo et al., 1996, 1999). More
recently, Kostamo et al. (2012) found high genetic differentiation
in Furcellaria lumbricalis (Hudson) J.V.Lamouroux populations
along a wide-ranging salinity gradient using expressed sequence
tags (EST)-derived microsatellites. Two specific genetic loci
reflected the strong divergent selection of different salinities.
Such a differentiation between marine and brackish populations
was further determined in expressed genomic regions of
F. lumbricalis, illustrating that suboptimal salinity is an
ecological variable that strongly affects population structure
(Korpelainen, 2016). Other examples are the red alga Ceramium
tenuicorne (Kiitzing) Waern (Gabrielsen et al, 2002) and
the green alga Ulva intestinalis L. (Leskinen et al, 2004),
which from the Atlantic Ocean into the brackish Baltic
Sea show a continuous reduction of genotype diversity. Its
phenotypes inhabiting hyposaline environments exhibited better
adaptive ability to cope with very low levels of salinity.
These population genetic findings, without transplantation
or common garden experiments, show cases of seaweed
distributions in salinity gradients which are driven by locally
adapted genotypes.

Water depth is one of the five most studied drivers that shape
the population genetic structure of marine organisms (Selkoe
et al., 2016). Despite a close genetic affinity between distinct
phenotypes of the brown alga Saccharina japonica (Areschoug)
C.E. Lane, C. Mayes, Druehl, and G.W. Saunders in deep (14-
25 m) vs. shallower depths (5-11 m) (Balakirev et al., 2012a),
their associated microsymbiont communities were significantly
different (Balakirev et al., 2012b). Such shifts of symbiotic
microorganisms have caused visible phenotypic plasticity and
potentially initiate some reproductive isolation between these two
groups in S. japonica. Therefore, these studies are examples of
how phenotypic diversification of macroalgae may enable them
to acclimate or adapt to distinct bathymetric environments and,
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TABLE 1 | A brief description of modern molecular techniques used to examine different levels of genetic variation in the context of the interaction of

environment and genotype.

Marker type Mode of Mendelian Level of polymorphism Reliability Applications for examining genetic signal
inheritance associated with environment

Random Amplified Polymorphic Dominant Intermediate Low Genetic diversity, genetic introgression between

DNA (RAPD) genotypes and/or lineages, genetic divergence at a
macro-geographical scale

Amplified Fragment Length Dominant High High Genetic divergence with contrasting phenotypic

Polymorphism (AFLP) variation, genetic differentiation at a
micro-geographical scale, subtle genetic
introgression between genotypes/lineages

Microsatellites or simple Co-dominant High High Genetic divergence of phenotypes with contrasting

sequence repeat (SSR) environmental variables, genetic differentiation at a
micro-geographical scale, subtle genetic
introgression between lineages, adaptive genetic
variation

Single Nucleotide Co-dominant High High Population genetic differentiation, lineage

Polymorphism (SNP) introgression

Restriction Site Associated Co-dominant Very High Very High Fine-scale genetic differentiation at a

DNA (RAD), or micro-geographical scale, detection of recent or

Genotyping-by-Sequencing incipient speciation events, subtle genetic

(GBS) introgression between lineages/genotypes

TABLE 2 | Summary of studies illustrating the contribution of ecological variables to genetic differentiation in macroalgae.

Taxon

References

Ecological variable

Genetic consequences

Habitat discontinuity

Wave action

Salinity

Tidal height

Surface circulation

Host-microbiome interaction

Isolation-by-environment

Symbiotic microbial communities

Fucus vesiculosus

Durvillaea antarctica

Ceramium
tenuicorne/Furcellaria
lumbricalis

Chondrus crispus

Fucus radicans/F. vesiculosus

Ulva spp.

Macrocystis pyrifera

Saccharina japonica

Discontinuous habitat serves as oceanographic barrier for
population connectivity, and hence genetic divergence
Wave exposure, although not the sole factor, causes striking
genetic variation and divergence between the exposed and
sheltered ecotypes

Salinity gradient produces strong differentiation selection in
populations in the Baltic Sea

Tide-induced genetic isolation can result in population differentiation
between high and low shores

Circulation water serves as oceanographic barrier, leading to
parallel speciation in two recently diverged species in the Baltic Sea
Microbial community with distinct origin contributes to core gene
functions of host species through independent of biogeography
and host-specific adaptation

Seascape variables (e.g., oceanographic distance and habitat
continuity) can yield population clustering

Host—symbiont interactions can initiate incipient speciation between
the littoral and sub-littoral ecotypes

Zardi et al., 2013

Fraser et al., 2009

Gabrielsen et al., 2002;
Kostamo et al., 2012

Krueger-Hadfield et al.,
2013

Pereyra et al., 2013

Roth-Schulze et al.,
2018

Johansson et al., 2015

Balakirev et al.,
2012a,b

at the same time, they also highlight the important role of host-
symbiont interactions as drivers of adaptation in macroalgae.
Top-down control by grazers is another well-documented
factor that may shape intra-specific diversity and affect ecological
and genetic dynamics in aquatic ecosystems (Jirgens and
Matz, 2002; Crutsinger et al., 2008). For instance, field and
experimental evidence have shown that increased grazing of
planktonic bacteria may result in changing phenotypic and
genotypic compositions of bacterial assemblages (Jiirgens and
Matz, 2002). In bacterial communities compared across three
species of the green algal genus Ulva from different geographic
locations, 70% of enriched functional genes were independent
of host species and biogeography, demonstrating that microbial
diversity with distinct phylogenetic origin contributed to

host/habitat-specific gene functions (Roth-Schulze et al., 2018).
These studies imply that the dynamic interactions between
genetic variation and ecological traits can be driven by rapid
evolution and adaptation in predator-prey systems and that
ecological and genetic processes can happen on a similar time
scale (Yoshida et al., 2003).

GENETIC DIVERSITY SHIFTS MAY HAVE
ECOLOGICAL CONSEQUENCES

Shifts in genetic variation (i.e., changes in allele frequencies) are
associated with species’ traits. These changes can influence fitness
by natural selection and phenotypic variation can facilitate local
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adaptation of species (Endler, 1986). Genetic diversity shifts can
occur at the population level (intra-specific) or at the community
level (inter-specific). Studies in marine macrophytes illustrate
that more intra-specific or inter-specific genetic variation can
increase species’ growth, productivity, competition, and recovery
after stress (Hughes and Stachowicz, 2004; Bruno et al., 2005;
Reusch et al., 2005; Bracken et al., 2008). In fact, ecologically
important traits [e.g., growth rate, reproductive ability (Reed
et al., 1996), recruitment process, trade-off between sexual and
asexual reproduction (Chu et al., 2011)] exhibit distinguishable
variation that is closely associated with a species’ abundance
and demographic performance. Such ecological effects imposed
by genetic variation in a single species can extend to species
and/or functional diversity in both community- and ecosystem-
levels (Bruno et al., 2005; Hughes et al., 2008; Wernberg et al.,
2018). The union of ecology and genetics can thus reveal the
ecological consequences of intra-specific or inter-specific genetic
variation and help us to understand mechanistic processes. There
is a long history of research on how phenotypic plasticity of
individuals inhabiting contrasting environments influences the
adaptation of macrophytes to dynamic environments (Padilla
and Savedo, 2013). In contrast, much less is known about the
ecological effects of intra-specific genetic variation or diversity
in macrophytes. However, ecological effects of inter-specific
variation are relatively well studied in the context of the
biodiversity-ecosystem functioning level.

Studies testing effects of intra-specific genotypic composition
on ecological processes in marine macrophytes have mainly
been conducted in seagrasses, but have also been done in
macroalgae (Table 3). Field experiments with Eastern Atlantic
Fucus serratus L. have shown that populations at the rear edge,
characterized by low genetic diversity, had reduced fitness and
lower adaptive capacity relative to more diverse populations
in the distribution center (Pearson et al., 2009). Within-
patch intra-specific genotypic diversity of the invasive red alga
Agarophyton vermiculophyllum (Ohmi) Gurgel, ].N.Norris, and
Fredericq in North America correlated with seaweed biomass and
epibacterial density (Gerstenmaier et al., 2016). Field experiments
outplanting monoclonal and polyclonal patches further indicated
a threefold increase in net primary productivity in polyclonal
patches (Gerstenmaier et al.,, 2016). Genetic composition can
also impose effects on the community dynamics across trophic
levels through rapid evolution (Pimentel, 1968). Laboratory
manipulations further revealed how shifts of genetic variation
affected ecological performance. Experimental field tests in
transplantation experiments showed that intra-specific genetic
variation of the rockweed F. vesiculosus had different effects on
associated communities. By analyzing the associated periphytic
algae and invertebrates as well as defense compounds and genetic
profiling, the authors found that the composition of periphytic
and invertebrate communities can be partially (10-18%)
explained by multiple rockweed genotypes with different intra-
specific variation. The authors implied that genetic variation of
a foundation alga is a requisite component for structuring the
function of associated communities (Jormalainen et al., 2017).

Two of the most fundamental characteristics of any ecosystem
are its community (species composition) and the species
interactions. Genetic variation affects the overall strength of

interaction networks and single species interactions. Both
competition among plants and plant-herbivore interactions can
have an important effect on the relationship between biodiversity
and the biomass of various trophic levels (Thébault and
Loreau, 2005). Hence, studying the relationships between genetic
variation and ecosystem stability has become a major focus of
research, as it may facilitate to understand whether and how
species diversity and genetic diversity help to maintain ecosystem
processes under global change scenarios. Based on manipulative
field experiments, Hughes and Stachowicz (2004) and Reusch
et al. (2005) found that increasing genotypic diversity in a
population of the seagrass Zostera marina L. enhanced biomass
production, faunal abundance, and community resistance to
disturbance by grazers. This was reflected in a decreased time
requirement for recovery to levels close to pre-disturbance
density. Importantly, this kind of enhanced primary production
and biomass accumulation was also observed in subtidal
macroalgal communities by enriched species diversity (Bruno
et al.,, 2005). In the same way, Bracken et al. (2008) evaluated
the functional consequences of realistic inter-specific diversity
changes in a seaweed ecosystem. They manipulated tide pool
communities to study the effects of changes in biodiversity and
observed that a natural increase in species diversity enhanced
rates of nitrogen uptake, whereas random changes of species
diversity had no impact. Another field manipulation experiment
showed that both gross community productivity and biomass
declined with diversity loss in a macroalgal turf assemblage.
The biodiversity—ecosystem process relationship, however, was
dependent on the extinction resistance of the dominant and
most resistant species (Davies et al., 2011). In a foundation kelp
species [Ecklonia radiata (C.Ag.) J.Ag.], population performance
and vulnerability to a marine heatwave were strongly correlated
to latitudinal patterns in intra-specific genetic variation. A heat
wave extirpated kelp forests with low genetic diversity (Wernberg
et al., 2018), demonstrating a relationship between intra-specific
genetic variation and ecological resilience. This is an empirical
example of how loss of intra-specific genetic diversity could
likely reduce a species phenotypic plasticity or adaptability,
and ultimately drive widespread cascading effects on ecosystem
structure and functioning. However, another field plotting
experiment showed that nutrient conditions, rather than genetic
heterozygosity of the strains, affected the farming productivity
and physiological response of the red alga Agarophyton chilense
(C.J.Bird, McLachlan, and E.C.Oliveira) Gurgel, ].N.Norris and
Fredericq (as Gracilaria chilensis) in Chile (Usandizaga et al.,
2018). It is thus important to study both abiotic and genetic
factors to better understand acclimation and/or adaptation of
marcroalgae responding to environmental change.

GAPS IN THE LINK BETWEEN ECOLOGY
AND GENETICS IN MACROPHYTES

For long, there exists a knowledge gap in the connection
between ecology and genetics of macrophytes, especially in
algae (Valero et al,, 2001; Hughes and Stachowicz, 2004). In
part this may be attributed to limited research interest and
conceptual gaps in existing approaches that try to integrate
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TABLE 3 | Summary of studies illustrating the ecological consequences of intra-specific or inter-specific genetic diversity at different organization levels in

marine macrophytes.

Organization level Ecological consequences

References

Population

e High intra-specific diversity increases net primary productivity, but not secondary productivity, of an

introduced alga in the mid-intertidal in summer
Community-trophic

e Higher intra-specific genetic diversity enables seaweeds to have better fitness/adaptive capacity

e Increasing intra-specific diversity of prey can promote the evolution of the predator population, in

Pearson et al., 2009

Gerstenmaier et al., 2016

Yoshida et al., 2003

turn leading to dynamic consumer-resource interactions

e Higher inter-specific diversity decreases the resistance, but increases the resilience to disturbance

in a seaweed community

e Intra-specific genetic diversity of a foundation species functionally affects the abundance and

composition of associated communities
Ecosystem

e Macroalgal species identity and richness consistently provide a positive effect on primary

Allison, 2004
Jormalainen et al., 2017

Bruno et al., 2005

productivity (net photosynthetic rate) and biomass accumulation

e Increased inter-specific diversity of seaweeds enhances nitrogen uptake, and hence primary

productivity and ecosystem functioning

e Increased intra-specific genetic diversity of a seagrass can enhance ecosystem functioning and

recovery

e Species diversity lost in the macroalgal turf assemblage causes the decline of gross community

productivity and ammonium uptake

e Intra-specific genetic diversity contributes to a kelp species’ eco-physiological performances to a
severe heat wave, and hence ecosystem vulnerability

Bracken et al., 2008

Reusch et al., 2005

Davies et al., 2011

Wernberg et al., 2018

population genetic tools into ecological studies, despite technical
viability. Since the 1990s, eco-genetic studies have mainly been
conducted on fish, gastropod, barnacle, and mussel models,
with the primary aim to identify specific genetic loci that are
correlated with environmental shifts and adaptation in the North
Atlantic region (Schmidt et al., 2008). These studies mostly
used allozymes, microsatellites, and DNA sequencing (Table 1)
and found strong historical and demographic footprints in the
observed clines of genetic variation, as well as secondary inter-
gradation between genetically subdivided populations (Schmidt
et al., 2008). However, signs of local adaptation (e.g., Fst outlier
analysis) may often be a result of secondary introgression and
endogenous (e.g., environment-independent) genetic barriers
known as tension zones (Bierne et al., 2011). Macroalgae such as
F. vesiculosus and C. tenuicorne, but also U. intestinalis and Ulva
compressa (Leskinen et al., 2004; Steinhagen et al., 2019a,b) are
clearly subject to ecological variation (e.g., reproductive mode,
resistance to freezing and desiccation, morphology) along the
Baltic Sea and the North Sea coasts, that differ considerably
in several environmental parameters such as salinity and tide.
Therefore, they provide interesting model systems for the
screening of neutral vs. non-neutral markers in populations
that are subject to environmental selection (e.g., by salinity or
duration of air exposure during low tide). However, a quantitative
identification of genetic and phenotypic traits under selection is
still largely missing.

Phenotypic plasticity, genetic assimilation, cryptic genetic
variation, and widespread environmental changes can
interplay with each other to generate adaptive radiations
and divergence in marine species (Schneider and Meyer,
2017; Sandoval-Castillo et al., 2018). This situation leads to
considerable challenges when adaptive genetic variation has to
be discriminated from the standing stock variation induced by
environmental conditions. It also leads to technical challenges

in the application of high-throughput screening methods [e.g.,
single nucleotide polymorphism (SNP)] when phenotypic
adaptation of macrophytes has to be linked to genetic variation.
For instance, genome-wide SNP genotyping has allowed for the
identification of genetic signatures of adaptive genetic variation
after selection by stresses in plants and insects (Namroud et al.,
2008; Chéavez-Galarza et al., 2013). However, to our knowledge,
SNPs have been primarily used to study the overall population
genetic structure in macroalgae (Canovas et al, 2011; Olsson
and Korpelainen, 2013; Provan et al., 2013; Yesson et al., 2018),
including the effect of water depth and light radiation on the
distribution of cryptic algal species using seascape genomics (De
Jode et al., 2019). Only in a few cases SNPs have been employed
to detect neutral or adaptive genetic loci linking to adaptive
traits, despite quantitative trait loci (QTL) identification of
SNPs associated to thermal adaptation and available plasticity
(Cerutti et al., 2011; Flowers et al., 2015; Avia et al., 2017).
Future studies could focus on species exhibiting clear phenotypic
divergence among environments as those mentioned above and
use genome-scale genotyping to link genetic variation to local
adaptation and associated molecular mechanisms. These may
involve disentangling plasticity from heritable variation before
searching for putative loci under divergent selection among
habitats. At the same time, when reference genomes become
available, experimental designs and bioinformatic pipelines need
to take into consideration of the haploid-diploid life cycles in
macroalgae (Krueger-Hadfield et al., 2019).

SOLUTIONS: SELECTING SUITABLE
RESEARCH MODELS AND SYSTEMS

To unite population ecology and genetics, one intuitively seeks
to focus on ecological factors within a changing environment,
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which can differ categorically (e.g., subtidal vs. intertidal or
exposed vs. sheltered, or south coast vs. north coast of an island),
change gradually along a coast (e.g., salinity or temperature), or
scatter more or less randomly through the entire distribution
range of a species (e.g., substrate type) (Rellstab et al., 2015).
For macrophytes, for example, salinity, water depth, and tidal
amplitude (Kostamo et al., 2012; Krueger-Hadfield et al., 2013)
are potential target factors that could come into focus if ecological
adaptation under divergent natural selection is to be studied.
From this point of view, seascape genetics is an ideal approach
to unite ecology and genetics of macrophytes. For instance,
early seascape genetics in macroalgae indicated that habitat
continuity (Alberto et al., 2010), oceanographic distance (Alberto
et al,, 2011), and continental boundary currents (Coleman et al.,
2011) can contribute to range-wide population connectivity
and genetic differentiation in kelps, as well as in fucoids
(Buonomo et al., 2017). Vertical gradients can cause strong
structure at smaller scale, as tidal range can structure micro-
geographic population genetic variation in the red alga C. crispus
(Krueger-Hadfield et al., 2013). Seascape studies showed that
not only cross-shore distribution range and residence depth,
but also oceanographic transport, isolation-by-environment, and
the availability of suitable intervening habitat can determine the
genetic structure of kelp populations (Robuchon et al., 2014;
Johansson et al., 2015; Durrant et al., 2018), highlighting that
population genetic variation of macrophytes can be structured by
interactive ecological and geographic factors over time and space.

The particular research system or model is an important
determinant of the outcomes of uniting ecology and genetics
in macrophyte. For instance, the semi-enclosed Baltic Sea is
an evolutionarily young marine ecosystem and has established
its current environmental extremes only about 8500 years ago
(Andrén et al, 2011). Most of the marine species present in
the Baltic Sea today are survivors of a more diverse postglacial
flora and fauna established during the Littorina period, 8000-
4000 BP, during which the Baltic Sea was more saline than
today (Johannesson and André, 2006; Andrén et al, 2011).
For example, the endemic alga Fucus radicans L.Bergstrom and
L.Kautsky stemmed from an isolated lineage of the wide ranging
F. vesiculosus (Pereyra et al., 2009). Therefore, the pronounced
salinity and temperature gradients from the South West toward
the North East make the Baltic Sea an ideal natural ecosystem
to study neutral and/or adaptive genetic variation in macroalgae.
This prediction has already been confirmed for other marine
organisms in the area (Johannesson and André, 2006; Guo
et al., 2016). The North Atlantic has also been proposed as a
model system for marine ecological genetics (Schmidt et al.,
2008), but its Eastern and Western coast lines experienced long
and complicated habitat changes during the Quaternary ice
ages that probably exerted considerable impact on the diversity
and distribution of marine species (Schmidt et al., 2008). This
means the role of historical (e.g., range shifts driven by climate
fluctuation) and contemporary influences (e.g., natural selection
driven by environmental gradients) needs to be disentangled
cautiously when adaptive genetic variation in the field is to be
detected (Epps and Keyghobardi, 2015).

Genome sequencing techniques currently revolutionize our
understanding of how marine species respond and adapt
to environmental change. The complete genomes have been
assembled of the macroalgae Ectocarpus siliculosus (Dillwyn)
Lyngbye (Cock et al., 2010), C. crispus (Collén et al.,, 2013),
Porphyra umbilicalis Kutzing (Brawley et al., 2017), S. japonica
(Ye etal., 2015) and Ulva mutabilis Foyn (De Clerck et al., 2018),
Pyropia yezoensis (Ueda) M.S. Hwang et H.G. Choi (Wang et al,,
2020), and the seagrass Z. marina (Olsen et al., 2016). This makes
these species candidate models to link eco-physiology to genetics
and beyond, for example, the identification of candidate male
reproductive genes and mutant generation in E. siliculosus (Peters
et al., 2008; Lipinska et al., 2015), the specific adaptive responses
and mechanisms to environmental extremes in C. crispus and
P. umbilicalis (Knoth and Wiencke, 1984; Collén et al., 2010),
or the interactive genetic and environmental impact on thallus
morphogenesis in U. mutabilis (Wichard et al., 2015). These
genome resources can provide unprecedented opportunities
to identify potential genes or genomic loci underpinning
adaptive evolution and responses to environmental selection,
using outlier analysis (e.g., genotype—environment association
methods) (Forester et al, 2016). It is also promising to seek
for a model species that can colonize new habitats rapidly
and exhibit profound adaptive capability and resilience to
environmental shifts. The candidate species like E. siliculosus,
P. umbilicalis, P. yezoensis, and U. mutabilis having their genomes
sequenced could provide natural experimental systems to obtain
a better understanding of ecological adaptation and evolution of
macrophytes over ecological timescales (Colautti and Lau, 2015).

Inferences based on a single species or environmental factor
can have limitations when connecting population ecology to
genetics. After all, two-way interactions between the eco-genetic
features of species and their surrounding environments are
quite common. Recent studies have shown that some heritable
traits in a single species can affect the entire community
and ecosystem (Kettenring et al, 2014). In this context,
community and ecosystem genetics (Whitham et al., 2006) or
eco-evolutionary dynamics (Rodriguez-Verdugo et al., 2017),
which place community and ecosystem within an evolutionary
framework, can provide promising insights into how ecological
factors have driven the evolution of phenotypic traits and
genetic variation, and how ecological processes (e.g., energy flow,
nutrient cycling, and habitat selection) have altered interactions
between species and biotic/abiotic environments (Kettenring
et al., 2014; Rodriguez-Verdugo et al., 2017). Certain heritable
variation is, by definition, passed (at least partially) from
one generation to the next, providing a chance to uncover
the mechanistic processes of heritability (Whitham et al,
2006). Hence, population genetics and quantitative genetics
of macroalgae may help us to answer some basic questions
concerning the construction and maintenance of coastal marine
communities and ecosystems. Some of these questions are
the following: (i) What are the ecological consequences (e.g.,
the differentiated phenotypic plasticity and stress-resistant
capability) of genetic variation shifts within a macroalga (intra-
specific effects), including the associated effects on retaining
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or enhancing community structure and ecosystem function?
(ii) What are the ecological effects of the removal of alleles
with the highest frequencies in a foundation macroalga in
a structured community through consumption along altered
trophic cascades? (iii) Would different bioregions or macroalgal
populations with unique genetic variation possess different
adaptive capacities? (iv) Do species interactions and species’
population stability truly rely on only one or few genotypes in
a macroalgal species, and if so (v) through which mechanisms
would genetic variation of macroalgae affect the ecological
properties of coastal marine ecosystems? For example, epigenetic
effects have been identified to contribute to phenotypic variation
in genetically depauperate invasive populations (Richards et al,,
2012). One could examine whether the worldwide invader
Sargassum muticum (Yendo) Fensholt with almost no intra-
specific genetic diversity (Le Cam et al., 2020) was driven by
ecological adaptation or by epigenetic variation (no changes in
DNA sequences but heritable structural modification such as
DNA methylation).

CONCLUDING REMARKS

The unraveling of the underpinning mechanisms of ecological
adaptation and evolution in macrophytes is in its infancy. To
unite ecology and population genetics in macrophytes remains
a formidable challenge. However, the invasive nature of some
macrophytes offers an opportunity to do this. The circumstance
that non-native populations appear as more resistant to multiple
stresses irrespective of the invaded ecological realm suggests
that selection either occurred very early or multiple times
during the invasion. Many macroalgae are characterized by a
haplodiplontic life cycle in which meiosis and fertilization are
spatiotemporally separated by long-lived haploid gametophytes
and diploid sporophytes. For example, the haploid gametophytes
and diploid tetrasporophytes of the invasive A. vermiculophyllum
(Synonym: Gracilaria vermiculophylla) in native habitats usually
form mixed stands that typically grow attached to hard substrate
and which are slightly dominated by diploid specimens (Krueger-
Hadfield et al., 2016). In contrast, non-native populations in
most cases occur in soft bottom habitats and consist nearly
exclusively of tetrasporophytes. This indicates that allocating
more resources into the fitness of diploids than into the
fitness of haploids might increase the chance of translocated
A. vermiculophyllum to establish successfully. Therefore, taking
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