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Marine macrophytes are the foundation of algal forests andesagrass meadows—some
of the most productive and diverse coastal marine ecosystes on the planet. These
ecosystems provide nursery grounds and food for sh and inveebrates, coastline
protection from erosion, carbon sequestration, and nutriet xation. For marine
macrophytes, temperature is generally the most importantange limiting factor, and
ocean warming is considered the most severe threat among gleal climate change
factors. Ocean warming induced losses of dominant macrophtgs along their equatorial
range edges, as well as range extensions into polar regiongre predicted and already
documented. While adaptive evolution based on genetic chang is considered too
slow to keep pace with the increasing rate of anthropogenic evironmental changes,
rapid adaptation may come about through a set of non-genetianechanisms involving
the functional composition of the associated microbiome, a well as epigenetic
modi cation of the genome and its regulatory effect on gene gpression and the activity
of transposable elements. While research in terrestrial pits demonstrates that the
integration of non-genetic mechanisms provide a more holtg picture of a species'
evolutionary potential, research in marine systems is laggy behind. Here, we aim to
review the potential of marine macrophytes to acclimatizerad adapt to major climate
change effects via intraspeci c variation at the genetic, pigenetic, and microbiome
levels. All three levels create phenotypic variation that ay either enhance tness
within individuals (plasticity) or be subject to selectioand ultimately, adaptation. We
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Duarte et al. Shifts in Seagrasses and Kelps

review three of the most important phenotypic variations i climate change context,
including physiological variation, variation in propagan success, and in herbivore
resistance. Integrating different levels of plasticity,al adaptability into ecological models
will allow to obtain a more holistic understanding of trait ariation and a realistic
assessment of the future performance and distribution of m@ne macrophytes. Such
multi-disciplinary approach that integrates various levs of intraspeci ¢ variation, and
their effect on phenotypic and physiological variation, i®f crucial importance for the
effective management and conservation of seagrasses and ntaoalgae under climate
change.

Keywords: seagrasses, kelp forests, physiology, epigeneti cs, microbiome, modeling, early life stages, global
climate change

CLIMATE CHANGE IMPACT ON MARINE in marine benthic habitats, commonly known as seagrasses
MACROPHYTES (marine angiosperms) and brown macroalgae. Seagrasses are
Archaeplastida, the primordial photosynthetic eukaryote group
Burning of fossil fuels since the eighteenth century Indiast which includes also green and red algae. In contrast, brown
Revolution increased the atmospheric £Gbncentration from macroalgae are Stramenopiles (SAR), a lineage that gained
a pre-industrial level of 280 ppm te 400 ppm (reached in chloroplasts in some groups by secondary endosymbiosis from
2013), a level that has not been reached over the past fewmilli other eukaryotes. Brown macroalgae (hereafter referredsto
years [onastersky, 2093 Increasing levels of COenhance macroalgae) include fucoids that grow mainly in the inteét,
the greenhouse e ect, trapping more solar radiation near thend kelps, a term used to designate large subtidal brown algae
earth surface, which causes an increase in global tempegstumost with a heteromorphic life cycle in the orders Laminagw|
(Keller, 200%. About 80% of the excessive heat is absorbed bYilopteridales, and Desmarestiales. An exception is bull kelp
the ocean. Consequently, average global ocean temperhawes that is classi ed as a fucoid. Taxonomic understanding athbo
increased by 0.€ in the upper 700m during the twentieth groups remains incomplete and in need of further re nement
century Qomingues et al., 2008and currently (2001-2005 (reviewsHartog and den Kuo, 2006; Bartsch et al., 2008; Bolton,
average) rank among the highest levels recorded during tee pa201(), despite recent advancesafie et al., 2006; Aires etal., 2011;
1.4 million years llansen et al., 2006 Concomitantly, ocean Coyer et al., 2013; Rothman et al., 2015, 2017; Jackson et al.,
uptake of atmospheric COleads to ocean acidi cationdoney  2017. The continued application of genome-wide markers and
et al., 200R Further consequences of rising temperatures arenultigene phylogenies will likely reveal previously overlooked
ranging from changes in atmospheric and ocean circulationtaxonomic and biogeographic lineages (eTgllier et al., 2009,
over changes in season succession, as well as in storm aifl).
precipitation patterns, to drought periods and altered thermal Both seagrasses and brown macroalgae are not only
environments Reay et al., 2007; Poloczanska et al., ROA3 key primary producers, but also foundation species that
cascade of extreme thermal events became particularlyrevidgn uence ecosystem structure and function by creating
in the last years, with severe increases in both frequendy aocally stable conditions and habitat for other species,
intensity (Reay et al., 2007; Field et al., 2)land aected while supporting some of the most productive and diverse
phenological cycles in both adult forms and early-life stagesoastal marine ecosystems on the plan€@bgtanza et al.,
of many marine organismsPploczanska et al., 2018ummer 1997; Spalding et al., 2007; Chung et al., 2011; Smale et al.,
warm extremes have increased by about 10% since the 1960'9(wl3; Thomson et al., 2015; Teagle et al., ROMarine
1970's in China and Europerén et al., 2002; Klein Tank et al., macrophytes further provide ecosystem services, such as food
2003; Alexander et al., 200&nd the European heat waves in for invertebrates and sh, a blue carbon sink, nutrient xa,
summer 2003 and 201@Béniston and Stephenson, 2004; Schaand protection of the coastline from erosioRrocaccini et al.,
and Jendritzky, 2004; Barriopedro et al., 20taused major 2007; Harley et al., 20L.2While macroalgae predominate
community shifts and local species extinctions (e@pjrabou on rocky shores in temperate to polar regionStgneck
etal., 2009; Sorte et al., 201ihcreasing ocean temperature and et al., 2002; Bolton, 20),0seagrasses predominate on sandy
changing chemistry a ects physiological performance, baravi shores from temperate to tropical regionsShort et al.,
and population dynamics of all marine organisms, from primary2007.
producers to upper-trophic-levels, including shes, seahiatsd Seagrass beds and kelp forests are increasingly threatgned
marine mammalsPoney et al., 2072 a variety of stressorgOfth et al., 2006; Waycott et al., 2009;
With the exception of hydrothermal vents in the deep seaKrumhansletal., 20)6The combined e ect of multiple climate-
photosynthetic primary producers are at the base of all foodthange related stressors on the extinction risk and proditgtof
webs. Here, we focus on macrophytes as key primary producemacrophytes can be additive, synergistic, or antagonistiah(
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et al., 2011, 20)5and may not be predicted from the individual A LEVELS OF INTRASPECIFIC VARIATION

e ect of each variable operating in isolatiod4rling and Coté, CREATING PLASTICITY AND
2009. Nevertheless, for many marine macrophytes, temperatur)g\DAPTABl LITY

is the most important range limiting factor, and ocean wargin
is considered the most severe threat among global climategdn A1 Genetic Variation and

factors Diaz-Almela et al., 2007; Moore et al., 2012; JUeterbOCStruCture_Explained by Biogeographic
et al., 2013; Araujo et al., 2016; Assis et al., 2017a; Repahp e History

2017. In contrast, the predicted rise in ocean g@oncentration . . .
o - . Geographic patterns of neutral genetic structure in macraalg
is likely to have a positive e ect on growth and photosynthesis . LY
o and temperate seagrass species frequently reveal the imprints
because most macrophytes are carbon-limited at currentrocea . . . . .
. . . of ancient, often multiple refugia that arose during past glaci
dissolved inorganic carbon (DICK(ch et al., 201)3 However, . : AR
. . N ; . cycles and persist to the present day, revealing distinct georet
the e ect is unlikely to be big since the predicted long-terrseri o .
. . phylo-groups sharing limited gene ow. In the Mediterranean,
in CO; falls several orders of magnitude below currentGdd . R : A
. L ancient vicariance events, hypothetically attributed tce th
PH uctuations within seagrass beds and kelp foresiaqerne Messinian Salinity Crisis, were reported in the seagrasses
et al., 2013; Wahl et al., 201 7Thus, in this review we mainly y ! P 9

. . . Posidonia oceanicgArnaud-Haond et al., 2007b; Serra et al.,
focus on ocean warming as the most important cllmate-changEOlQ and Ruppia spp. (riest and Sierens, 20)l4although
e ect. . '

niche modeling indicated that the present phylogeography of

changes vary strongly between geographic regiemsnghans| B. oceanicais also shaped by more recent climate refugia
9 'y gy geograp g . (Chefaoui and Serrao, 20l Mediterranean-Atlantic vicariance
et al.,, 2015 but macrophyte losses are concentrated in . . L .
- . ~with two glacial refugia in West Africa and the Eastern
warm-temperate to tropical regionsN{castro et al., 2013;

Fraser et al., 20)4Physiological, genetic, and modeling dataMed_nerr_an(_aan_was suggested @ymodocea nodostzased on
. - allelic distributions Alberto et al., 2008 and niche models
predict, and already document, that rising temperatures eaus . L : .
- . : . . (Chefaoui et al., 20)7Across latitudinal gradients, a recurring
massive die-o0 s of genetically unique populations along warms

S L theme is genetically unique and rich low latitude rear edge
temperate distribution limits and open up new thermally . . . A
suitable habitat in polar regionsWemnberg et al., 2011: populations and low-diversity poleward along post-glacial
Jueterbock et al 2%13 20%6' Brodie etgal 20'1’4, Kra{u expansion fronts (e.g., foZostera noltii Coyer et al., 2004;
Jensen and Dua.r’te 20’14_ VaI’Ie ot al 201"1’_ Oles;an ot a.iekmann et al., 2005while central latitudes can be genetically
2015 Assis et al 12016a’ 2017a: M nléles ot ’al ).2Blsv rich (Zostera marinaDiekmann and Serrao, 20).ZSome works
' ’ ' Y o Bointouttostrong impacts of climate change on seagraséeie(
fast and far warm-temperate range edges will retract towar

. . . e etal, 201%and macroalgaeWernberg et al., 2011; Jueterbock
higher latitudes largely depends on the macrophytes' atiiity . " 5413 acgis et al., 2016ab, 2017a; Neiva et al), 2016
rapidly acclimatize or adapt to warm temperature extremes. In

. . with poleward shifts at low diversity expansion fronts, while
contrast, how fast and far poleward range-edges will exteta in _. P . . ty exp
signi cant diversity near the rear edge may be lost.

polar regions does not only depend on suitable temperatures o .

. . . A range of life-history and oceanographic features can serve
for reproduction, but also on the macrophytes' ability to SO gy . .

. o . to maintain existing population or metapopulation structure.
adapt to the extreme polar light conditions with month-long . : .
. eagrass meadows often spread via vegetative clonal expansion,
winters of constant darkness, and month-long summers of . = "°°. : .
ith individual clones reaching extreme age and extent ifgto

ggrgtant light (rause-Jensen and Duarte, 2014; Berge et a]Ii\\l’/ed species (e.gRosidonia oceanic&rnaud-Haond et al.,

. . . . 2012o0r Zostera marindReusch et al., 1999Clonal propagation
The aim of the present paper is to review the potentia . ) . .
. S ._creates challenges for genetic and biogeographical studies
of marine macrophytes to acclimatize and adapt to majo

i h 2 th il . i . r(Arnaud-Haond et al., 200Jasuch as requiring high resolution
climate change e ects via three pillars of intraspeci ¢ vaoat genetic markers for identifying individuals. Notwithstding the

(Figure 1). A holistic picture of ecologically and evolutionary jmhortance of sexual propagation for seagrassesiirick et al.,
relevant variation integrates genetic variation (A1) witbn- 5413 ts principal role may be recolonization after disturbance
genetic mechanisms, involving the functional composition 0 (Marba and Duarte, 1995

the epigenome (A2) and the microbiome (A3). All three  keins disperse via haploid meiospores, subsequently followed
levels create plasticity and adaptability via phenotypic #amna  ,y syngamy between closely spaced (ca. 1 mm) benthic dioicous
Most important in a climate change context is physiologicalyzje and female microgametophytes. As fertilization ocatter
variation (B1), variation in propagation success (B2), and ife planktonic phase, low dispersal distance and inbreeding may
biotic interactions (B3). We dq not aim to review ecolog|calbe the norm Reed et al., 2004b; Raimondi et al., 2011; Johansson
eects on macrophyte associated ecosystems, but on thg 5 201p although km-scale dispersal is possible given a
macrophytes themselves. Our ultimate goal is to provide hisig suitably large source populatioRéed et al., 200)ia

into_recent and novel approaches that might be integrated o “piggeographic scales, dispersal of viable vegetative
in multidisciplinary studies and |ntegrat|ve_ niche mOde“”gfragments, larger-scale rafting, or sexual propagules isizme
approaches (C) toward a better understanding of the future of, srface currents transporting viable materialierto et al.,
these foundation species in a changing wofti(re 1). 2011; Johansson et al., 2015; Assis et al., J0Htwever,
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INTRASPECIFIC VARIATION
CREATING PLASTICITY AND ADAPTABILITY
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FIGURE 1 | Realistic predictions of future distributions and ecosysim functions of marine macrophytes under climate change rglon multi-disciplinary research.
Climate change research should ideally integrate variousvels of intraspeci c variation and their effect on phenotyje and physiological variation. The ultimate goal is
to widen the concept of niche stability in conventional modkéng approaches with this multi-layered plasticity concep

vicariance signatures suggest this type of dispersal isdralyu  dislocation of those adapted subpopulations, and must also be
unsuccessful in producing e ective recruitment in seagrasseanvestigated/modeled as such (asAasis et al., 201§bThus,
(Diekmann et al., 2005; Arnaud-Haond et al., 2007b; Albertdelow the surface of a species with an apparent broad tolerance,
et al., 2008; Serra et al., 2D18ut seeReusch et al. (2000) there may be more specialized sub-populations. However, the los
for Z. marina rafting success in the North Sea. A compellingof genetic variability is likely to act against local adatatof
hypothesis is that, even if oceanographic barriers are incetapl marginal populationsiearson et al., 2009
dispersal into areas already colonized may be ine ective due t Genetic diversity is considered to be the key for future
priority or density-barrier e ects, in which incoming alledeare  adaptation to environmental change, and the long-term
“swamped” by those already present at higher-frequernoy ( survival of speciesB(jlsma and Loeschcke, 201ZGenotypic
Meester et al., 2002; Neiva et al., 2012, 2016 diversity, as one subset of genetic diversity in clonallyagng
Populations dierentiated along a latitudinal gradient species, has been shown to increase productivity, and stress
experience climate change in di erent ways, due to their mgic  resilience in seagrasses and macroalgaelies and Stachowicz,
genetic characteristics and population dynamics. A cleare2004; Reusch et al., 2005; Ehlers et al., 2008nservation
picture of the biogeographic and metapopulation structure ofmanagement integrates the positive relation between genetic
macroalgae and seagrasses will be key to unravel variation diversity and adaptive potential by focusing conservation &sor
functional responses, adaptive potential, and likely resike on populations with low genetic diversity, and by considering
across species ranges. Much remains to be discovered, with tipenetically diverse populations as source populations for
challenge to link genomic(lsen et al., 20)6and functional restoration. However, evolutionary success>df,000-years-old
trait variation (Jueterbock et al., 20),éand integrate this with clonal seagrass beds with extremely low genetic divefgéygch
projected threats arising from a rapidly changing climateisTh et al., 199punder substantial environmental chande(pe et al.,
is particularly urgent for rear-edge and marginal populations2009, and the successful establishment of a putatively small
many of which are under imminent threat. North-European founder population ofEaminaria hyperborea
Macrophytes can be locally adapted to their thermal regimén Arctic Svalbard over the past few decadesil(er et al., 2009;
(e.g.,Zardi et al., 2013; Pereira et al., 2015; Saada et al., 2028sis et al., 2019lchallenge the hypothesis of a straightforward
King et al., in pregs This means that migrations are rather the relationship between genetic diversity and adaptive poanti
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A2 Epigenetic Potential to Adapt to thermal tolerance that may be partly ascribed to CG methylation
Climate Change variants, which is supported by temperature-associated tiamia

Epigenetic variation may contribute to rapid adaptation underin gene-body methylation in natural populations Af thaliana
climate changeZhang et al., 2013; Schlichting and Wund, 2014(Dubin et al., 2015; Keller et al., 2Q1&nd the valley oak
Prokopuk et al., 2015; Herman and Sultan, 2016; Rey et aRQuercus lobatdGugger et al., 20)6Moreover, experimental
2018, as adaptive evolution via DNA based polymorphisms igvarming increased CHH methylation iA. thalianatransposable
often considered too slow to keep pace with the increasing ra€lements pubin et al., 201p and contributed to increased
of anthropogenic environmental chang®intero and Wiens, Methylation variation and adaptive plasticity in seedlingshe
2013. Epigenetic variations are molecular modi cations that@lpine herbWahlenbergia ceracgicotra etal., 2015 However,
alter gene expression, but not the underlying DNA Sequencéhese studies could not resolve to what extent the tempeeatur
and occur in the form of histone modi cations, non-coding associated methylation variants provided an autonomousafay
RNAs, and DNA methylationsfossdorf et al., 2008; Berger et al. @daptation that cannot be simply explained by underlying gienet
2009. Recent studies in the young research eld of Ecologicayariation (Foust etal., 2016; Herrera and Bazaga, $.016
Epigenetics provide increasing evidence for the potential of Epigenetic responses to climate change related stresses have
epigenetic variation to increase plasticity, facilitate smemi t0 date been understudied in marine organisms (reviewed
and accelerate adaptation to new environments and stressfii Hofmann, 201J. One pioneering study on an Antarctic
conditions Schrey et al., 2013; Bonasio, 2015; Verhoeven et d)0lychaete showed that a net increase in DNA methylation
2016 Kilvitis et al., 2017; Richards et al., 2017 contributed to acclimation to warmer temperatures .5 vs.
DNA-methylation ~ variants ~ (epialleles),  epigeneticC4 C), by regulating energy metabolisivigrsh and Pasqualone,
modi cations that involve the addition of a methyl-group 2019. In the European sea bass, a temperature increase®f 2
to cytosines (5-mC) in DNA sequence motifs, are currentlg th Was shown to change global DNA methylation in larval but not
most popular epigenetic modi cation screened in evolutionaryl juvenile stagesAnastasiadi et al., 20).7n the scleractinian
and ecological contextsSthrey et al., 2013; Verhoeven et al.coral Pocillopora damicorni®NA methylation levels increased
2016; Richards et al., 2017The possibility of methylation globally in response to increased pgl@vels (from ambient pH
changes to respond directly to environmental change, and t8-9-7-65 to low pH 7.6-7.35y(tnam et al., 20)6Accordingly,
trigger at least partly heritable changes in gene expressioficreasing DNA methylation likely contributed to phenotypic
resembles Lamarck's theory of the inheritance of acquire@cclimation of the coraStylophora pistillataunder long-term
characteristics§chmitz et al., 2013; Herman and Sultan, 016€Xposure to reduced pHL{ew et al., 201)7 These pioneering
and ultimately challenges the classical theory of evahatip ~ Studies suggest that DNA methylation increases plasticity an
adaptation. adaptive potential in an ocean climate change context. Whég th
The integration of epigenetic variation will certainly proeid focused on marine metazoans, the eld is wide open in marine
a more comprehensive understanding of the ecologically angtacrophytes.
evolutionary relevant variation of marine macrophytes,wer  Seagrasses likely show methylation in the same three segjuenc
much in the light of the recently suggested extended evaatiy ~ CONtexts as terrestrial plants, including CHG, CHH, and CG
synthesis Rigliucci and Miller, 2010 This may enable for (Xie and Yu, 2015; Kilvitis et al., 2017; Richards et al., 017
a more holistic prediction of the susceptibility of populations S0o-called CpG islands represent clusters of CG sites in gene
in terms of both genetic and epigenetic adaptive potentiagPromoter regions, and are commonly associated with gene
and, thus, for a more holistic conservation management unde€Xpression regulationBpssdorf et al., 2008; lllingworth and
climate change. Due to their sessile nature, epigenetiatiani  Bird, 2009; Zhang and Jeltsch, 2]1Transposable elements,
is expected to be particularly relevant for rapid adaptation ofenerally silenced by DNA methylation, can be activated by
marine macrophytes under climate changeéu( 2013. Given stress-induced de-methylation processes and move to new
the ecological key role of habitat-forming seagrass meadowdenomic locationsghang et al., 2006; Slotkin and Martienssen,
and macroalgal beds, epigenetic diversity in these systems2007; Biemont, 2010; Seymour et al., 9018uch “jumping
likely to secure the function of the entire associated calast9enes” can trigger changes in gene expression and genome
ecosystems. For example, DNA methylation enhanced th@ructure, and may facilitate rapid species adaptation to new
productivity’ Competitive advantage’ and pathogen resiﬂan('enVironmental Conditions(sonZéleZ et al., 2010, Chénais et al.,
of Arabidopsis thalianalant populations (atzel et al., 2093  2012; Casacuberta and Gonzalez, 2013; Schrader et al., 2014;
Moreover, since the epigenome plays an essential role in plagtapley et al., 2015; Staton and Burke, ¥0Agcordingly, a
developmentiteng et al., 2010; Gutierrez-Marcos and Dickinsonburst of transposable elements in the genome of the seagrass
2012; Kawashima and Berger, 2J)lits understanding is Zo0stera marinalikely provided novel promoters and splicing
crucial to optimize seedling and gametophyte propagation fofites, resulting in a gain of genes which may have facidtate
sustainable management, restoration, and cultivation efime  its adaptation to the marine environmenO(sen et al., 206
macrophytes. This suggests that DNA methylation changes and associated
Epigenetics research is growing particularly strong irfe-activation of transposable elements can additionally jgla
terrestrial plantsiirsch et al., 2013; Slotkin, 2016; Richards et alimportant role for rapid adaptation of seagrass under climate
2017. A case in point within the context of climate change, ischange.
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Their partial clonal reproduction makes seagrass particylarlthe functional relevance of epigenetic di erences and stress
well suited for epigenetic studies, as it allows to invetiga responses.
epigenetic di erentiation and change without the confoundin As numerous temperate macrophytes are predicted to shift
factor of genetic variation. Vegetative reproduction eslffr poleward under projected climate change (see Biogeographic
circumvents the meiotic resetting of epigenetic marks, thusistory section or niche modeling section), rapid acclimatnd
enhancing the transgenerational epigenetic memory of dlonadaptation potential will become particularly relevant aloheit
plants {Verhoeven and Preite, 2014; Latzel et al., 2016equatorial and polar distribution edges. Initial researctopties
Geographic variation in the degree of clonal reproductionwa  in marine macrophytes with respect to the relevance of epigenet
to study the relevance of epigenetic variation under di erentvariation under climate change, are: (1) to characterize th
reproduction modes. In a 1,000-year old, predominantly clonal relation between epigenetic and genetic variation and #tinec
seagrassZ( maring meadow in the Baltic seaR€usch et al., along latitudinal temperature gradients, and (2) to identify
1999, genetically identical shoots were recently shown to varinduced epigenetic changes in response to climate changedelat
epigenetically in DNA methylationJQieterbock et al., 20).7This  stress, their e ect on TE activity and gene expression, as well a
variation may confer advantages that compensate evolutyonatheir heritability, and thus adaptive potential.
costs of clonal reproductionCouhovniko and Dodd, 2014;
Latzel et al., 2006 and may partly explain the evolutionary . .
success of clonal seagrass meadows in the absence of gerféeMarine Macrophyte Holobionts and
variation. Their Hologenomes

Another route to achieving genetic variation, despite clonaln addition to the above covered mechanisms for adaptation
growth, may be somatic mutations, which have long beemnd acclimation of marine macrophytes, we highlight in this
dismissed as route for adaptive mutational change. How#wey, section that acclimation can also be mediated by changes in
do exist in long-lived seagrasses clon@si(sch and Bostrém, the structure of associated microbial communities. Thesst f
2010 and may confer tness advantages. Interestingly, in cral dividing and evolving members of microbial communities can
genetic heterogeneity has also been observed within cloneBange orders of magnitude faster than their host. Future
(Schweinsberg et al., 2015 climate change conditions can shift host microbiome stunet

In contrast to seagrass DNA, it is still not clear which(microbial composition and abundances) and function. To
species of multicellular brown algae use DNA methylation asvhat extend the host in uences these shifts and whetherehes
epigenetic mechanism. DNA methylation was found in theshifts increase the hosts' tness under changed conditians
genomes of green and red algae, as well as in single-celledcertain, but if so acclimation could be microbiome-meé@iat
brown algae, and in diatomsVaumus et al., 2011; Tirichine (Webster and Reusch, 20170ver the last decade, it has
and Bowler, 2011; Veluchamy et al., 2D1MSAP analysis become increasingly clear that the tness of macro-orgasism
detected DNA methylation also in the kefaccharina japoni¢a is at least partially determined by their associated micrtzhio
with higher methylation-levels in sporophytes (ca. 25%) athe microbiome, consisting of archaea, bacteria, fungusas,
compared with gametophytes (ca. 5%)u et al., 2013 In  protists, etc., all together with the host forming a holokion
contrast, undetectable 5-mC and C5-methyltransferaseg@n In the marine realm, microbiomes have been studied especially
the genome oEctocarpus siliculos@Sock et al., 200)suggests in corals and spongesBpurne et al.,, 2016; Keller et al.,
a lack of DNA methylation as a derived feature in the browraélg 2016; Hernandez-Agreda et al., 2D1Although macroalgae
order Ectocarpales. Sequence contexts and inheritancematte and seagrasses form habitats worldwide known as hotspots of
of DNA-methylation variants are entirely unknown in brown biodiversity and production, we know little about the micred
macroalgae. in these ecosystems3¢ngtsson et al., 20),2but seeClasen

The rst steps in marine macrophyte epigenetics can be takeand Shurin (2015for an ecosystem approach. The relative few
with existing high-throughput techniqued_éird, 2010; Zhang microbial studies performed have focused almost exclusively
and Jeltsch, 2010; Richards et al., J0Bisul te sequencing is on (epi-)bacterial communities associated to seagrassds an
considered the 'gold-standard' to characterize DNA-médkipn  macroalgae, neglecting most other microb8gi{gtsson et al.,
as the only method resolving nucleotide-level polymorphism&012; Bockelmann etal., 2012, 2013; Michelou et al., 201&IBra
(Schrey et al.,, 2013; Adusumalli et al., 20IWhile whole et al., 2014, 2017; Cucio et al., 2016; Singh and Reddy).2016
genome bisul te sequencing is still expensive for large sampl@n top of that, particularly functional interactions betwee
sizes, reduced representation techniques, such as RRBS (marine macrophytes and their microbiomes are poorly known.
et al.,, 201), bsRADseq Trucchi et al., 201 and epiGBS Molecular ecology of seagrass and macroalgae microbiomes is
(van Gurp et al., 20)6allow for cost-e ective population a young research eld. With the progress in high throughput
epigenetic comparisons, partly without the need for a refeeencsequencing, it has the potential to radically inuence our
genome. Alternatively, DNA-methylation can be charaated understanding of seagrass and macroalgae ecology.
with markers obtained via methylation-sensitive restdnt Marine macrophytes associate with bacterial communities
enzymes, such as EpiRABdhield et al., 20)@nd MethylRAD  that di er strongly from those of their surrounding seawater
(Wang et al., 2025 While epigenetic population comparisons sediment or substrateBengtsson and @vreds, 2010; Bengtsson
and stress responses can be studied for any species with DN&- al., 2010; Aires et al., 2016; Cucio et al., POHéwever,
methylation, an annotated reference genome is essentiafép  bacterial communities associated to marine macrophytesaire
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xed and can change temporally and spatially across seasornsyolved in the production of biologically active and deferesi
lifespan, life stages and tissue types by biotic and abiatiorf® compounds, protecting the host from pathogens, herbivores,
(Staufenberger et al., 2008; Aires et al., 2016; Mancusa, et fouling, and chemical intrusiongurgess et al., 1999; Rao et al.,
2016. While bacterial communities of some macroalgae appeat007; Penesyan et al., 2009; Egan et al., 2014; Saha et4l., 20
species- or even lineage-specikiles et al., 2016; Vieira et al., Bacterial antimicrobial metabolites negatively aect fogli
2019, this is yet unclear for kelps and seagrasses due to the lawwganisms and control microbial communities on macroalgae
number of studies with inter-species comparisons. Recentteesusurfaceskgan et al., 2000; Joint et al., 2007; Romero et al.)2011
(Cucio et al., 201suggest that sympatric seagrass species (in thia L. saccharinahalf of the bacterial strains isolated byiese
caseZ. maring Z. noltej and Cymodocea nodgsenight share et al. (2009)demonstrated antimicrobial activity, inhibiting
largely the same rhizosphere community. Similar resultsewerthe growth of at least one Gram-negative and Gram-positive
very recently obtained byJrump et al., 201Bfor a comparison  bacterium.
between sympatricZ. marina and Z. japonicain Oregon, In the light of rising seawater temperatures and consequent
USA using metatranscriptomics and 16S amplicon sequencingtress conditions for seagrasses and macroalgae resutting
The co-occuring Halophila ovalis Halodule uninervis,and northward shifts of their species distribution, it is importaio
Cymodocea serrulataach showed unique root microbiomes, assess the role associated microbiomes can perform for their
as light was experimentally reduced their root exudation wammacrophytic host. Increased physical disturbances and stress,
altered which reduced the abundance of microorganisms thaesulting from changing environmental conditions, are knoto
are potentially bene cial to the seagrasses, but not the ptedi a ect the macroalgae-associated microbial compositione(ctily
function (Martin et al., 201R or via its physiological responses) and cause its structural,
Only few macroalgae have been the subject of microbiomiinctional or behavioral changessfecke et al., 2010; Egan
studies. OnL. hyperboreaone of Europe's most important et al.,, 2013; Hollants et al., 2013; Dittami et al., 2016
marine forest former, epibacterial diversity increaseshvtite ~ Microorganisms seem to be able to play a pivoting role in
age/successive colonization of the kelp surfaBen(@itsson enabling macrophytes to expand their physiological capacities,
et al.,, 201 Bacterial density and community composition broadening their environmental toleranc&gecke et al., 2010;
follow the kelp seasonal growth cycle. As most of the bio ImEgan et al.,, 2013; Hollants et al., 201k a species of
seems to consist of bacteria utilizing carbon produced byhe genusEctocarpudor example, speci c bacteria are linked
the host Bengtsson and @vreds, 2(1ficrobiome dynamics to low salinity tolerance inEctocarpuscultures facilitating
are probably strongly linked to seasonal changes in thacclimation to environmental changeDittami et al., 201)
kelp metabolome and seawater temperatuBer{gtsson et al., To what extend the marine macrophyte microbiome could be
2010. A recent study using shotgun metagenomics suggestsimvolved in thermal acclimation and adaptation is not known.
complementary and mutualistic relationship between thedésm In terrestrial plants, fungal symbionts increased plant bé@s
gametophyte of the kelfaccharina japonicnd its microbiome, under various global change scenarios, including warming
in which bacteria seem to benet from kelp polysaccharidegKivlin et al., 201} In their review, the authors conclude
and the kelp prots from enhanced growth and nutrient that it is critical to include plant-fungal symbioses in the
uptake by bacterial bioactive compounds such as vitamins angrediction of ecosystem response to global change/liq
hormones (i et al., 201)7 Gene functions within this kelp epi- et al., 2018 In some cases, however thermal tolerance involves
microbiome were mainly symbiosis-associated, indicatinat more partners.Marquez et al. (2007showed elegantly that
selective pressures shape these microbiomes to sustain aimuta virus of a fungal endophyte of a tropical grass confers
bene t for both kelp and bacterial( et al., 201)7 heat tolerance to both organisms enabling them to grow at
Macroalgae associated bacteria can have a wide range hogh soil temperatures. Experimental warming Gymodocea
bene cial e ects for their host. Already at a very early stagenodosaand Labyrinthula spp. that cause seagrass wasting
of development, macroalgae can depend on associated bactedsease, showed that the seagrass was not more susceptible to
Green algae of the genltilva, for example, depend on bacterial infection at higher temperature. On the contrary, lesionesiz
compounds for induction of cell divisions, di erentiation,all  decreased with warmingQ(sen et al., 20)4 Based on these
formation, and hence a normal morphogenesizdvasoli and cases it seems likely that also the macrophyte microbiome
Pintner, 1980; Matsuo et al., 2003; Wichard, 2015; Gruenebeis linked to environmental tolerance, including warminghd&
et al., 2015 We are not aware of similar ndings reported for only study that combined elevated temperatures and ocean
kelp or seagrasses. Kelp associated bacteria can havengrovécidi cation showed that elevated temperatures alone drive
promoting e ects, like noted folL. japonica(Dimitrieva et al., dysbiosis in Macrocystis pyriferaunder which kelp growth
2009 and provide nutrients. In more than half of the algal was also negatively a ectedVi{nich et al., 201). However,
kingdom bacteria provide vitamins to their host€1ft et al., acidi cation counteracted the elevated temperature e ects
2009. Azotobacterbacteria associated with the green algaesulting in positive kelp growth and a commensal microbial
Codium fragile,for example, were shown to be involved in community that increased mucus productiovi{nich et al.,
nitrogen xation, and are thought to supply the alga with 2017. Although it is not clear whether the microbiome changes
nitrogen compoundsklead, 197h Diazotrophic heterotrophic in reaction to a change in the health of the hostwice versa
bacteria in seagrasses rhizosphere are involved in nitrogdprobably a tight and complex interaction of the two), it is
xation (Welsh, 200p Macrophyte associated bacteria are alsincreasingly clear that the interaction of global changediact
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on marine macrophytes and their microbiomes should be moreeduce oxygen solubility and CQavailability Geardall et al.,
investigated. 1999. Photosynthetic e ciencies are severely impaired by
The association with microorganisms may allow marinelow light and/or high temperature conditionsYprk et al.,
macrophytes to acclimate/adapt to warming conditions by2013. Kinetically, photosynthesis increases with increasing
changing the composition of microbiota, a process that catemperatures until an optimum temperature point or range of a
be much faster than by genomic evolution. Therefore, thdew degrees, beyond which it declines rapidhagison, 199)L
diverse microbiota can possibly assist the macrophyte hoiibi  These physiological imbalances increase respiratory ggtanid
functioning and survival under elevated temperatures. Ashift marine forests and seagrass beds from carbon sinks to
the combination of host and microbiota genomes, i.e., thearbon sourcesY(ork et al., 2018 Most photosynthetic changes
hologenome, might in some cases act as a unit of naturare due to damage at the chloroplast levetpolho et al., 20)7
selection, the association with microbes might play a ctuciarhermal-stress induced structural alterations at the plsgttem
role in the acclimation of marine macrophytes to warming. Atll (PS Il) reaction centers can lead to photoinhibition ovewrsral
this moment, few studies address this issue in seagrasses aays Campbell et al., 2006so that the a ected macrophytes
macroalgae. However some evidences are already documentipend on the respiration of their storage compounds. Moreover,
in lamentous algae Dittami et al., 201} Holobiont evolution  thermal stresses have a very typical signature at the PSell lev
requires strict partner delity and will only work under vedal (Srivastava et al., 1997; Strasser et al., )200termal stress
transmission delity and can be evolutionary unstable dueimpairs typically the donor side of the PS Il reaction centers,
to microbial cheaters, or shifting cost:benet ratio®dquglas which corresponds to the location of oxygen evolving commexe
and Werren, 2016 However, the persistence of co-introduced(OEC) (Strasser et al., 2000; Duarte et al., 2015a,b,)2This
symbiont bacteria many decades after macroalgae invaded iimposes serious physiological constrains to the chloroplestid
the Mediterranean from Australia, and their correlation kit electron transport and energy production. Therefore, only
the host ecologyAires et al., 2013; Arnaud-Haond et al., 2)17 species with a high degree of physiological plasticity can cope
suggests a tight inter-dependence in at least some invasiwath abrupt changes, such as heat wavesgte et al., 2015a,b,
macroalgae lineages. Notwithstanding, positive functiookes 2016. From an ecological point of view, rising temperatures
of the host-associated microbiome are also possible if thaectthe role of kelp forests and seagrass beds as primaryeoxyg
microbiome and its host do not evolve as a strict unit. Thus, w producers and, thus, all the heterotrophic food chaithang
propose that concepts of climate change e ects on macroalgas al. (2017)suggest four possible mechanisms in macrophytes
and seagrasses require the inclusion of microbiome-mediat to balance the redox state of electron transport and regulate
acclimation. In the coral world, the study of tness e ects of the energy distribution between the two photosystems, thereby
associated microbes is far more developed than in seagrasgestecting the photosynthetic tissues from thermal stressag
and macroalgae. As some corals are functionally plants (i.eenhancement in the active PS Il reaction centers e cien@®); (
in corals with photosynthetic symbionts photosynthesis rhost an increase in the activity of the PS Il electron acceptor;side
exceeds heterotrophic nutrition) it may be useful to actively(3) an enhancement in the cyclic electron ow transport araun
search parallels among both functional groups of habitat fagn photosystem (PS [), allowing this photosystem to absorb the
species. For example, both somatic mutations and epigenegxcessive electron ow; (4) alternation between PS Il antl PS
changes owing to environmental conditions have recentijnbee The accumulation of reducing power inside the chloroplast
described, making corals a poster child for the adaptatiorhef t (Duarte et al., 2019ancreases non-photochemical quenching
holobiont (Webster and Reusch, 2017 and decreases the photochemical quenching in order to dissipa
excessive energjrépolho et al., 20)7This can be performed
by quantum dissipation or by enzymatic means, through the

B FORMS AND EFFECTS OF PHENOTYPIC  de-epoxidation of the xanthophyllsigure 2, DES). Due to the

VARIATION characteristics of any enzymatic reaction, also this ensigma

. . . dissipation mechanisms can be impaired outside the thermal
B1 Physiological Constrains Promoted by optimum of each speciesCampbell et al., 2006; Repolho
Climate Change et al., 201y, Additionally, ocean warming can lower chlorophyll

The direct link between epigenetic mechanisms and geneontents and, thus, lead to kelp bleaching and seagrassibrgw
expression Bossdorf et al., 2008; Berger et al., J0@ad the (Staehr and Wernberg, 20(Rigure 2).
proven e ect of the root microbiome on the leaf metabolome Under stress, macrophytes can recycle the photosynthetic
in a terrestrial plant Badri et al.,, 2013 demonstrate the substrates using storage ATP and carbohydrates. Respiriation
direct relation between epigenetic or microbome variatioma very sensitive to ocean warming. Etklonia radiatarespiration
physiology. Despite the lack of research in marine macrophytes more a ected than photosynthesis, implying that increasing
it can be expected that rapid shifts in epigenetic marks or in théemperatures raise respiratory energy demands faster than th
microbiome composition may contribute to acclimatizatiom t photosynthetic regeneration of new ATP and carbohydrates
climate-change related stressors. (Staehr and Wernberg, 2009To prevent metabolic arrest
Photosynthesis is one of the most essential physiologicahder such conditions, the most direct means to maintain a
processes that will be a ected by increasing ocean tempematurgositive carbon balance is to increase the light demands and
From a physical point of view, increasing water temperaturethe light harvesting capacity of the photosystems. In seagrasse
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FIGURE 2 | Pigment pro le in the dwarf eelgrass (Zostera noltii) underantrol and ocean warming conditions. The decrease in chlofghylls and increase in carotenoid
content as well as chlorophyll degradation products are symptoms of thermal stress, concomitant with the decrease in tk chl a/chl b ratio, a well-known indicator of
stress (adapted fromRepolho et al., 2017).

respiration mechanisms acquire a reinforced importance, duen the ability for increased light-respiration under constan
to the below-ground respiration of their root system. Leaf-light conditions. In contrast, survival of the dark wintegason
based thermal optima may not represent thermal optima oflepends on the ability to store enough photosynthetates during
the whole individual, since seagrasses have non-photosgiath the summer months to compensate for constant respiration in
compartments (rhizome and roots), accounting for the majpri month-long darknessKerge et al., 20)5especially when energy
of the total biomass Qollier et al., 201) While respiratory metabolism increases with rising temperaturésc{/inn and
activity under thermal stress can already surpass the plamdartin, 2013.
photosynthetic capacity, this non-photosynthetic compartinen Low oxygenation levels imposed by global warming alter
imposes an additional respiratory burderrdurqurean and the sediment microbial community and biogeochemistry in
Zieman, 1991 sediments, favoring anaerobic organic carbon oxidatiéal(ner

The balance between photosynthesis and respiration willnd Bondgaard, 2001Although this metabolic shift allows the
further determine whether macrophytes can extend polewardystem to recycle organic carbon, it comes at a high cost by
into regions that are predicted to become ice-free and thélyma generating high amounts of sul de that is toxic for seagesss
suitable. Survival of the light season in summer may depenfKoch and Erskine, 20Q)1Seagrasses are able to tolerate sul de
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intrusion by: (i) reoxidized sul de by oxygen present in the carbon sink capacity and a potential functional shift fromtwam
aerenchymaWedersen et al., 20P4r in the rhizosphere\(an  sinks to carbon sources via the re-mobilization of carbatks
der Heide et al., 20)2or (ii) organic sulfur conversion into accumulated over millennid(uarte et al., 2003
thiols (Holmer and Hasler-Sheetal, 2014f both mechanisms Among other energy storage molecules, fatty acids play
fail and sul de intrudes into active tissues such as leaves a an important role not only for the physiology of the plant
meristems, seagrasses su er in performarigerCias-Bonetetal., itself, but also in terms of macrophyte-based trophic chains,
2008; Pulido and Borum, 20).0Under increased anoxia, the which are either directly based on macroalgae and seagrasse
already low levels of oxygen in the ne-grained soft sediteen as food-source or on detritus exportatiobjarte et al., 2017b;
that seagrasses grow in, can increase sul de productionrizeyo Repolho et al., 20)7While animals can produce metabolically
optimal growth thresholds Holmer and Bondgaard, 2001 unsaturated and monosaturated fatty acids, they are able to
Additionally, lower G availabilities can impair the biological synthesize polyunsaturated fatty acids (PUFASs), like licaeid
sul de reoxidation Pedersen et al., 2004; van der Heide et al(C18:2, n-6) anda-linolenic acid (C18:3, n-3)\an Ginneken
2012, leading to increased sulde accumulation. Moreoveret al., 201). These are precursors of long chain PUFAs (LC-
sul de impairs the sucrose transport from leaves, where it i?UFAs) such as arachidonic acid (C20:4, n-6), eicosaperitaeno
photosynthetically generated, to the other non-photosytithe acid (EPA, C20:5, n-3) and docosahexaenoic acid (DHA, C22:6
organs where itis stored or consumed for active growkigl(ner  n-3). Ocean warming is expected to have strong directional
and Bondgaard, 20011f the plant cannot translocate sucrose e ects on the quantity and quality of fatty acids in marine
e ciently to feed the underground organs, it will consume the macrophytes Klixson and Arts, 2015 which will lead to
storage sugars (underground starch) to maintain root gtowt modi cations of the structure of their cellular membranes
and nutrient acquisition metabolisms. This re-mobilizatief  (Winter and Dzwolak, 2005 a mechanism of acclimatization
underground starch shifts the plant metabolism from an eyergknown as homeoviscous adaptatiorsitfjensky, 19794 This
producer to an active consumer and, thus, impairs growth anédaptation involves remodeling of membrane lipids via the
primary productivity (Holmer and Bondgaard, 2001; Koch and modi cation of fatty acid chain length and saturation, allong
Erskine, 2001; Holmer and Hasler-Sheetal, 3014 to maintain a desired level of uidity in cell membranes
Other climate-change associated stressors, such asdwesc (Sinensky, 1974; Guschina and Harwood, 2006; Matos et al.,
and excessive precipitation, can be equally disturbing foP007; Feijao et al., in prgssaand counteracting the increased
macrophytes. One of the direct consequences of these extrenuédity promoted by higher temperatures. The decrease in
events is the alteration of sedimentary budgets in traosal the number of double bonds in PUFA and the increase of
and coastal waters. During ood events the export of sedimensaturated fatty acids (SFA), enhances the ability of fatigsa
from the river catchments to estuarine basins is substintia to maintain structural rigidity of cell membranes in a less
increasedQuarte and Cacador, 20).2Although both seagrasses ordered environmentKuschino et al., 20)1Global warming is
and kelps depend on the sediment budget for their anchoragexpected to reduce the global production of PUFAs by marine
they experience increased turbidity as additional stres# as macrophytes Klixson and Arts, 2016 These biochemical and
reduces light availabilityl{e Boer, 2007; Saunders et al., 2017 physiological cascades are predicted to aect also terrestrial
Light availability is a key factor that contributes to abal8% animals because of the ux of aquatic biomass, containing n-
of the variation in the distribution of seagrass meadows an® LC-PUFA, which normally passes from aquatic to terrestrial
kelp forests De Boer, 200 However, seagrasses and kelpgcosystemsiladyshev et al., 20L.3Marine ecosystems provide
also in uence sedimentation by trapping sediments from theessential LC-PUFA for many omnivorous terrestrial animals,
water column, and thus actively decrease turbidie (Boer, including humans. This transport of essential LC-PUFA from
2007. The sensible equilibrium between unproblematic andsea to land occurs through the trophic chain, as most teriastr
problematic levels of water-borne sediments can be distlildye consumers are directly or indirectly fed by ocean products
other climatic variables that act as multiple, synergidtiessors, (Gladyshev et al., 20.32UFAs were shown to enhance growth
which trigger more extreme ecological responses, partilylar rates and reproductive capacities of aquatic animetsn(elert,
ecosystems where foundation species exist near upper thernl09, as well as to be of greatimportance to the neural/cognitive
tolerance limits Fraser et al., 20)4While acidi cation can to  cardiovascular, and visual health of terrestrial verteds¢Calder,
some extent alleviate thermal stress due to highes @@ilability 2015. Any stress like warming, that aects the fatty acid
for photosynthesisRepolho et al., 20)/exposure to multiple composition of membrane lipids, has inevitable impacts on the
stresses may more often increase mortality and lead to carbghotosynthetic and respiratory pathways that are already unde
exportation. stress due to perturbations at the energy transduction level
Seagrass meadows and kelp forests can support high carb@viatos et al., 2007; Gameiro et al., 2016; Duarte et al., 017a
uptake, depositing and preserving it as blue carbon over
millennia in surrounding sedimentsDuarte et al., 2013 The . .
accelerated decline of macrophytes represents a loss ofrcardg2 Propagation Success: Climate Change
sink capacity, and an increased risk for sedimentary carbolmpacts on Early Life Stages
deposits to be lost through erosive and resuspension procesdasplants, epigenome and microbiome shifts play an essential
(Duarte et al., 2003 The loss of carbon stocks is not limited role during the development of early life stagé=ifg et al.,
to carbon buried by erosion, but includes also the loss 0£010; Chaparro et al., 2014he life stages that are generally
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most vulnerable to ocean warming in marine macrophytes (e.gsigni cantly decreased with a & increase in temperature
Brawley and Johnson, 1991; Schiel and Foster, )200fus, (Gaitan-Espitia et al., 20).4
propagation success of macroalgae and seagrass under climaté&Gametogenesis and fertilization are particularly sensitive
change can be expected to at least partly depend on theiising temperaturesHooper, 1984; tom Dieck, 1989; Roleda,
epigenetic makeup or their microbiome composition. 2016. For example, the growth rate dfaminaria digitata
Macroalgae, usually perceived as large canopy-forming bedametophytes was highest at 10-@8 while gametogenesis
or forests, all have microscopic phases that are generaligquired lowertemperatures (i.e., 10—0, and fertilization and
highly susceptible to environmental stre$&(eda et al., 2007  recruitment of sporophytes was optimal at onlyG (Martins
The unicellular life stages of macroalgae, either spores @t al., 201).
gametes, are released into the water column. These settle onConsidering the worst-case scenario of a temperature iserea
the rocky coastline and give rise to the next macroscopiby 4 C until 2100 Reay et al., 200,7and predictions of more
generation. Enormous numbers of these microscopic propagulextreme warming in some areas in the northern hemisphere,
are produced by macroalgae but only a small fraction survivphotosynthesis and growth of di erent life history stageg.e.
to maturity. Physical stressors such as visible light, vitdat the microscopic spores and gametophytes, and the canopy-
radiation (UVR), and temperature, account for much of theforming sporophytes, are unlikely to be negatively compromised
mortality among spores, embryos and juvenil€scliiel and However, ocean warming can negatively aect kelp's asexual
Foster, 2006 (sporogenesis) and sexual (gametogenesis) reproductienmo(
Macroalgae with complex life cycles have unicellular anet al., 2011; Bartsch et al., 2013; Roleda, 2016; Martins, et al.
microscopic cryptic stages that serve as seed banks for tB817. The impacts of climate change on the reproduction (both
next macroscopic generation. For example, the spores of sorsporogenesis and gametogenesis) and embryogenesis among
large macroalgae, such as kelps (Leminariale}, germinate macroalgae with complex life cycles require further studies.
to produce a microscopic phase—a free-living generation with Cold temperatures currently prevent the dominant seagrass
half the ploidy level of the macroscopic phase. Kelp sporophytés the northern hemisphereostera marinato extend its range
release spores that settle and germinate into free-liviagldid  further poleward into Arctic regions, like Svalbard and rfeetn
male and female microscopic laments that grow on the sea.oor Greenland. While this plant can ower at temperatures as cold
The gametophytes release sperm to fertilize eggs to form as 0.5-3C, the development of mature fruits requires 2 months
zygote which develops into an embryonic sporophyte thaat 14-15C (Silberhorn et al., 1993 In contrast, extremely
matures into the morphologically complex macroscopic phasevarm temperatures, like other stresses, commonly induce
Kelps are thus an example of a “heteromorphic alternation ofowering in plants (Wada and Takeno, 20).0 Accordingly,
generations” whereby two free-living phases are morphobdlgic the Mediterranean seagraBssidonia oceanigasponded to an
and ecologically distinct. experimental heat wave (2C for 6 weeks) with an up to 47%
Stress  physiological studies comparing the relativencrease in owering-rate Ruiz et al., in pre9s While sexual
susceptibility of di erent life history stages showed that g reproduction certainly provides the potential to escape from to
and gametes of brown, red and green macroalgae, are mowearm regions, and to increase genetic and phenotypic diyersit
susceptible to UVR compared to their corresponding juvenilen this highly clonal plant, this potential can only be reatizié
and adult phasesRoleda et al., 2004, 2007, 2n0owever, it the produced early life stages can successfully establisitva ne
seems that the microscopic kelp gametophytes are insensitigeneration.
to anthropogenic CQ induced ocean acidi cation Koleda Early life stages of seagrass are comprised by seeds and
et al., 2012; Leal et al., 20),7and relatively tolerant to ocean seedlings, which can be de ned as the single shoot germinated
warming (eal et al., 201)¥aExamples of thermal tolerances from seed prior to initiation of clonal growth. Evidence for
are speci ¢ to species and even to populations, suggesting lodamperature e ects on seagrass germination is equivocal, as
adaptation. some authors report enhanced germination rates with indreas
Arctic kelps' spore photosynthesis and gametophyte growttemperature (e.g.Hootsmans et al., 1987; Jinhua et al., 2011,
rate have a high temperature anity between 12 and €3 Kaldy et al.,, 201§ whereas others report no e ects of
(Roleda, 2009, 20);6this temperature is 7-& higher than temperature within the ranges explored (eRhjllips et al., 1983;
thein situ summer water temperature (5-6) in Kongsfjorden Loques et al., 1990even if some of these contrasting results
(Svalbard) Hanelt et al., 2001; Svendsen et al., 30NMbreover, refer to germination experiments conducted with the same
the germination rate was also enhanced when summer meapecies. These contrasting results re ect either local adiaptto
temperature was increased by 4€5Zacheretal., 20)6Among  particular spring regimes or the fact that the response of sesagr
cold temperate populations, photosynthesitaminaria digitata seed germination to temperature is likely to be best represente
gametophytes from Rosco (France) was also not compromiseldly a Gaussian distribution, with minimal and maximum therima
when average summer temperature (T} was increased by tolerances and an optimum temperature for germinatidrine
3 C (Delebecq et al., 20.6Among kelps in the Paci c, spore et al. (2009)determined that optimal water temperature for
germination ofM. pyriferafrom New Zealand was not a ected seed germination of a Japane&e marina stand was in the
while germling growth rate was enhanced by &4ncrease in range from 10 to 15C, with optimal temperature for seedling
summer water temperature_¢al et al., 201)jaOn the other growth ranging from 20 to 25C; and seedling mortality observed
hand, spore germination of the same species from Californiat water temperatures exceeding €8 Based on these results,
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they predicted thaZ. marina stands would be lost from areas on temperate seagrass meadows in the winter months, when low
exceeding maximum temperatures of 28(Abe et al., 2009 light levels limit growth Hyndes et al., 20)6

thereby leading to the expectation of losses with warmind t In addition to the northward shift of tropical herbivores,
lower latitudinal limit of the species in JapaAl{e et al., 2009  temperate calci ed herbivores are becoming more abundatit wi
Seed abortion following marine heat waves has been docwedentrising temperaturesHarley et al., 2012 and further increase

in Posidoniaspecies, both in the MediterraneaP.(oceanica grazing pressure on temperate macroalgae. For example, the loss
Balestri and Cinelli, 20Q&nd Australia P. australia Shark Bay, in cover of the fucoid macroalgsscophyllum nodosuimregions
Thomson et al., 2095 of Northern Ireland was accompanied by increases in limpet

Seedling performance is also negatively a ected by extrenaensities due to a series of mild winters since the 19B@sigs
temperatures expected with further warming. Experimentakt al., 200). While even small herbivores, such as limpets, can
simulated heat waves and warming at projected levels in thgraze down maturé. nodosummonocultures [Lorenzen, 2007
NW Mediterranean led to reduced growth, increased mortalitythe species that are most susceptible to increased grazing are
leaf necrosis, and respiration iRosidonia oceanicaeedlings those with small generation times, as herbivores can prevent
(Herman and Sultan, 2016; Guerrero-Meseguer et al.,)2@hd  the nearly annual germling recruitment that these macroalga
also increased their susceptibility to consumption by grazerdepend on {enkins et al., 2005; Coleman et al., 2006; Hawkins
(Hernan et al., 2016 Likewise, experiments witd. japonica et al., 2008; Bennett et al., 2015; Franco et al.,)2Hdwever,
seedlings showed a thermal limit of ZD above which seedlings how the contrasting e ect of rising temperatures and ocean
die (Abe et al., 2009 similar to the thermal limit forP. oceanica acidi cation on calci ed herbivores will a ect canopy-formg
seedlings. Seagrass seedling mortality at temperaturesdiro macroalgae, is yet poorly understood (reviewedHarley et al.,

30 C are likely to constrain the extant distribution of seages 2019.
(e.g.,Abe et al., 2009 and their capacity to accommodate to  While the impact of increased herbivory on temperate
future, warmer regimes. macrophytes will certainly be strong, it may be mitigated by

Elevated CQ is believed to positively in uence seagrassesgpigenetic or microbiome shifts that a ect defense mechanisms
which are often CQlimited (Koch et al., 2013 This also applies Initial studies in terrestrial plants demonstrate that epigga
to seedlings, a®. oceanicaseedlings grown under elevated variation can inuence plant-herbivore interactions acsos
CO, improved photosynthetic performance, and developedyenerations Klerrera and Bazaga, 2011; Holeski et al., 2012;
larger carbon storage in belowground tissues, having thaeem Latzel et al., 2012; Rasmann et al., J0Moreover, bene cial
resources to tolerate and recover from stressors. Howevemicrobes have been shown to enhance defense against insect
elevated C@also favors lamentous algae, which can overgrowherbivores Pangesti et al., 2013; Pieterse et al., pQfhdnarine
seagrass seedlings, leading to reduced growthrell et al., macrophytes, the potential for non-genetic rapid adaptation to
2019. Moreover, lower N content and increased sucrose leveiacreased herbivory is entirely unknown. Initial studiesayn
in seedlings growing under high pGQead to higher herbivory focus on the correlation between epigenetic or microbiome
pressurefflernan et al., 2016 variation and variation in compensatory growtérgés et al.,

2009 or in defense chemicals, such as phlorotannins and

L. . . phenolic compoundsHay and Fenical, 1988; Arnold and Targett,
B3 Biotic Interactions—Increased Grazing 2002: Vergés et al., 2007
Pressure
Indirect e ects of rising temperatures are often mediated
by biotic interactions. For macrophytes, increased grazin& INTEGRATIVE
pressure is likely the most important indirect e ect of the MODELING—-UNDERSTANDING THE PAST
tropicalization of temperate seas as herbivores are progetdgsi AND MODELING THE FUTURE
moving poleward Yergés et al., 2014; Hyndes et al., 9016
Herbivore-induced shifts from productive kelp forests toThese plastic and evolutionary dimensions of seagrass and
turf substrate or barren grounds are already documentednacroalgae performance under climate change are dicult to
in the Mediterranean, Japan, and Australig@e(gés et al., synthesize into a unifying concept/vision. The development
2019. For example, in a tropical-temperate transition zoneof modeling tools able to incorporate relevant processes and
in Eastern Australia, tropical herbivorous shes contribdt parameters appears as a powerful tool to provide a holistic
to the deforestation of kelp communities within ten yearsscenario and, thus, project climate change e ects accounting
as sea surface temperature increased by@@ergés et al., for the diverse dimensions involved in seagrass and magaeal
20149. production.

With rising temperatures, detrital-based food webs, supgbrte  Nonetheless, numerical models of marine primary producers
by temperate seagrass ecosystems, are likely to turnintotbae  are still scarce in the scientic literature. Some of the
are based on the direct consumption of seagrassét al., 2010; rst published models targeted phytoplankton productivity
Kelkar et al., 2013; Hyndes et al., 2R1While few temperate (Falkowski and Wirick, 1981 during the 90's with the
species use seagrass as primary food sotieek(and Valentine, global onset of coastal eutrophication, models of opportunist
2009, poleward-extending herbivorous shes and macrograzersnacroalgal species growth (mostljlva spp.) became rather
such as dugongs and marine turtles will likely have higheptict  popular Bendoricchio et al., 1993; Fong et al., 1997; Solidoro
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etal., 1997; Martins and Marques, 2)0More recently, seagrass modeled species. Indeed, these models can even account for
and kelp models are getting prominent due to the growingdi erent size-classes or population grougsiu(arte and Ferreira,
recognition of their important ecosystem services and thel997; Martins et al., 200,7which will add realism to the
increasing need to preserve thefKalay et al., 2003; Plus et al., model, though it can also increase model instability due te th
2003; Koch et al., 2007; Ortiz, 2008; Downie et al., 2013n¢ ou high number of variablesQuarte and Ferreira, 199.7Dealing
et al., 2015; Franco et al., 2018hus, from the analysis of with this requires application of the parsimony rule to model
published literature, it is possible to identify two fundantally = complexity vs. data quality throughout the entire modeling
di erent but complementary modeling approaches that haveprocessJgrgensen, 1994
been applied to study primary producers: species distribution Productivity models have provided sensible descriptions
models (SDMs) and productivity models. of standing stock variations of marine primary producers,
Species distribution models, also called “Ecological Nichassessed the sensitivity of parameters and projected wasati
Models” (ENMs) Guisan and Zimmermann, 2000; Kelly et al.,for scenarios of climatic changes and other stresdorsi(te and
2001; Murphy and Lovett-Doust, 2007; Elith and LeathwickFerreira, 1997; Fong et al., 1997; Elkalay et al., 2003ahiand
2009; Kearney et al., 200have been applied to seagrasses an@ropper, 2003; Biber et al., 2004; Martins et al., 2007; Cduatlo, e
macroalgae, aiming to predict species distribution and tabit 2019. Nonetheless, there is a generalized consensus that marine
suitability (Downie et al., 2013; Jueterbock et al., 2013; Assprimary production models should aim for increasing accuraty o
et al., 2016b, 2017a,b; Neiva et al., 3@t@o unveil past species parameters, spatial discrimination and uncertainty quacétion
range shifts Assis et al., 2016a,b; Neiva et al., 2016; Chefao(Co aro etal., 1997; Lirman and Cropper, 2003; Biber et al.4200
and Serrao, 2017; Chefaoui et al., 201A general, results Laufkotter etal., 2005
from SDM's of temperate marine macroalgae predict that rising Multi-model approaches have the potential to compensate
temperatures will cause massive die-o s along warm-temgerathe weaknesses and bias associated to a single type of model
distribution limits and disclose new thermally suitable itabin  and can provide richer information regarding the system. The
the Arctic (Muller et al., 2009; Jueterbock et al., 2013; Assis et allltimate goal is to integrate information on species' plastic
20173. Besides projecting the distribution of species abundancedaptability, dispersal potential, and biotic interactiongoin
SDM's can also identify the main drivers associated with th@ single forecasting approactvigore et al., 2007; Lavergne
presence/absence of seagrasses and macroalgae acroabk cagstl., 20100 Although the need for an integrative approach
and marine areasdhefaoui and Serréao, 20, genetic diversity is well recognized Guisan and Thuiller, 2005; Guisan et al.,
hotspots of long-term persistence, adaptive potential forsdve 2006; Lavergne et al., 2010; Sinclair et al., 2010; Franab, et
species Kellard et al., 2012; Beaumont et al., 2016; Chefaoi01§, implementation is largely unexplored and lacks consensus.
and Serrdo, 2017; Chefaoui et al., 2Ql€stimate seagrass Based on high-quality data retrieved from comprehensive
colonization area or the probability of successful resiorat environmental datasets/én Vuuren et al., 2011; Taylor et al.,
(Kelly et al., 2001 2012; Tyberghein et al., 2012; Assis et al., 20afd empirical
For marine macrophytes, both kelp and seagrasseapproachesHranco et al., 20)8we propose a stepwise multi-
temperature was generally identied as the most importantmodel strategy that combines correlative SDMs with mechignis
range-limiting factor and, consequently, ocean warming agroductivity models into an integrative forecasting tool &idhat
the most severe threat among other global climate drivergnderstanding changes at the ecosystem level. This multieiho
(Downie et al., 2013; Jueterbock et al., 2013; Assis et abb20lapproach comprises:
2017a,b; Neiva et al., 2016; Chefaoui et al., RN&vertheless, _
macrophytes can be exposed to extreme temperatures alon
their distribution ranges, especially in the intertidal 2owhere
desiccation can prevent ceIIngr stress and allow persistenc areas for restoration:
under tempera_ltures b‘?y"”d thelrthermal to_Ierandﬂs:(a etal., Developing productivity models for the dominant species
2015. Thus, site-speci ¢ and species-speci ¢ relevant processes.

. . } >~ incorporating species- and site-speci ¢ parameters identired
must be accounted for in order to .bu”d accurate SDMS_ of mari the previous step; these models should account for the spatial
macrophytes and macroalga@sgsis et al., 2016b; Neiva et al.,

2016. These models can give a rst rough approximation of variability of the modeled area (e.g., depth, type of sediment,

future distributior!s but they ofter_1 do not ta_ke biologicapa_ﬁts \évs gg eesxiﬂc;:rf s) ;npoll atshti: zﬁztgzlgpﬂl\;rsglag{?ar;_ of the focal
or the eco-evolutionary responding potential of the focal $p&c
into account (but seéssis et al., 2019b This stepwise modeling approach would provide dynamic
Productivity models aim at describing the growth of algaeand spatial explicit simulations of seagrass and macroalgal
and plants in a specic system, either through statf€il¢rs ecosystems coupled to an accurate evaluation of uncertainty
and Peeters, 19B&r dynamic (time-dependent)fuarte and at each stage of the modeling processiréon et al., 2004
Ferreira, 199yapproaches, whereby the underlying mathematicémplementing such a modeling framework is a challenging
is either empirical Adams et al., 20)7or mechanistic (for a task that, nonetheless, is worthwhile trying as it will
review seeVlacedo and Duarte, 2006A major complication improve the power to predict range shifts and assessing
of the mechanistic approach is that its implementation regsiire species extinction risks under climate change. This is of
extensive knowledge on the physiology and life history of thggaramount importance for an e ective management of

Building SDMs to identify key environmental drivers for the
Yistribution of seagrass/macroalgae, to predict sensitieas
where the species are threatened with extinction and robust
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marine primary producer habitats and derived ecosystemegarding the early life stages. The biogeographical greglien

services. section was prepared GP and AJ. The epigenetics section was
) developed by TR and AJ. ES and AE focused on the microbiome
Final Remarks section. BD gathered all the sections into this uni ed magnist,

Seagrasses and macroalgae are in multiple ways at stake ungi@pervised by all authors and specially by IC, JM, AJ, ES,
the ongoing climatic changes. Physiological responses anrghd CD.
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