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1. ABSTRACT

Seagrasses are key habitat-forming species ofal@asts. While previous research has
demonstrated considerable small-scale variatiose@grass abundance and structure,
studies teasing apart local from large-scale ianaare scarce. We determined how
different biogeographic scenarios, under varyingirenmental and genetic variation,
explained variation in the abundance and struct(m®rphology and biomass
allocation), epiphytes and sexual reproductionnsity of the seagras€ymodocea
nodosa. Regional and local-scale variation, including ithéemporal variability,
contributed to differentially explain variation iseagrass attributes. Structural, in
particular morphological, attributes of the seagilaaf canopy, most evidenced regional
seasonal variation. Allocation to belowground tesswas, however, mainly driven by
local-scale variation. High seed densities wereepked in meadows of large genetic
diversity, indicative of sexual success, which Iykegesulted from the different
evolutionary histories undergone by the seagragsaeh region. Our results highlight
that phenotypic plasticity to local and regionaViemnments need to be considered to

better manage and preserve seagrass meadows.

Keywords: angiosperms, phenotypic plasticity, environmeugalability, demographic
compensation hypothesis, Mediterranean, Canarpds|aSeagrass distribution range,

meadow genetic diversity, Seed bank, Shoot density
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2. INTRODUCTION

Identifying factors driving patterns of abundansize and reproduction of species
throughout their distribution ranges has alwaysnbere of the main objectives in
ecology and conservation (Hardie & Hutchings, 20IBpmas et al., 2004). While
different hypotheses have been put forward to explese patterns, few of them have
been supported with empirical data (Villellas ef 2015). For example, one of the most
cited hypotheses in macroecology is the “Abundaettfe Hypothesis” (ACH; Brown,
1984), which states that the largest abundances sifecies are found in the middle
zones throughout its distribution range while, e pther hand, lowest abundances
occur at the range limits. However, several emairstudies (Angert, 2006; Jongejans
et al., 2010; Sagarin & Gaines, 2002; Villellasakt 2015), mainly with plants, reject
this hypothesis as a general norm. In fact, it besn observed that local population
dynamics play a crucial role in determining popolatabundances. For instance, the
“Demographic Compensation Hypothesis” (DCH) hasnbemposed, in this sense, to
explain the stochasticity of species’ abundance®sactheir ranges (Kilkenny &
Galloway, 2008; Villellas et al., 2015). This hypesis considers the relevance of
processes influencing the vital rates of specidschvallow them to persist, despite
being at their distribution range limits (Villellast al., 2015). The DCH considers a
spatio-temporal framework, incorporating local @omimental variability, while also
taking into account genetic flow, population siaad variations in life history traits of
populations at localities across the distributiange of a target species (Jongejans et
al., 2010; Zanne et al., 2018).
Variation in the abundance and structure (e.g., sizerphology) of plants can arise
from large-scale variation in the evolutionary biggs of species across their ranges of

distribution, which is often reflected in genetariation (Masucci et al., 2012), but also
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from varying environmental scenarios throughouyway scales of spatial and temporal
variability (Reynolds & D’Antonio, 1996). There 8 general consensus that plant
populations at their limit ranges exhibit less geneariability and are more divergent

than populations from the center of their distnbatranges (Hardie & Hutchings,

2010). For clonal plants, which are capable of s#kual and asexual reproduction,
this is typically associated with a reduction i timtensity of sexual reproduction at
their range limits (Billingham et al., 2003; Ecke2001; Paulo et al., 2019a). In these
areas, the environment often imposes harsh condifior the normal development of
plant populations and, consequently, establish@dilations tend to favor asexual over
sexual reproduction, as it allows a faster expamsiopersistence of plants via clone
formation, eliminating the need of the high energyestment that sexual reproduction

requires (Alberto et al., 2006; Eckert, 2001).

Importantly, the phenotypic plasticity of plant sjgs to acclimate to a fluctuating
environment, for example in terms of demographienorphological responses, varies
along environmental gradients and according toirttrénsic biological peculiarities of
the species (Kilminster et al., 2015; O'Brien et &017; Villellas et al., 2015). For
instance, differences in demography and populatignamics between central and
marginal populations of two species of monkeyflav@imulus) differed strikingly
between both species; wherdaslewisii exhibited higher survivorship and fecundity in
central populations, population growth and investiman sexual reproduction was, in
contrast, dominant in marginal populationshdf cardinalis. Critically, a reduction in
sexual reproduction at the limits of the distrilbutrange could be associated with more
threatened populations under a changing environmeetause of associated lower
genetic diversity (Wernberg et al.,, 2018), whichuwdo decrease the capacity of

individuals to adapt and survive to new conditi(lskert, 2001).
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While identification of sources of spatial and tewg variability of species across
their distribution ranges is a pivotal goal in expt and conservation, it becomes
particularly important for habitat-forming speci@sraudjo et al., 2014; Casas-Guell et
al., 2015; Del Vecchio et al., 2018), given thagythdirectly and indirectly supply
resources that the rest of organisms from the sacosystem require (Jones et al.,
1997).

Seagrasses are a group of angiosperms that haptedda a fully submerged life in
marine environments (Hemminga & Duarte, 2000), ihgnsuccessfully colonized both
temperate and tropical coastal areas around thdédwmehere they create coastal
ecosystems of great ecological, socio-cultural asdnomic importance (Lilley &
Unsworth, 2014; Sherwood et al., 2017). These ssagpecies are “habitat formers”,
providing habitat and food for many organisms, tingathe base of many coastal food
webs (Coll et al., 2011), and acting as importambon sinks (Fourqurean et al., 2012).
Due to the high occupation of coastal areas by Imgmand the negative impact of
associated anthropogenic activities, seagrass msadoe receding throughout the
world (Papathanasiou & Orfanidis, 2018; Waycotalet 2009). Therefore, unravelling
the sources of variability related to the structarel functioning of these meadows
throughout their distribution range is key for d#on-making to ensure their
conservation. The abundance (e.g. shoot densitystncture (e.g. biomass allocation
and plant size) of seagrasses may vary acrossdistiibution ranges (Larkum et al.,
2006; Short & Coles, 2001). While a large body etearch has demonstrated
considerable small-scale (local) variation in saagrabundance and structure, studies
teasing apart small (local) from large-scale vaatare scarce (Mascaro et al., 2009;

Xu et al., 2018).
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Ecological studies partitioning the relevance oéles of spatial and temporal
variation of biota, particularly from the marineaham, have been typically framed using
nested ANOVA models (Anderson et al., 2000; Burntedral., 2011; Mundry, 2011).
However, in the last decade, the suite of staistmols available to ecologists, as well
as the complexity of biological data analyses, hguawvn concurrently (Gutiérrez-
Céanovas & Escribano-Avila, 2019; Zuur et al., 201Mpdel selection strategies, in
particular, allows for the inclusion of a wide rangf predictor variables, operating at
varying scales, to explain ecological patterns frioeal to biogeographic scales and
through seasons to years (Diniz-filho et al., 20@8lis et al., 2006). In this sense, such
approach has not been used before, to best of mauwl&dge, to study variation in
seagrass structure through varying scales of $pattatemporal variability.

In this study, our goal was to determine how dédfeér biogeographic scenarios,
which are here typified by varying scenarios of ismvmental and genetic variation,
contribute to explain variation in seagrass abuoealshoot density), structure
(morphology and biomass allocation), associateghhgpes, and intensity of sexual
reproduction. We use®@ymodocea nodosa as our model species, given that this
seagrass is distributed throughout the whole Madibean Sea, as well as through the
adjacent Atlantic coast, from Southern Portugal the Northern African coasts,
encompassing different environmental and ecologicahditions, as well as

evolutionary scenarios (Alberto et al., 2006; Teyal., 2019).

3. MATERIALS AND METHODS

3.1. Study species
Cymodocea nodosa (Ucria) Ascherson is a marine dioicous angiospemmich

reproduces mainly vegetatively (forming ramets}, &dlso sexually through seeds. This
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species is found in subtidal and intertidal zorfiesn subtropical to temperate regions,
along the NW coast of Africa, Madeira and the Cgrislands, the south Atlantic coast
of the Iberian Peninsula and the entire Mediteman8ea (Pavon-Salas et al., 2000;
Mascarg et al., 2009; Tuya et al.,, 2014), formingadows that provide habitat for
different fish and invertebrates species (Espinalgt2011). These seagrass meadows
are found in sandy-muddy bottoms, reaching up te4@Ometers deep, but also
inhabiting coastal lagoons at very low depth. Tikia fast-growing speciesefisu Orth

et al., 2006) with an annual reproduction pattéypjcally producing two seeds per

plant (Caye & Meinesz, 1985).

3.2. Study area and sampling design

To assess the spatial variability in meadows ofseémggras€ymodocea nodosa across
nearshore Atlantic and Mediterranean waters, wectsd three regions, from west to
east: Gran Canaria Island (eastern Atlantic Oceahjcante (south-western

Mediterranean) and Mallorca Island (Balearic SEgUre 1).

Mediterranean Sea

b) ALICANTE
a) GRAN
CANARIA

North Atlantic Ocean

® Albufereta

(® Tabarca

0 300 600 900 km 0 4 8 12 km




171 Figure 1. Location of theCymodocea nodosa meadows studied in each region: Gran
172 Canaria (North Atlantic Ocean), Alicante (Mediterean Sea) and Mallorca (Balearic
173  Sea).
174
175 At each region, we selected three seagrass meaddwe) were seasonally monitored
176  throughout two successive years. To encompass-riegianal (local) variation in
177  seagrass genetic diversity, we selected the meadiws a gradient of intra-regional
178 genetic diversity (Tuya et al., 2019). This apploaaccounts for the different
179  evolutionary histories of each region, but alsconporates levels of local (small-scale)
180 variation (Table 1). In particular, seagrass pojpats on Gran Canaria Island suffered a
181  “founder effect” in their colonization of the argelago (Alberto et al., 2006). This has
182 resulted in large differences in seagrass alletbhness and heterozygosity between
183  Gran Canaria and Mediterranean regions (Albertal.et2006; see Table 1 in Tuya et
184 al., 2019). At each of the nine meadows, a rangeeafgrass attributes (e.g. leaf
185  morphology, plant biomass, abundance; see detaltsM were seasonally collected,
186  from November 2016 to November 2018, for a totaBagampling times (except for
187  Autumn 2017 in Mallorca due to bad weather) via 88U
188

Na Ne Ho He R

mean SD mean SD mean SD mean SD mean

Gran
Canaria Castillo 1.800 0.200 1.431 0.171 0.237 0.103 0.242 0.083 0.625

189

Gando 2.900 0.348 1598 0.196 0.278 0.085 0.308 0.071 470.6
Arinaga 2.600 0.340 1.378 0.164 0.191 0.071 0.212 0.066 0.545
Alicante San Juan 1.900 0.547 1.411 0.394 0377 0.137 0.313 0.100 360.6
Tabarca 2.000 0.577 1.385 0.398 0.244 0.086 0.339 0.102 0.952
Albufereta 2.700 0.300 2.041 0.268 0.510 0.098 0.463 0.076 290.9
Mallorca Formentor 4.000 0.632 2.772 0.262 0.675 0.076 0.620 0.041 0.914
Aucanada 3.500 0.792 2.276 0.434 0.558 0.096 0.477 0.088 780.7

Es

Barcarées 3.500 0.582 2.099 0.298 0.479 0.084 0.500 0.065 0.971



190 Table 1. Summary of the genetic descriptors at the nindistumeadows (mean + SD). Na: allele
191 number; Ne: effective allele number; Ho: observeteiozygosity; He: expected heterozygosity,
192  R:clonal richness. Results of this table are alesgnted in Tuya et al. (2019).

193

194  3.3. Environmental data

195 We extracted local (i.e. at the meadow-scale) mgntheans of Sea Surface
196 Temperature (SST), surface Photosynthetically ActRadiation (PAR) intensity, and
197  Chlorophyll-a, through the entire study period @@D19), from the Moderate
198 Resolution Imaging Spectroradiometer facility (M@2Aqgua), available at the NASA
199  Giovanni system facility (https://giovanni.gsfc.aagov/giovanni/). All data correspond
200 to a spatial resolution of a 4 x 4 km grid.

201

202  3.4. Seagrass attributes and epiphytes

203  Leaf morphology and epiphytic load

204 A total of 20 seagrass shoots were randomly c@tetty hand at each meadow and
205 sampling time. In the laboratory, we quantified thenber of leaves per shoot, as well
206  as the length and width (mm) of all leaves. Macopsc epiphytes were removed using
207 a razor blade and epiphytes and leaves were sufrséyjloven-dried to estimate
208  epiphytic load (i.e. dry weight, DW, of epiphytesr DW of leaf biomass). Total leaf
209 area was calculated as the sum of all individual &eas per shoot, and the Leaf Area
210 Index (LAI) was subsequently calculated, at eachdow and time, by multiplying the
211  mean leaf area per shoot by the mean shoot déssiybelow).

212

213  Plant biomass allocation and abundance
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Seagrass tissues were collected, at each meadotnandising corers (20 cm of inner
diameter, n=10). In the laboratory, seagrass samplere subsequently cleaned of
sediment, fractioned into leaves, rhizomes andsrant dried (60° C, ca. 48 h) to obtain
the biomass of each compartment (i.e. above anowigebund compartments). We
further estimated the Root Weight Ratio (RWR, Régso& D’Antonio, 1996;
modified by Mascaré et al., 2009), i.e. the relatallocation of biomass to the above
(leaves) against the belowground (rhizome and yooimpartments.

Shoot density, i.e. a measure of seagrass abundaas obtained by randomly
deploying a 20 x 20 cm quadrat (n=10) and counseggrass shoots within each

quadrat. The density of shoots was expressed per m

Intensity of sexual reproduction

As an indicator of sexual reproduction, seeds wetmted from corers (10 cm of inner
diameter, n = 50), haphazardly placed in each mead®ctober 2016, 2017 and 2018,
l.e. six months after the main flowering seasonth&f species in the Mediterranean
(Terrados, 1993) and the Canary Islands (Reyed.etl295). We estimated seed
production as the product of seed density (seedsnf)eper shoot density (shoots per

m?).

3.5. Data analysis

We firstly visualized and tested for correlatiof®eérson correlations) between each
pair of explanatory variables (environmental datal @enetic attributes; Fig. A.1)
through the 'corrplot' R library (Wei & Simko, 201 7This was necessary to limit the

inclusion of over-correlated predictor variable$ ¢R0.7, (Harrison et al., 2018)) in the
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subsequent modelization. When two predictive véembvere correlated, we selected
that one with, griori, larger biological significance (Bolker, 2008).rlexample, in the
case of genetic descriptors operating at the meata¥e (Table 1), we only included
the observed heterozygosity (Ho). Genetic divergitg) was correlated with meadow
genotypic diversity (clonal richnesR, Table 1), a correlation which has also been
observed for other seagrass species (asidonia oceanica; Jahnke et al., 2015), so
both mechanisms covary and cannot be disentangled.

To partition the relative effects of environmen{ahean monthly SST and mean
monthly surface PAR at each meadow during the $tadg genetic attributes {Hon
seagrass responses, Generalized Linear Models (Bladse implemented in the R
statistical environment (R Core Team 2019). Fohesgagrass response variable, we
selected a particular family error structure amk lfunction (see results, Table 2) to
reach the assumptions of linearity and homogerdityariances, which were checked
through visual inspection of residuals and Q-Q pl@tarrison et al., 2018). In the
particular case of the RWR, we used the ‘betareCRbari-Neto & Zeileis, 2010)
package to fit a beta family error distributiorhieh is ideal for proportional data. To
validate our model selection, we used the 'MuMIdibRary (Barta, 2019), a flexible
package for conducting model selection and modd@raming with a variety of
candidate GLMs. Model averaging is a way to incoagm model selection uncertainty;
the parameter estimates for each candidate model vegighted using their
corresponding model weights and summed. This isy t& obtain models containing
the most parsimonious predictor variables for eeetponse variable. Models were
ultimately ranked by their AlCc (Akaike Informatio@riterion corrected for small
sizes), and importance weightsv)( for individual predictor variables were then

provided. The sum of all the importance weightshef models adds up to a value of 1.
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This model-selection strategy was implemented foseagrass responses, except for
seed densities, for which the model only includetw @redictor, Ho, given that
collection of seeds was carried out once each year.

While seagrass structure traits might considerabry across small-scales,
environmental data (here, SST and PAR) typicallyy\at larger spatial scales, mostly
to reflect regional and/or seasonal variation. Wihvironmental drivers may explain
both temporal (i.e. seasons and years) and sgagalsites and regions) variation in
seagrass responses, genetic attributeg @tclusively denote spatial variation in

seagrass structure at local and, majorly, regiscales (Table 1).

4. RESULTS

4.1. Environmental descriptors

Environmental descriptors varied through time watltlear seasonal pattern at each
region (Figure 2). While PAR peaked in spring anchmer in all regions, temperatures
reached their maximum values in summer in the Medihean, whereas highest
temperatures were observed in autumn in Gran Gamslend. In general, both mean
monthly SST and mean monthly surface PAR availgbiliere less variable in Gran

Canaria than in the other two regions (Figures & 2b, respectively). For instance,
while temperatures ranged between ca. 19°C andiB33Can Canaria, they exhibited a

wider range (i.e. from ca. 14°C to 27°C) in the Nerdanean meadows.
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Figure 2. Mean (+ SD) in a) monthly SST and b) monthly susf&AR intensity

throughout the study period at each region.

4.2. Seagrass attributes

Leaf morphology and epiphytic load

Overall, leaf width varied between ca. 0.15 andB@h at Gran Canaria and Alicante
and ca. 0.13 to 0.27 cm at Mallorca (Figure 3ayfeds2). Leaf area varied between ca.
1.38 and 10.1 cfper shoot across all regions throughout the s{ftyure 3b, Fig.

A.3) and LAI ranged between ca. 0.2 and 0.9 in GZanaria, between ca. 0.16 and
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0.58 in Alicante, and between ca. 0.07 and 0.39atorca (Figure 3c, Fig. A.4). Most
variation in seagrass leaf morphological descrgpt(ffigure 3) was accounted by
variation in PAR (p<0.001, Table 2, Table A.1). Gwoents derived from the GLMs

(Table 2) revealed that leaf width, leaf area aAdlibcreased with PAR.

Leaf width family=Gamma (link=log)

Predictor Estimate AelEIEE Z statistic  p-value R sl
SE Importance

Intercept -2.119 0.149 14.564 <0.001 -

PAR 0.0001 0.00001  5.062 <0.001 1

SST 0.010 0.009 1.122 0.262 0.32

Ho 0.100 0.179 0.558 0.58 0.19

Leaf area family=Gamma (link=log)

Predictor Estimate AelEIEE Z statistic  p-value R sl
SE Importance

Intercept 0.459 0.387 1.186 0.235 -

PAR 0.0001 0.00001  5.901 <0.001 1

Ho -1.021 0.457 2.23 0.025 0.72

SST 0.026 0.023 1.15 0.249 0.24

Leaf area index family=Gamma (link=log)

Predictor Estimate AelEIEE Z statistic  p-value R sl
SE Importance

Intercept -2.406 0.434 5.54 <0.001 -

PAR 0.0001 0.00001  5.65 <0.001 1

Ho -0.753 0.605 1.24 0.213 0.31

SST 0.019 0.031 0.625 0.531 0.19

Epiphytic loads family=Inverse gaussian (link=inverse)

Predictor Estimate AelEIEE Z statistic  p-value R sl
SE Importance

Intercept 1.885 3.557 0.530 0.596 -

Ho -6.295 3.018 2.085 0.037 0.53

SST 0.213 0.134 1.582 0.114 0.39

PAR 0.0001 0.00001 1.401 0.161 0.35

Qboveground family=Gamma (link=inverse)

iomass

Predictor Estimate MEILEIER Z statistic  p-value R SEIVE
SE Importance

Intercept 1.420 0.227 6.276 <0.001 -

PAR -0.019 0.004 5.156 <0.001 1.00

Ho 0.337 0.257 1.311 0.190 0.35

SST -0.009 0.013 0.639 0.523 0.19

Belowground

family=Gaussian (link=identity)



299

300

301

302
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306

307

308

biomass

Predictor Estimate RelLEiER z statistic  p-value R SEINE
SE Importance

Intercept 2.450 2.462 0.995 0.320 -

Ho 9.614 2.425 3.964 <0.001 1.00

PAR -0.0002 0.0001 1.919 0.055 0.79

SST 0.213 0.12 1.78 0.07 0.50

RWR family=Beta

Predictor Estimate RelLEiER z statistic  p-value R SEINE
SE Importance

Intercept 2.45 2.46 0.995 0.319 -

PAR -0.0002  0.0001 1.198 0.055 1.00

Ho 9.61 2.425 3.963 <0.001 1.00

SST 0.0213 0.119 1.783 0.07 -

Shoot density family=Gaussian (link=log)

Predictor Estimate AelEIEE Z statistic  p-value R sl
SE Importance

Intercept 6.260 0.166 37.613 <0.001 -

PAR 0.00004 0.00001  3.803 <0.001 1.00

Ho 0.264 0.236 1.117 0.264 0.32

SST -0.002 0.001 0.138 0.890 0.17

Seed production  family=Negative binomial

Predictor Estimate Austed Z statistic  p-value R sl
SE Importance

Null - 28 217.07 - -

Ho 186.05 21 31.02 <0.001 1.00

Table 2. Results of the model selection of the relativeantignce of predictor variables
affecting seagrass abundance and structure, empload and intensity of sexual
reproduction. The family error structure and tHeik functions are included for each
response variable. Values of model estimates asdceged SE are also included; p-
values of significant predictors are also shown ligtilighted in bold when significant

(<0.05).

In addition, variation in leaf area was also péstimccounted by spatial variation

associated with Ho (p<0.025; Table 2, Table A.&xflarea decreased with increasing



309 Ho. Epiphytic load was only explained by spatialiaton associated with Ho (p<0.05,

310 Table 2, Figure. 3d).
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Figure 3. Violin plots for seagrass leaf morphological dgsors, at each of the three
regions, including: a) Leaf width, b) Leaf area,Leaf area index and d) Epiphytic
load. Boxplots denote the minimum and maximum \&l&s the lower and upper part
of the whiskers. Each box represents the secondilguand the median is represented

as a black horizontal line. Outliers are represeagedot points.

Plant biomass allocation and abundance

Aboveground biomass varied between ca. 24.80 aBBQ% DW nt in Gran Canaria,
between 3.90 and 424.40 g DWrim Alicante, and between ca. 15.30 and 78.80 g DW
m? in Mallorca (Figure 4a, Fig.A.5). Most variation aboveground biomass was
accounted by variation associated with PAR (p<0100lable 2), with aboveground
biomass increasing with increasing PAR (Table hlda.1).

Belowground biomass ranged between ca. 10.00 ad@®8 DW nf in Gran Canaria,
between 16.30 and 322.80 g DWFin Alicante, and between 36.30 and 242.20 g DW
m?in Mallorca (Figure 4b, Fig. A.6). Both Ho and PAsRynificantly contributed to
explain variation in belowground seagrass biomasablé 2, Table A.1). Belowground
biomass decreased with increasing PAR, while irs@@avith increasing Ho (Table 2).
The RWR varied between ca. 0.21 and 0.66 in Grara@aand between ca. 0.53 and
0.99 in Alicante and Mallorca (Figure 4c, Fig. A.Both PAR and Ho contributed to

explain variation in RWR (Table 2, Table A.1), foMling similar patterns to those of

belowground biomass (Table 2).
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Seagrass shoot density ranged between ca. 5971d0dshoots i at the three regions
(Figure 5, Fig. A.8). Variation in shoot density svaxplained by variation in PAR
(p<0.0001, Table 2, Table A.1), with shoot densitgreasing with increasing PAR

(Table 2).
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Figure 5. Violin plots for seagrass shoot density at eactinefthree regions.

4.3 Intensity of sexual reproduction

We observed large differences in seed productidwden Gran Canaria (ca. 0.0003-
0.018 seeds per shoot) and the Mediterranean d@®013-0.84 seeds per shoot,
Figure 6). These differences were denoted by aifgignt effect of Ho (p<0.0001,

Table 2); the larger the Ho of the meadow, the érighe production of seeds (Table 2).
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5. DISCUSSION

In this study we initially aimed at describing \&ion in the abundance and structure
(i.e. morphology and biomass allocation) of a sasgrCymodocea nodosa) across
regions under different environmental conditiond amolutionary contexts. Our results
indicate that both regional and local-scale vasratias well as temporal variation,
differentially contribute to explaining variation seagrass attributes across populations,

thus supporting the Demographic-Compensation Hygsish(Villellas et al., 2015).

Phenotypic plasticity is the capacity of organisits adjust to environmental
heterogeneity through alteration of physiologicalbrphological and/or demographic
responses (Pigliucci, 2001). In our study, morpbwial (leaf width, leaf surface and
LAI), structural (above-ground biomass) and aburdgshoot density) attributes of the
seagrass leaf canopy exhibited a significant arsitige relation with PAR, most likely
reflecting regional seasonal variation, as it haenbpreviously described for this
species (Enriquez et al., 2004; Guidetti et alQ220Tuya et al., 2006). Typicall\.
nodosa has a peak in leaf canopy development in spritgsammer (seasons of high
PAR), while decreasing (senescence) in autumn amtew(Cancemi et al., 2002;
Reyes et al.,, 1995), and such patterns were strangéran Canaria, which exhibits

lower annual PAR variability but a higher annualam@&®AR.

Beyond PAR regional patterns driving seagrassbaiies, we also detected that leaf
morphology exhibited strong local differences asrogeadows, and this variation was
also significantly accounted by local genetic deitgt The same occurred among
regions with respect to variation in epiphytic IeatlVe observed that meadows from

the Atlantic waters had less variability than thésen the Mediterranean Sea. Large
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variability through local scales in epiphytic loaolsMediterranean meadows has been
reported in the past (e.g. Castejon-Silvo & Terrad20D12). At present, however, we

lack conclusive reasons behind such biogeograptitfalences.

Leaf area was larger at meadows from Alicante arah@&anaria, which are deeper
than meadows from Mallorca (ca. 5 - 12 vs. 1.5m, 4espectively), and shoot densities
were also higher in the former two regions. Intenggty, this is the opposite pattern that
is typically observed whereby an inverse relatignsbetween these two variables
exists, with shoot densities being lower in deapeadows, as a way to decrease self-
shading. For example, a 40 to 60% reduction in stensity (e.g. from 305 shoots/m
to 128 shoots/fy Aoki et al. 2020, and from 76.1 shoot$/to 34 shoots/f Beca-
Carretero et al. 2019) has been observed fonarina when colonizing deeper waters.
Most likely, however, in our study meadows, shoengities are not high enough to
promote self-shading. Indeed, our study encompassedpper bathymetric distribution
ranges of the species, where light limitation amastself-shading are unlikely to be an

issue.

Investment in belowground compartments (i.e. raoks rhizomes) has been previously
related with several abiotic processes, such aeveaposure (De Los Santos et al.,
2009; Peralta et al., 2006), light availability é€8&n et al., 2002) and sediment nutrients
(Jiang et al., 2019). In our study, we observed thelowground biomass was
(positively) predicted by meadow genetic diversigyggesting that allocation of
resources to belowground tissues was mainly drbsedifferences not related to light
or temperature. In this sense, meadows with thaesigbelowground biomasses (i.e.
those from Mallorca), are not only those with thghlest genetic diversity, but are also
probably more exposed to wave action, as they oc(apatively) shallow waters. Such

investment in belowground tissues, therefore, cbel@xplained by potentially stronger
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hydrodynamic conditions at these shallow-water ssitevhich require enhanced
anchorage of plants (Beca-Carretero et al., 20&é8lf et al., 2006). Seagrasses at very
low depth, moreover, do not have to invest a lamg@unt of resources in aboveground
tissues to absorb light, as our data has indiciatedce, these seagrasses can invest their
resources in a larger production of belowgroundansg which can promote their
capacity to uptake nutrients. With regard to the RWow values are often connected
with eutrophic conditions, as less root tissueeguired to incorporate nutrients (Oliva
et al., 2012). In this study, we observed very halues at Arinaga (Gran Canaria),
which has undergone several eutrophication evesgsceéated with human activities
and, in particular, impacts derived from the depeilent of an industrial port (Manent

et al., 2020).

High seed production was observed in meadows dxigbnigh genetic diversity (i.e.
observed heterozygosity), which is usually indatof sexual reproduction success
(Jahnke et al., 2015; Paulo et al., 2019b; Ruialet2018). Differences in meadow
heterozygosity amongst regions may be a resulhefdifferent evolutionary histories
experienced by the meadows from each region arttidojevel of genetic connectivity
among extant meadows. In this sense, meadows fr@n Ganaria suffered a “founder
effect”, whereby all meadows derived from a few ooom genotypes, and such
bottleneck limited the allelic richness and hetgguwity of these meadows (Alberto et

al., 2006; Blanch et al., 2006; Tuya et al. 2019).

In addition, sexual reproduction (and thus hetegosity) may also be driven by
environmental conditions. For instance, plant papahs at their range edges, or under
low environmental variation, tend to decrease thiensity of sexual reproduction
relative to vegetative (asexual) propagation, bseat diminishes the energetic costs

needed to guarantee population persistence (EcRé@]l). Thus, in Gran Canaria
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meadows, an evolutionary “founder effect” coupleithva less variable environment
may have driven populations to favor asexual prapeg relative to sexual
reproduction (Alberto et al., 2006, Manet et aR@) In contrast, sexual reproduction is
often enhanced under short-terms stressful comditiparticularly after undergoing
disturbances (Cabaco & Santos, 2012; Jahnke &Cdl5; T. Liu et al., 2013; Qin et al.,
2014; Ruiz et al., 2018; Salo & Gustafsson, 20168y the production of seeds has
been associated with rapid recovery after distweaiiLarkum et al., 2006; Paulo et al.,
2019b). Indeed, meadows with high heterozygosityld/idfavor the conditions for
initial acclimation and adaptation to disturban@@gans et al., 2017; Procaccini et al.,
2007; Salo & Gustafsson, 2016b). As a result ofsehdifferent evolutionary and
environmental constraints, leading to low geneiieiity and sexual reproduction,
meadows ofC. nodosa from Gran Canaria are likely to be more vulnerahde
disturbances than meadows from other regions t&afgbri et al., 2015; Tuya et al.,
2014; Tuya et al. 2019; Manent et al. 2020). Indhge of Mallorca meadows, i.e. those
with the highest genetic diversity and seed desssitiheir location in shallow waters,
where winter swells may directly disrupt plantsfdines et al., 2012; Paulo et al.,
2019b; Pereda-Briones et al., 2018), may be anogwal driver promoting sexual

reproduction.

Cymodocea nodosa is considered an “opportunistic” seagrassgu Kilminster et al.,
2015), i.e. a species that has the ability to igpidlonize soft bottoms, producing large
amounts of seeds and seedlings, particularly tovescfrom disturbances. Given the
results we have obtained, this species appearspiag a more “persistent” seagrass
pattern (i.e. a seagrass species for which thesinvent on sexual reproduction could
compromise asexual reproduction) in Gran Canarlands In contrast, a more

“colonizer” pattern (i.e. a seagrass species thegst in sexual reproduction without
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compromising their ability to also reproduce asdlydais observed in Mallorca
meadows. This observation somehow follows Jahnkal.e2019), which concluded
that inter-population ecological divergence of agsass P. oceanica) is explained

through adaptations to local environmental condgio

Overall, our results highlight that phenotypic pigisy to local and regional
environments need to be considered to better mamagig@reserve seagrass meadows.
In brief, not only do we need to differentiate am@pecies, but also among potential

ecotypes within seagrass species (King et al., ;20i&nco Bercovich et al., 2019).
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