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Abstract

Seagrasses are marine flowering plants distributed worldwide. They are however threatened, mostly due to
the increase of human activities. Seagrasses have the capacity to adapt their morphological, physiological,
and mechanical traits to their local conditions. Mechanical traits have been identified as a good tool to inves-
tigate a plant-species capacity to withstand physical forces or disturbances but are still sparsely studied in sea-
grasses. With this study, we aimed to assess how the mechanical traits of a broadly spread seagrass species
vary along a latitudinal gradient in relation to its morphometric plasticity and nutrient status. We found
that seagrasses acclimate their mechanical traits in relation to their physiological or morphological traits,
both over the growing season and across a latitudinal range: leaves were weaker and thinner in northern
areas, particularly at the end of the growing season. Besides the influence of the latitudinal gradient, leaf
mechanical strength and stiffness were both strongly affected by their morphometric plasticity. Moreover, we
showed that leaves mechanical traits change depending on their nutrient status: leaves were stronger and
stiffer in oligotrophic conditions as compared to more eutrophic conditions. Thus, our results imply that,
under eutrophication, leaves become weaker and thus more vulnerable to physical forces. This vulnerability
is higher in the north at the end of the growing season. The latter is consistent with the more ephemeral
character of northern seagrass meadows, in contrast to the more evergreen southern meadows.

Seagrasses are marine flowering plants widely distributed
worldwide (Short et al. 2007), providing highly valuable eco-
system services for coastal areas (Orth et al. 2006). Their
development and distribution depend on various conditions
“Present address: Deltares, Delft, The Netherlands such as light and nutrient availability (Duarte 1991; Grice
Additional Supporting Information may be found in the online version et al. 1996; Wicks et al. 2009), hydrodynamic conditions
of this article. (varies per species), and sediment characteristics (Koch 2001;

*Correspondence: laura.soissons@nioz.nl


http://orcid.org/0000-0002-0922-3206
http://orcid.org/0000-0002-0478-8929

Soissons et al.

de Boer 2007; Eriksson et al. 2010). Seagrass meadows are
facing severe declines worldwide, due to the increase of
human activities (Orth et al. 2006; Halpern et al. 2008; Way-
cott et al. 2009), threatening their resilience and survival.
Being sessile organisms, seagrasses can to some extent adapt
their morphological and physiological traits to their local
conditions, influencing their resilience to (natural or
human-induced) stressors (Short and Wyllie-Echeverria 1996;
Touchette and Burkholder 2000; Peralta et al. 2005; Lee et al.
2007; Cabaco et al. 2009; de los Santos et al. 2010, 2013).

There are several known examples where seagrass have
acclimatized their morphological traits to abiotic conditions.
When light is limiting, seagrasses have been shown to
reduce their investment in below-ground biomass to main-
tain their photosynthetic production (Peralta et al. 2002; Lee
et al. 2007; de los Santos et al. 2010). In contrast, in highly
dynamic environments with no limiting light, seagrasses can
adapt their morphology by allocating more energy to their
below-ground structures (Peralta et al. 2005). Seagrasses are
also capable of changing their physiological traits in
response to abiotic conditions. For example, their leaf C : N-
ratio decreases under eutrophication (Duarte 1990; Roca
et al. 2016). Besides modifying only their morphological or
physiological traits, seagrasses can also modify their mechan-
ical traits such as leaf strength or stiffness in response to
external forcing (de los Santos et al. 2013).

Mechanical traits have been identified as a good tool to
investigate a plant-species capacity to withstand physical
forces or disturbances (Onoda et al. 2011; Puijalon et al.
2011; de los Santos et al. 2013). They are evaluated by mea-
suring the strength, stiffness, or extensibility of tissues before
breakage and have been the focus of several studies on fresh-
water (Puijalon et al. 2011), terrestrial plants (Onoda et al.
2008, 2011) as well as marine macroalgae (Harder et al.
2006; Demes et al. 2013). However, for seagrass species, there
are still only a very limited number of studies available on
mechanical traits/strength of leaves and reproductive shoots
(Patterson et al. 2001). Available studies have focused on
comparing species-specific traits (de los Santos et al. 2016)
and on quantifying the effect of specific abiotic conditions
such as the effect of nutrient enrichment (La Nafie et al.
2012, 2013), wave exposure (de los Santos et al. 2010; La
Nafie et al. 2012), and the spatial and temporal variability in
abiotic conditions (de los Santos et al. 2013). In their study,
La Nafie et al. (2013) demonstrated that nutrient enrichment
significantly reduced leaves strength and stiffness in Halo-
phila ovalis. These changes were related to the induced
increase in leaves dimensions following abiotic changes
(nutrient enrichment or shading). This relationship between
leaves dimensions (leaf width) and mechanical traits was
confirmed by de los Santos et al. (2016). Such changes in
leaves dimensions and mechanical traits related to changes
in abiotic conditions could lead to disparities in seagrass
response to stressors. Understanding how stressors may affect
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seagrass properties on a larger geographic scale, such as
across a latitudinal gradient and over the growing season,
has not been resolved, despite the importance for under-
standing seagrass resilience to global warming in combina-
tion with other human induced stressors (Short and Neckles
1999; Duarte 2014).

In this study, we aimed to assess how the mechanical
traits of a broadly spread seagrass species vary along a latitu-
dinal gradient. Using Zostera noltei as a model species, we
focused our study on two critical moments in their growing
season: the peak of growth, when their productivity and bio-
mass reaches a maximum; and at the end of growing season,
when the biomass decreases before the winter period. We
hypothesize that (1) leaves mechanical traits will vary along
a latitudinal gradient, as well as (2) other the growing sea-
son; and that (3) the nutrient status of a seagrass meadow
lead to altered mechanical properties, as found in tropical
species (La Nafie et al. 2013). That is, for the same species,
we expect plants at oligotrophic locations to be mechani-
cally stronger than those at eutrophic locations. We further-
more hypothesize that (4) changes in mechanical traits
along the latitudinal gradient are mainly due to morphomet-
ric plasticity, as a recent study demonstrated that leaf width
was the most important factor affecting leaf strength across
species (de los Santos et al. 2016).

Material and methods

Study area and experimental design

Z. noltei meadows can be found in intertidal areas along
the European coastline (Valle et al. 2014). To evaluate the
large-scale spatial and seasonal variation of seagrass mechan-
ical traits, 12 well studied Z. noltei meadows were selected
and sampled at two different time periods corresponding to
the peak and the end of the seagrass growing season (i.e.,
based on local expertise). Meadows were selected according
to four main criteria: (1) healthy seagrass meadow; (2) with a
minimum 30 X 30 m homogeneous surface area; (3) located
in an intertidal area; and (4) with a sampling area located in
the middle of the meadow and not at the edge. The selected
meadows followed a latitudinal gradient from South to
North, being: 1. Cadiz (Spain); 2 and 3. Mondego estuary
(Portugal); 4. Santander (Spain); 5. Bidasoa estuary (France);
6 and 7. Arcachon Bay (France); 8. Noirmoutier (France); 9.
St-Jacut-de-la-mer (France); 10 & 11. The Oosterschelde
(Netherlands); and 12. Sylt (Germany) (Fig. 1; Table 1). For
some meadows, two close sites were selected in order to
account for local variability and to compare sites according
to their health status (i.e, Mondego estuary sites 2.
Upstream and 3. Downstream), their elevation (i.e., Arca-
chon Bay sites 6. Germanan and 7. Hautebelle) and their
exposure to hydrodynamics (i.e., Oosterschelde sites 10.
Oostdijk and 11. Dortsman) (see Fig. 1, Table 1, and Support-
ing Information for background information on all selected



Seagrass mechanical traits across Europe

Soissons et al.

86¢CL S09L 600+6/L L'0*2Cc 8€8 + 6086 899 + 909 das 71 Inf o€ 6180013 ¥S ¥S N Auewssn YAs 713
€0clL Syl  £L00+¢€8L 800+<C0C L6+ LTVS CLL+SLL9 des gz bny oz 65 €003 ¥€ LS N SPUBRYIBN ‘Bp|ayasiaisoo—uewisyog L3
€0ClL Syl L'0x06lL L'0+¢0C S6¥VL+68¢L 7501+ 8LE0lL dss 9z bny el /S0 #0013 9¢ LS N SpuelIRYISN ‘Bp|ayIsia1s00—A(IPIS0O 013
8L'vL S¢Sl 20+ L0c L'0+¥'0¢C €65 + 8¢0¢C 86¢ + S/ bny 0z Il 62 /LL 200 M 9€ 8¥ N aduel] “JaW-E|-dp-1ndkf-1S 61
88¢CL S¢'SL L0011l 600+¢€Lc /Z9LL+8¥S9 YSSL+84¥S das || Inf sz /LZ 200 M ,86 9% N adueld ‘IaNNOWION 81

solL Lyl 800+06L £LO0O0+C'€C 88S + L6l6 L99C * S+06 PO /7 bBnvel 60 LOOM £ PP N a>uelq ‘Aeg uoydedIy—3||9gRINeH /3

solL LlZ¥L 800F6'8L £L00FCTE€C €LZLF+06°0L L90L ¥ 9V 16 PO /7 bnygl 8 L00 M ¥ ¥¥ N aduel4 ‘Aeg UoYdBIIY—UBUBULIDD 91

SoL  Zevl L'0+9°0C L'0F€€C 8/S ¥ T68Y 048 + 08SS PO LL bny /0  9v LOO M LZ €¥ N aduely ‘Arenyss eosepig LE|
Y'LL ¢yl €00+6'6L €00+9¢CC SEEF L6LT 06S + 0851 PO bnv il 8y €00M ST EVN ureds “Jspuejues ¥3
Z1°0L €8¢l 80°0+/'8L L'0F9°0C 90FL¥6£L°TL  /LSELF0CTH9 AN 0L bny gl 0S 8M 80F N [ebnuog ‘Aienise obapuoN—weaysumod €3
ZL0L €8¢l £L00+88L 600+80¢ 8Sv +80LL €vCL + €459 AN OL  bny gl 0S8 M 80¥ N [ebniiog ‘Aienyss obapuopn—uweansdn £

S0L £97L 800+90C 800+19¢ CELFTULLS 0SELF 1952l AON 90  dds 60 OL 9 M 0€9¢N ureds ‘Aeg zipe> 13
pui  ead pu3 Nead pu3 jNead pu3 Nead s9jeulpiood sawieu pue Jaquinu IS

(sjewdap) (D,) @anjesadwa | (z_w u) Aysuap j00ys syuawiadxa

sinoy pua-jels
b1keq

‘uoseas buimolb ayy Jo pus ay) pue sjead syl Yioq Joj (dwiny buidwes punose yuow | uo pabelase)

sinoy 1ybijkep pue ‘aimesadway ‘swn Buidwes e Aysusp jooys ‘awry Buidwes ‘s91euIpI00d YIM SONISLSDRIEYD pUR WU SMOpEIW Palddles ‘| djqel

Germany

Sampling dates were not identical

between meadows since the growth and the length of the

Fig. 1. Studied sites along the Western-European latitudinal gradient.
growing season are dependent on local conditions such as

seagrass meadows).

For each sampling date at all sites, five cores were col-
lected at different locations within the seagrass meadow by

peratures averaged over 1 month around the sampling date
using a 10 cm diameter PVC core, inserted into the sedi-

for each site (Table 1).
ment. Each core contained several seagrass shoots and the

Two loggers were placed within the study area and the tem-
distance to collect the cores was far enough to ensure no
direct clonal or rhizome connection between replicates. Sam-

using HOBO Pendant Temperature loggers (64k—UA-002-64,
ONSET) at a frequency of one measurement every 30 min.

temperature, light availability, and latitude (Table 1). Water
temperature was monitored over the study period at all sites

ples were labeled, carefully washed a first time on site, stored

into wet tissues and shipped via express shipment (< 24 h)
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Table 2. List of leaf characteristics measured and calculated with relative units.

Leaf characteristics Name Measure/formula Units

Morphological traits Length Lo mm
Width Ly mm
Thickness Lt mm
Cross-sectional area CA=Llw X Ly mm?

Mechanical traits

(1) Tissue properties Breaking stress Fra N
Absolute extension ota mm
Extensibility Smax = (01a/Lo) X 100 %

(2) Material properties Strength Frs = Fra/CA N mm ™2
Stiffness Er = (Lo/CA) X (Fra/dta) N mm~?2

Physiological traits C:N-ratio C:N=C/N

for further analysis to the Royal Netherland institute of Sea
Research (NIOZ) in Yerseke, The Netherlands.

Seagrass traits measurements

Upon arrival at the NIOZ and prior to mechanical meas-
urements, the samples were carefully washed and epiphytes
removed from the plant material. The total number of
shoots was firstly noted for shoot density (Table 1). Then,
from each sample, five apical shoots were randomly selected
for trait analysis. The third leaf from each apical shoot was
then cut off at the junction between the sheath and the
blade and placed into seawater at room temperature. The
rest of the apical shoot was kept and split between above-
ground (leaves) and below-ground parts (roots and rhizomes)
for further tissue analyses.

Morphological traits

Morphological traits (Table 2) such as leaf length (Lo,
mm), width (Ly, mm), and thickness (Lt, mm) were mea-
sured by wusing a calliper and dial thickness gauge
(Mitutoyo®, precision +0.01 mm). They were used to calcu-
late the cross-sectional area (CA, mm?) (Table 2).

Mechanical traits

Measures of mechanical traits of the leaves in tension
were conducted by using a tensometer (custom made electric
actuator with a rated capacity of 5 kN and an accuracy of
0.01 mm of displacement; Instron® universal testing
machine) and the Bluehill software (version 3.0). The tensile
tests were performed using a load cell of 10 N with pneu-
matic action grips of 5 N (model 2712). The leaf fragments
were individually clamped between the action grips, parallel
to the main axis with the mounting 10 mm apart. During
the test, the leaf fragments were stretched at a constant
velocity of 10 mm min~'. The extension and the load were
recorded every 0.1 s until breakage, where the maximum
load (Fra, N) and extension (dra, mm) were recorded. These
two direct measurements of tissue properties were defined as
(1) the breaking stress (Fra, N), the maximum force each

individual fragment can bear before breakage; and (2) the
absolute extension (dra, mm), the maximum extension of
the fragment before breakage (Table 2).

From the recorded measurements and the morphological
traits of each leaf fragment, three additional mechanical traits
were calculated (Table 2): (3) the extensibility (dmax, %) corre-
sponding to the increase in length (d14) from the original
specimen length (L) that occurs before it breaks; (4) the ten-
sile strength (Frs, N mm %) which is the maximum force per
unit of CA needed to break the leaf fragment; and (5) the stiff-
ness, given by the Young’s modulus of elasticity in tension
(Er, N mm~?) and representing the leaf’s resistance to defor-
mation (the higher the Er, the stiffer the leaf fragment).

Mechanical traits used in this study were separated into
two categories describing (1) the tissue properties, relative to
the absolute mechanical property of the leaf fragment (i.e.,
breaking stress, absolute extension and extensibility); and (2)
the material properties, a standardized mechanical property
accounting for the leaf morphological traits (i.e., strength,
stiffness) (Table 2).

Physiological traits

Physiological traits were determined by considering the
C : N-ratio in leaf tissues. To measure the C : N-ratio in
leaves, total carbon and nitrogen content were measured on
freeze-dried and ground leaf samples using an Elemental
Analyzer (EA) Flash 1112, Thermo Scientific. Lyophilized
and ground samples were combusted at 1020°C in oxic con-
ditions. The nitrous oxides were reduced to N, with elemen-
tary copper at 650°C and water was removed by trapping.
After separation on a Haysep Q column, CO, and N, were
detected on a Thermal Conductivity Detector (TCD) detec-
tor. The C : N-ratio was thus calculated by diving the total
carbon content by the total nitrogen content obtained.

Statistical analysis

The latitudinal and seasonal variation (hypothesis 1 and
2) of leaves’ morphological (leaf length Lo, leaf width L.,
CA) as well as tissue (Fra and dy,.x) and material (Frs and Ey)
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Table 3. Results (F and p) from the mixed effect model testing the seasonal (timing) and latitudinal (latitude) variations morpholog-
ical, physiological, and mechanical traits of the seagrass meadows studied, as well as the effect of C : N-ratio as a co-variable.

C : N-ratio
Latitude Timing (co-variable)
F p F p F p
Morphological traits Leaf length (mm) 7.796 <0.001* 2.706 0.101 0.441 0.507
Leaf width (mm) 65.075 <0.001* 77.301 <0.001* 0.059 0.807
CA (mm?) 52.242 <0.001* 37.755 <0.001* 1.619 0.204
Physiological traits CN ratio 57.069 <0.001* 61.983 <0.001* -
Tissue properties Breaking stress (N) 44.527 <0.001* 27.19 <0.001* 14.621 <0.001*
Elongation (mm) 4.752 <0.001* 4.117 0.043* 0.081 0.776
Extensibility (%) 2.015 0.025* 2.395 0.122 0.048 0.826
Material properties Strength (N mm~2) 7.425 <0.001~ 0.013 0.909 7.537 0.006*
Stiffness (N mm~?) 3.629 <0.001* 5.579 0.019* 7.311 0.007*

properties across a latitudinal gradient were evaluated with a
mixed effect model accounting for the effect of latitude (ran-
dom factor), season (fixed factor), and C : N-ratio (co-vari-
able). This model will allow to disentangle the effect of
nutrient status expressed by physiological traits (hypothesis
3) from the latitudinal and seasonal effects. The seasonal
and latitudinal variation of leaf C : N-ratio was also evalu-
ated with a mixed effect model only accounting for the
effect of latitude (random factor) and season (fixed factor).
Moreover, a stepwise regression was used to test the relative
influence of morphological traits (CA, leaf width L)
(hypothesis 4), physiological traits (C : N-ratio) and tissue
properties (Fra, dmax) ON material properties (Frs). For all
tests, data was robust to assumptions, including analysis of
data normality and equality of variances. All statistical analy-
ses were performed with R version 3.1.3 (2015-03-09).

Results

Seasonal variation of leaves characteristics across a
European gradient
Morphological traits

Leaf width (L) as well as seagrass CA (mm?; representing
leaf width X leaf thickness) (Table 3; Fig. 2a) decreased
between the peak and the end of the growing season; while
leaf length, (Lo, mm) did not show any significant changes
along the growing season (Table 3; Fig. 2b). Lo, Ly, and CA
generally decreased with increasing latitude, with however
still high values in the mid-latitudes, particularly at the end
of the season for CA (Table 3; Fig. 2a,b).

Tissue properties (absolute mechanical traits)

Breaking stress (N) presented significantly lower values at the
end of the season when compared to the peak of growth (Table
3; Fig. 2¢); whereas leaf extensibility (%) did not significantly
differ between the peak and end of the season (Fig. 2d; Table 3).

Both traits, however, significantly decreased along the latitudi-
nal gradient from south to north (Fig. 2¢,d; Table 3).

Material properties (standardized mechanical traits)
Standardized mechanical traits were calculated from abso-
lute mechanical measurements as a function of leaf mor-
phology (Lo, CA). Hence they define the material properties.
The leaf strength (N mm 2), as well as the stiffness (N
mm %), were generally lower in northern locations (Table 3;
Fig. 2e,f), meaning that the plants from northern sites were
less stiff and easier to break than in the south. Leaf strength
significantly decreased of about 1.5-fold from south to north,
but not along the growing season (Table 3; Fig. 2e). In con-
trast, leaf stiffness significantly increased along the growing
season, particularly in northern sites (Table 3; Fig. 2f).

Physiological traits (C : N-ratio)

Leaf C : N-ratio showed a decreasing pattern with increas-
ing latitude during the peak season. This pattern was how-
ever not observed at the end of the season, where leaf C : N-
ratio decreased, particularly at the southern locations (Table
3; Fig. 2g).

The influence of morphological and physiological traits
on leaves mechanical traits

Besides the effect of the latitudinal gradient and timing
on mechanical traits (Table 3), leaf physiological traits
(C : N-ratio) co-varied with some tissue and material proper-
ties. Sites with high C : N-ratios showed significantly higher
breaking stress (Fra, N), tensile strength (Frs, N m~2), and
stiffness (Ey, N m~2) (Table 3). C : N-ratio had however no
significant influence on morphological traits as well as leaf
elongation and extensibility (Table 3).

A positive linear relationship was observed between CA
and breaking stress (Fig. 3) showing the influence of leaves
morphological traits on their tissue properties. Furthermore,
results from the stepwise regression (including Fra, Omax,
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Fig. 3. Linear regression between breaking stress (Fra; tissue properties)
and CA (morphological trait). Data represent all sites at both the peak
and the end of the growing season. Numbers refer to the different sites
along the Western-European latitudinal gradient (from South: 1 =E1 to
North 12 = E12). [Color figure can be viewed at wileyonlinelibrary.com]

C : N-ratio, CA, and L,,) showed that the observed variance
in leaf strength (Frs) was better explained by the combina-
tion of leaf breaking stress (Fra), CA, and leaf width (total
R*=0.83, p<0.001). The stepwise regression for Frs showed
that changes in the tissue property Fra accounted for 20% of
the variance, CA for the next 62%, and L., for 0.3%; exclud-
ing leaf C : N-ratio and dy,x from the model.

Discussion

Seagrasses are sessile organisms able to acclimate their
physiological and morphological traits to face the stresses
and disturbances they are submitted to (Short and Wyllie-
Echeverria 1996). Plant mechanical traits are important to
confer protection and resistance to leaves against currents,
waves, or herbivory (Read and Stokes 2006; Onoda et al.
2011). However, these traits remain scarcely understood for
seagrasses (La Nafie et al. 2012, 2013; de los Santos et al.
2013). This study reveals that seagrasses have the capacity to
acclimate their mechanical traits in relation to their physio-
logical or morphological traits, both over the growing season
and across a latitudinal range: leaves are weaker and thinner
with increasing latitude, and this effect is more evident at
the peak of the growing season. Moreover, we showed that,
in addition to the influence of a latitudinal gradient and
morphometric plasticity, leaf mechanical traits are also influ-
enced by the leaf nutrient status (i.e., C : N-ratio). In our
study, leaves were stronger and stiffer under oligotrophic
conditions (high C : N-ratio) as compared to more eutrophic
conditions (low C : N-ratio).

Seagrass mechanical traits across Europe

Seagrass mechanical traits along a seasonal and
latitudinal gradient

Along the European coastline, our study showed that sea-
grass meadows (Z. noltei) have mechanically weaker leaves
with a lower C : N-ratio when latitude increases from south
to north, though variation is large (Fig. 2). This variation
suggests that seagrass traits could be also affected by other
driving variables such as seasonal dynamics (Pérez-Lloréns
and Niell 1993; Auby and Labourg 1996; Vermaat and Verha-
gen 1996; Hansen and Reidenbach 2013) or acclimation to
local environmental conditions (Peralta et al. 2005; de los
Santos et al. 2013) not driven by the latitudinal gradient.

Most mechanical traits decreased at the end of the grow-
ing season, particularly those related to tissue properties
such as breaking stress (Fr,), i.e., the specific force needed to
break a leaf. This was particularly the case in northern lati-
tudes, where leaves got thinner (i.e., reduced CA due to
reduced leaf width and thickness) before wintering offering
less resistance to breakage. Indeed, in northern latitudes,
intertidal seagrass populations are usually annual: only the
below-ground biomass with limited leaf cover (mostly one
leaf left per shoot) remain for the winter period (Hemminga
and Duarte 2000; Larkum et al. 2006). At high/northern lati-
tudes where light and temperature get very low during win-
ter, a reduction of leaf width and thickness (i.e., reduced CA)
at the end of the season may favor leaf breakage as the strat-
egy for the population to resist these hard conditions. In
contrast, at low/southern latitudes where light and tempera-
ture decrease mildly in winter, higher leaf width and thick-
ness preserve stronger leaves (see the strong correlation
between leaf CA and breaking stress, Fig. 3), allowing the
southern seagrass populations to keep growing on a mild
winter environment.

Changes in seagrass mechanical traits depending on their
nutrient status

The relationship between eutrophication (C : N-ratio) and
mechanical (leaf strength and breaking stress) traits demon-
strates the high relevance of local environmental status on
seagrass mechanical traits. Under oligotrophic conditions,
seagrass meadows typically develop leaves with high C : N-
ratios (Duarte 1990). The present work demonstrates that
leaves with high C : N-ratios are stronger and stiffer than
seagrass meadows with a lower C : N-ratios. Although these
mechanical response could be also due to differences in the
plant morphotype (i.e., Fig. 3) or growth rate (Peralta et al.
2000), the effect of leaf nutrient status on mechanical traits
has been previously observed on terrestrial plants, showing
also stronger leaves under low nutrient conditions (Onoda
et al. 2008). Our results are also supported by previous find-
ings in the laboratory and on tropical seagrasses (La Nafie
et al. 2012, 2013), in which case high nutrients levels (i.e.,
low C : N-ratio) were correlated to reduced leaf strength and
stiffness.
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As seen in our study, seagrass mechanical traits were
related to their distribution along a latitudinal gradient, their
morphological traits as well as their nutrient status. This
overlap suggests that, within a latitudinal gradient, sea-
grasses have the capacity to adapt to their local high or low
nutrient status (as shown by local changes in tissue C : N),
helping to withstand more “extreme” nutrient variations
(Puijalon et al. 2008; de los Santos et al. 2013; Kohlmeier
et al. 2014). Therefore, as observed for other seagrass species
(Cymodocea nodosa) under different hydrodynamic condi-
tions (de los Santos et al. 2013), it could be hypothesized
that Z. noltei’s leaves present a plasticity in their mechanical
traits that could be modulated by local nutrient status. How-
ever, more manipulative work is needed to further under-
stand the consequences of these interactions (i.e., between
physiological and mechanical traits) for population
resilience.

The influence of morphological traits on tissue and
material properties

The morphometric plasticity and acclimation of seagrasses
to local conditions is an efficient mechanism to modulate
the plant structural resistance and face the local stresses and
disturbances they undergo (Peralta et al. 2005). In a compar-
ative study of over one third of world seagrass species, de los
Santos et al. (2016) showed how mechanical traits varied in
seagrass species depending on their geographical region
(tropical vs. temperate) and their morphological traits, par-
ticularly leaf width. Our results support this relationship by
showing a strong positive relationship between leaf CA and
their tissue properties, expressed as breaking stress. In terres-
trial plants, higher leaf mass has been previously associated
to higher plant structural resistance and longer lifespan, sug-
gesting that leaf mass is positively related to mechanical
resistance (Read and Stokes 2006). Our results also show that
wider and thicker leaves (with higher CA) observed in south-
ern seagrass populations from oligotrophic sites presented
also stronger tissues, confirming not only previous observa-
tions in terrestrial plants (Read and Stokes 2006), but also in
other seagrass species (de los Santos et al. 2016).

Implications for the resilience of temperate seagrass
meadows

Overall, our study reports an important aspect of seagrass
ecology by showing how they acclimate their mechanical
traits along a latitudinal gradient. In northern areas, with
darker and cooler winters than in southern areas, seagrass
leaves are weaker at the end of the growing season, favoring
the loss of photosynthetic tissues for wintering. Moreover,
we showed that leaf mechanical traits relate not only to
morphological (leaf width and CA), but also to physiological
traits (leaf C : N-ratio), showing under oligotrophic condi-
tions stronger and stiffer leaves than under eutrophic ones.
The relationships between leaf physiological and mechanical
traits are important to evaluate potential effects of
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eutrophication on seagrass meadows. La Nafie et al. (2012,
2013) also demonstrated that seagrass leaf mechanical traits
could be reduced under stressful nutrient enrichment levels,
i.e., eutrophic conditions (leaves are easier to break despite
their slightly higher extensibility, La Nafie et al. 2013). This
means that further eutrophication may affect the strength of
seagrass leaves, reducing subsequently the resistance to other
stressors such as waves, currents, or herbivory (Read and
Stokes 2006; Puijalon et al. 2008, 2011; Onoda et al. 2011).
Therefore, understanding the latitudinal consequences of
eutrophication is highly important in a context of increasing
human activities and threats on coastal areas and climate
change.
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