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INTRODUCTION

Knowledge of plant mechanical traits is important
to understand how plants resist abiotic (e.g. fluid-
 driven forces) and biotic (herbivory) mechanical
forces (Read & Stokes 2006). Plant biomechanics

have been relatively well studied in land plants from
local to global scales (Onoda et al. 2011), and are
important to plant ecological strategies such as leaf
lifespan and also to ecosystem processes such as
 litter decompo sition, plant−herbivore interactions
and nutrient cycling (Read & Stokes 2006). Studies on
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ABSTRACT: Knowledge of plant mechanical traits is important in understanding how plants resist
abiotic and biotic forces and in explaining ecological strategies such as leaf lifespan. To date,
these traits have not been systematically evaluated in seagrasses. We analysed mechanical
(breaking force and tensile strength) and associated traits (thickness, width, length, fibre content,
mass area, and lifespan) of leaves in 22 seagrass species (around one-third of all known seagrass
species) to examine (1) the inter-specific variation of these traits in relation to growth form and
bioregions, (2) the contribution of morphology to leaf breaking force, (3) how breaking force scales
to leaf dimensions, and (4) how mechanical and structural traits correlate to leaf longevity. We also
compared our seagrass dataset with terrestrial plant databases to examine similarities between
them. Large variation in leaf breaking force was found among seagrass species but, on average,
temperate species resisted higher forces than tropical species. Variation in leaf breaking force was
largely explained by differences in leaf width rather than thickness, likely due to the benefits in
leaf reconfiguration and light interception. Species of large dimensions (long leaves) typically had
high leaf breaking force, plausibly to tolerate the drag forces they may experience, which are pro-
portional to the leaf area. Leaves of long-lived species typically had high mass per leaf area and
fibre content and they supported high breaking forces. Compared to terrestrial plants, seagrasses
are short-lived species with moderately strong fibre-reinforced leaves, which probably evolved to
withstand the hydrodynamic forces occurring in the sea, and in response to other environmental
factors. Overall, our analysis provides new insights into the physical performance of seagrasses in
the marine environment.
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mechanical properties of aquatic plants are far fewer
(e.g. Puijalon et al. 2011, Miler et al. 2014) and most
studies on marine macrophytes are mainly concen-
trated on macroalgae (e.g. Koehl 1984, Duggins et al.
2003, Harder et al. 2006) whereas only a few studies
have examined the biomechanics of seagrasses
(Kopp, 1999, Patterson et al. 2001, de los Santos et al.
2012, 2013, La Nafie et al. 2012, 2013), contrasting
with the ecological relevance of this group of founda-
tion species (Duffy 2006).

Seagrasses are unique angiosperms, representing
3 or 4 separate land plant lineages which have
evolved to grow in marine habitats (Den Hartog
1970, Waycott et al. 2006), making them ideal model
plants to study the mechanical traits required to live
in marine environments. About 60 seagrasses are
known and widely distributed along temperate and
tropical coasts of the world (Den Hartog 1970, Short
et al. 2007), where they form extensive meadows in a
wide variety of habitats, from sheltered water bodies
to coastal areas exposed to strong currents, and even
in surf zones (Koch et al. 2006). Thus, many sea-
grasses face strong physical forces due to water
motion, which pose a risk of physical damage such as
breakage or dislodgment (Koch et al. 2006). Drag
force due to water movement is one of the main
forces experienced by aquatic plants, and it is pro-
portional to the product of their frontal area, the flow
velocity, and the density of the fluid (Niklas 1992,
Vogel 1994). As water is 800 times denser than air,
the drag force imposed on aquatic plants is often
much higher than forces exerted by wind on terres-
trial plants (Niklas 1992). To resist and survive such
drag forces, aquatic plants have either a reduced size
or flexible, streamlined leaves to reconfigure with
the flow (avoidance strategy, e.g. Ennos 1999, Sand-
Jensen 2003), or they are tough enough to tolerate
the drag forces (tolerance strategy, e.g. Bouma et al.
2005, Puijalon et al. 2011). Despite their independent
lineages, most seagrass species have converged to a
form of flexible, narrow, unbranched leaves arising
from the rhizome, but with a considerable range of
leaf lengths (Duarte 1991), from a few centimetres
(Halophila spp.) to several meters (Zostera
caulescens; Aioi et al. 1998). In addition to this major
group, there are also species with oval leaves arising
from petioles (i.e. genus Halophila) or terete leaves
(genera Syringodium and Phyllospadix and a species
in the Posidonia ostenfeldii ‘complex’) and a group of
species with a cluster of strap-like leaves arising from
vertical stems (e.g. genera Amphibolis and Thalasso-
dendron) (Den Hartog 1967). However, the physical
tolerance limits of seagrasses have not been system-

atically and quantitatively evaluated to date, with
only some studies focussed on single or small groups
of species (Patterson et al. 2001, de los Santos et al.
2012, 2013, La Nafie et al. 2012, 2013).

The maximum capacity of a plant structure (leaf,
petiole or stem) to withstand a force (termed ‘break-
ing force’ hereafter) is the major mechanical prop-
erty contributing to their tolerance strategy (Puijalon
et al. 2011). Breaking force is the product of 2 com-
ponents — cross-sectional area and tensile strength
(Niklas 1992, Vogel 1994). Tensile strength is an in -
trinsic property of any material, and in plant leaves
it is tightly associated with the amount and arrange-
ment of fibres (e.g. Onoda et al. 2011). Thus, to tol-
erate drag forces, plants should have either large
cross-section areas (thickness or width), high tensile
strength, or both. However, these features come at
some costs. Leaf thickening constrains the leaf’s
ability to bend and reconfigure with water move-
ment, which in turn increases the drag force, be -
cause flexural stiffness increases by a power of 3
with thickness (Niklas 1992). Leaf widening in -
creases the leaf frontal area and may consequently
increase the drag force (e.g. Bouma et al. 2005).
Leaf strengthening also requires more fibres and
thus increases construction costs per unit volume.
Each of these 3 ways to increase tolerance to the
hydrodynamic forces incurs different costs and ben-
efits, and clarifying how seagrasses cope gives in -
sights about how they have diversified to various
environmental conditions.

In terrestrial plants, leaf toughening is associated
with leaf mass per area, a key functional trait reflect-
ing the leaf economics strategy (Wright et al. 2004).
According to this concept, high leaf mass per area
leaves tend to be more structurally resistant, which
may also be beneficial for protection against her-
bivory and other physical damage, and consequently
to achieve long leaf lifespans (Reich et al. 1991,
Wright et al. 2004, Read & Stokes 2006). Seagrasses
present a high variability in leaf longevity, from a few
days in Halophila ovalis to almost a year in Posidonia
oceanica (Duarte 1991), which has been related to
leaf weight and bioregions, where temperate species
or heavier leaves tend to live longer than tropical
species or more light-weight leaves (Hemminga et al.
1999). However, it remains unclear whether leaf
mechanical resistance and structural components are
associated with leaf longevity across seagrass spe-
cies, as observed for terrestrial plants (Wright et al.
2004, Onoda et al. 2011) and, if so, whether the trait
relationships in seagrasses follow the same patterns
as in terrestrial plant species.
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In this study, we aimed at providing for the first
time a comprehensive analysis of the mechanical and
associated traits of seagrasses to understand how
these unique marine plants face the particular hydro-
dynamic environment of the sea and how it correlates
to their leaf lifespan. We analysed mechanical, mor-
phological and structural traits of 22 seagrass species
collected from temperate and tropical re gions and
from contrasting environments, accounting for one-
third of seagrass species on Earth. These seagrasses
cover the 3 major growth forms of seagrasses and a
wide spectrum of sizes and leaf life spans. We specifi-
cally examined the following questions:

(1) How do mechanical traits vary among species,
among growth-forms, and between temperate and
tropical bioregions?

(2) How does breaking force scale to leaf size
traits?

(3) To what extent do size traits (thickness, width)
and tensile strength contribute to variation in the leaf
breaking resistance across and within species?

(4) Do breaking force, leaf mass per area, and fibre
content explain the variation in leaf lifespan across
seagrass species? And if so, is the pattern different
from that in terrestrial plants?

MATERIALS AND METHODS

Plant collection and sampling sites

We collected 22 seagrass species covering all fami-
lies (Hydrocharitaceae, Posidoniaceae, Cymodoceae,
Zosteraceae, Ruppiaceae) and 13 out of the 14 gen-
era (only Phyllospadix was absent; Table S1 in Sup-
plement 2 at www.int-res.com/articles/suppl/ m551
p081_ supp.pdf), representing ca. one-third of exist-
ing seagrass species. The collected species covered
the 3 major growth-forms of seagrasses (Den Hartog
1967): (G1) plants with strap-like leaves arising di -
rectly from the rhizome (16 species: Cy modocea
nodosa, C. rotundata, C. serrulata, Enhalus aco roi -
des, Halodule pinifolia, H. uninervis, Posidonia aus-
tralis, P. coriacea, P. oceanica, P. sinuosa, Ruppia
maritima, Syrin godium isoetifolium, Thalassia hem -
prichii, Zostera capricorni, Z. marina, and Z. noltei);
(G2) plants with strap-like leaves arising from a ver-
tical stem (4 species: Amphibolis antarctica, A. griffi -
thii, Thalassodendron pachyrhizum, and Z. nigri-
caulis); and (G3) plants with oval leaves in pairs
attached to the rhizome through a petiole (2 species:
Halophila ovalis and H. ovalis ssp. bullosa). The
specimens were sampled between October 2007 and

September 2010 at 19 sites (Table S1) in 3 out of the 6
world seagrass bioregions (Short et al. 2007): 1 tropi-
cal (Tropical Indo-Pacific bioregion), and 2 temperate
(Mediterranean−Atlantic and Temperate Southern
Oceans bioregions). The Tropical Indo-Pacific bio -
region accounts for the greatest seagrass diversity,
with mixed meadows, predominantly on reef flats
and lagoons and grazed by mega-herbivores. The
Mediterra nean–Atlantic bioregion is characterised
by vast meadows bearing moderate biodiversity of
seagrasses, which are normally found in sheltered
areas, but also may be semi-exposed to waves and
currents. The Temperate Southern Oceans bioregion
includes extensive meadows with a diverse range of
number of species, often growing under extreme
hydro dynamic conditions, i.e. in coastal areas ex -
posed to open ocean with a strong wave action (Car-
ruthers et al. 2007, Short et al. 2007). Depending on
logistic feasibility, individuals of the same species
were collec ted from populations with different habi-
tat conditions and/or at different times of the year
(Table S1), in order to capture their phenotypic vari-
ation in mechanical traits (de los Santos et al. 2013).
Some species, however, were only sampled from 1
site and may not reflect all the intra-specific varia-
tion; nevertheless, this study was mainly focussed on
interspecific variation. The final database accounted
for 55 species-at-site sets divided into 8 species and
21 species-at-site sets from the Tropical Indo-Pacific
bioregion (ca. one-third of existing species in that
bioregion), 5 species and 12 species-at-site sets from
the Medi terranean− Atlantic bioregion (full represen-
tation of endemic seagrasses), and 10 species and 22
species-at-site sets from the Temperate Southern
Oceans bioregion (ca. half of existing species from
that bioregion) (Table S1). At each site, 5−15 entire
shoots (leaf bundle with rhizome and roots) were ran-
domly collected in intertidal or subtidal meadows by
snorkelling or scuba diving. Plants were carefully
handled to minimise physical damage and loss of
water content: they were horizontally laid, totally
wrapped in moist tissue, placed in plastic bags com-
pletely sealed to avoid desiccation, then transported
to the laboratory under cool dark conditions. Fijian,
Indonesian, and Western Australian species were
transported by plane to the laboratory where the
measurements were carried out. After arrival (less
than 48 h from collection), healthy plants were imme-
diately submerged in tanks with aerated natural sea-
water at 20°C (temperate species) or 29°C (tropical
species) in a climate-controlled chamber until tested.
This time of storage does not alter the mechanical
properties of seagrasses (de los Santos et al. 2016).
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Mechanical traits

Mechanical properties were measured on the leaf
blade and sheath in growth-form G1 (fragments of
ca. 4−5 cm above and below their junction, respec-
tively), leaf blade and stem (central part) in G2, and
leaf and petiole in G3. Fully developed, non-senes-
cent, healthy leaves of similar age (given by the leaf
rank position within the shoot for each species) and
without herbivory marks were selected for all meas-
urements. Epiphytes, if present, were carefully re -
moved from the leaf surface with paper tissue.
Selected leaves in some species did not present a
fully developed sheath, so only leaf blades were
tested in those cases. From 5 to 15 replicates were
used for each species-at-site (Table S1), following
standardised protocols in plant trait analyses (Pérez-
Harguindeguy et al. 2013). Final dataset resulted in
1143 valid measurements, distributed among 744
leaf blades, 336 sheaths, 24 stems, and 39 petioles.

Mechanical properties were obtained from tensile
tests conducted with a tensometer (models 5542 or
3340, Instron® and BlueHill® software v. 2.18; High
Wycombe) at the University of Utrecht (The Nether-
lands), Macquarie University (Australia), and Univer-
sity of Cádiz (Spain), using a 5-N load cell for smaller
species and a 500-N load cells for bigger species, and
5- or 250-N pneumatic action grips (model 2712,
Instron®). Selection of the load cell and grips was
based on preliminary tests for each species. Samples
were tested within 24 to 72 h after collection, in
sequence by replicates, not by species, so that the
time of storage was homogeneous across them. For
all measurements, plant fragments were excised
immediately before being tested and kept moist with
seawater all the time. Specimen dimensions (length,
thickness, and width or diameter, and one-side area)
were measured before testing, whereas dry mass
was measured after testing (see next subsection).
Tests were conducted in parallel to the main axis of
specimens, including the leaf midrib in Halophila
spp. and Halodule spp. Specimens were individually
clamped into the grips with the gauge length set to
20 mm. They were stretched at a constant velocity of
10 mm min−1, while the displacement (δ, mm) and the
force (F, N) were recorded every 0.1 second until
mechanical failure occurred, recording the breaking
force (N) and the increase in length (mm) at the
breaking point. Tensile strength (N mm−2) was calcu-
lated as the breaking force per unit of initial cross-
section area (mm2). Extensibility (%) was determined
as increase in length at the breaking point relative to
the original length. Stiffness (N mm−2) was given by

the Young’s modulus of elasticity, which is calculated
from the initial slope of the force-displacement curve
(F/δ), the initial length (mm), and the cross-sectional
area (mm2) of the specimen. Each test was carefully
monitored to exclude those specimens that slipped
during the test or broke in or close to the grips.

Non-mechanical traits

Leaf size (length, thickness, and width), leaf mass
per area, and chemically extracted fibre content
were measured in the same fragments used in the
tensile tests (but fibre content, leaf length, and leaf
mass per area were not determined in Fijian species).
Leaf length was determined with a ruler (±0.1 cm),
leaf width with a digital calliper (±0.01 mm), and leaf
thickness or diameter(s) with a thickness gauge
(±0.01 mm). Leaf thickness was measured avoiding
midribs (Halophila spp., Halodule spp.) or side fibres
(Enhalus acoroides). Leaf cross-section area (mm2)
was calculated according to geometrical approxima-
tion (round cross-section area considered for leaves
of Syringodium isoetifolium and petioles of Halophila
spp., elliptical cross-section area for stems, and rec-
tangular for the rest). One-sided leaf area (cm2) was
measured in fresh leaves by image analysis (ImageJ,
US National Institutes of Health; www.nih.gov/) after
being scanned in a flatbed scan. Leaf mass per area
(g m−2) was then determined as the dry mass divided
by leaf frontal area. Fibre content (% dry mass) was
measured in pulverised dry biomass following the
Van Soest method (Van Soest et al. 1991) with minor
modifications (described in de los Santos et al. 2013).
Briefly, this procedure gives the neutral detergent
fibre content as the difference in dry mass after
digestion. Samples of dry biomass (20−30 mg) were
heated to boiling (100°C) in 2 ml of neutral detergent
(Ankom FND20C) for 1 h, followed by repetitive
washings of the pellet (2500 × g, 5 min) with 2 ml of
distilled water (×2), ethanol (×2), and acetone (×1),
and finally being oven-dried (60°C, 24 h). In sea-
grasses, fibre content roughly represents the amount
of cellulose, hemicellulose, and, when present, lignin
(Kuo & Den Hartog 2006).

Leaf lifespan (d) was compiled from literature for
18 species (values absent for: H. ovalis spp.  bullosa,
Z. nigricaulis, R. maritima, and H. pinifolia; Table S2
in Supplement 2). Values were ob tained either
directly from the sources, calculated as the mean
number of standing leaves divided by the number of
leaves produced per shoot during a year, or as the
inverse of the annual leaf turnover, as in previous
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compilations (Duarte 1991, Hemminga et al. 1999).
Average leaf lifespan was calculated when more
than one source was available for a species. When
values were given in a maximum-minimum range,
the mean of the range was used. For many species,
the compiled values corresponded to populations
from different sites to those from where our samples
were collected. Nevertheless, given that the coeffi-
cient of variation of leaf lifespan within-species
(21%) is much lower than among-species (113%;
Duarte 1991), we assumed that the attribution of
compiled values to our data was sufficient for across-
species correlations.

Comparison to terrestrial plants

We used 2 global databases to retrieve average val-
ues of leaf traits of terrestrial plant species (Wright et
al. 2004, Onoda et al. 2011). We compared them to
our dataset of seagrass species to find similarity or
dissimilarity between the 2 groups, in order to inves-
tigate what type of traits are required to survive in
the marine environment as compared to the ter -
restrial environment. Furthermore, we highlighted
herbaceous species data in the comparison because
woody species and herbaceous species are very dif-
ferent in their traits (Díaz et al. 2016) and seagrasses
are herbaceous plants.

Data and statistical analyses

Across-species comparisons were based on species-
averaged data, independently of the site or time of
collection, and presented as means ± SD. The extent
of variation of leaf traits across- and within-species
was assessed by the coefficient of variation (%CV).
Two different linear mixed-effects models were
designed to test differences in leaf traits (log10-
transformed data) among growth-forms (Model A)
and bioregions (Model B). In Model A, growth-form
was included as fixed factor and species nested to
growth-form was included as random factor. In
Model B, bioregion was included as fixed factor and
species-at-site nested to bioregion as random factor.
In both cases, models were fit by maximum likeli-
hood and type III Wald χ2 tests were used to assess
the significance of the fixed effect in the model.
When the effect of fixed factors was significant,
homogenous groups were obtained from Tukey’s
multiple comparisons tests. Visual inspection of re -
sidual plots did not reveal any obvious deviation

from homocedasticity or normality in the linear
models.

Influential points were explored prior to correlation
and regression analyses using the Cook’s distance
criteria and, if observed, they were excluded from
the analysis and an ecological explanation was given
to account for their unusual values. Model II linear
regression (standardised major axis, SMA; Warton et
al. 2006) on species-averaged log10-transformed data
were used to scale breaking force to leaf dimensions
(surface area, width, and thickness) and tensile
strength. SMA linear regression was used to prevent
bias in regression coefficients derived from error in
both variables (LaBarbera 1989). Since breaking
force is calculated as the product of 3 components
(thickness, width, and tensile strength), the contribu-
tion of each component was assessed by a quantita-
tive analysis using variance partitioning of the com-
ponents, as previously used in similar analysis
(Onoda et al. 2011). Briefly, the variance of the
breaking force is denoted as the sum of the covari-
ances between each component and the breaking
force. When the covariance of each component is
taken as a proportion of the variance of the breaking
force, the relative contribution of each component
can be obtained (complete algorithms in Supple-
ment 1 at www.int-res.com/articles/ suppl/ m551 p081_
supp.pdf). The contribution of each component to the
breaking force was calculated for all species alto-
gether (across-species) and separately for each spe-
cies (within-species). Only species with at least 10
replicates were used in the within-species variance
partitioning analysis.

Pearson’s correlation coefficient was used to test
the degree of association between species-averaged
pairs of traits. In addition, the phylogenetic inde-
pendent contrasts (PICs) method (Felsenstein 1985,
Garland et al. 1992) was used to test whether trait
correlations in seagrasses were due to a functional
relationship or simply due to their shared phylogeny.
A seagrass phylogenetic binary tree with species res-
olution was developed for the 22 species included in
this study. Seagrass phylogenetic data were based on
strict consensus in Les et al. (1997), using the associ-
ated newick file from TreeBASE repository (study
S618, www.treebase.org). The phylogenetic binary
tree was then adjusted according to Waycott et al.
(2006) to include the rest of species in this study and
their branch lengths. Phylogenetic data were not
available for Zostera nigricaulis, Amphibolis griffi -
thii, and Halophila ovalis spp. bullosa, so they were
located as terminal nodes next to their congeneric
species. Branch lengths were not available for all
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nodes so a default value of 100 was attributed when
absent. A critical α level of 0.05 was used for all
hypothesis tested. All data and statistical analyses
were done using R programming software (v3.0.3;
R Development Core Team 2014).

RESULTS

Variation among species, growth-forms, tissues
and bioregions

Leaf breaking force, cross-section area, and tensile
strength varied respectively 50-, 85-, and 20-fold
among species (Table 1, Table S3 in Supplement 2
at www.int-res.com/articles/suppl/ m551p081_ supp.
pdf). Posidonia spp., Enhalus acoroides, and Thalas-
sodendron pachyrhizum supported the highest for -
ces (breaking force ca. 20−36 N), while Zostera nol -
tei, Ruppia maritima, Halodule pinifolia, Halophila
ovalis ssp. bullosa and Syringodium isoetifolium
recorded the lowest (ca. 0.7−1.5 N), and the remain-
ing species were generally below the overall mean
(10.2 N; Fig. 1a). Leaf cross-section area varied
greatly among species (112% CV), showing a similar
species rank for leaf breaking force (Fig. 1b). In
 contrast, tensile strength was less variable among
species (61% CV; Fig. 1c), and the strongest tissues
were recorded in leaves from P. sinuosa, Amphibolis
ant arctica, A. griffithii, T. pachyrhizum, Z. nigri-
caulis, and R. maritima. Stiffness and extensibility

varied 23- and 5-fold across-species, respectively
(Table S3). P. sinuosa and P. oceanica were very stiff
in tension (260−360 N mm−2); and Halophila spp., R.
maritima, Amphibolis spp., T. pachyrhizum, P. cori-
acea, and Halophila spp. presented a high extensibil-
ity (>10% increase in length, Table S3).

Due to a substantial variation in mechanical traits
within growth-form, there were no significant differ-
ences among groups in these traits (Fig. 2, Table 1).
The most significant differences of groups G2 and
G3, in comparison to G1 (the common growth-form in
seagrasses) were in non-foliar structures: stems of
species in G2 were very strong (13.27 ± 5.25 N mm−2),
extensible (19.79 ± 14.29%), and stiff (197.03 ±
62.28 N mm−2), whereas petioles in species from G3
were weak (2.04 ± 0.52 N mm−2), extensible (54.17 ±
5.72%), and not very stiff (8.11 ± 5.32 N mm−2)
(Fig. 2). Regarding G1, both leaf and sheaths covered
almost the whole range of values, although leaf
sheaths were slightly weaker, less stiff, and more
extensible than leaf blades, but both presented
 similar breaking forces (Fig. 2).

Seagrass leaves from Temperate Southern Oceans
resisted ca. 2.3−3.7 times higher forces (χ2 = 21.6,
p < 0.001) than leaves from the other 2 bioregions:
Tropical Indo-Pacific and Mediterranean− Atlantic
(Fig. 3). Tensile strength (χ2 = 38.6, p < 0.001) was
1.7−2.5 times higher in leaves from temperate sea-
grasses (Temperate Southern Oceans and Mediterra -
nean−Atlantic bioregions), than in leaves from the
Tropical Indo-Pacific bioregion (Fig. 3).
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Leaf trait CV Overall G1 G2 G3 LMM
(n = 22) (n = 16) (n = 4) (n = 2) χ2

Mechanical
Breaking force (N) 108 10.46 ± 11.31 (5.7) 11.3 ± 12.82 (5.46) 10.49 ± 5.99 (10.45) 3.66 ± 3.15 (3.66) 1.4
Tensile strength (N mm−2) 61 5.43 ± 3.29 (4.97) 5.02 ± 3.64 (4.65) 7.62 ± 1.27 (7.12) 4.32 ± 0.66 (4.32) 2.9
Extensibility (%) 53 8.16 ± 4.29 (6.84) 6.83 ± 3.64 (5.4)a 10.6 ± 3.89 (11.93)ab 13.89 ± 5.03 (13.89)b 9.3**
Stiffness (N mm−2) 78 104.59 ± 81.27 (79) 114.22 ± 90.77 (98.5) 92.73 ± 46.52 (72.12) 51.3 ± 30.05 (51.3) 1.1

Non-mechanical
Mass per area (g m−2) 46 55.76 ± 25.71 (45.5) 50.9 ± 13.84 (49.38)ab 69.51 ± 30.7 (65.08)a 26.6 ± 9.25 (28.84)b, 1 6.2*
Fibre content (% DW) 15 47.71 ± 7.18 (47.3) 47.58 ± 7.99 (46.77) 48.98 ± 4.86 (48.61) 44.65 ± 4.84 (44.27) 1 0.36
Length (cm) 82 25.82 ± 21.12 (15.97) 30.49 ± 21.73 (18.82)a 13.7 ± 11.37 (10.47)ab 3.3 ± 0.37 (3.3)b, 1 9.5**
Frontal area (cm2) 120 18.59 ± 22.33 (7.48) 21.45 ± 23.82 (10.11) 10.98 ± 16.4 (2.91) 4.01 ± 0.83 (3.92) 1 0.7
Width (mm) 68 6.66 ± 4.54 (6.62) 5.83 ± 4.38 (4.69) 7.92 ± 4.94 (7.64) 10.71 ± 4.74 (10.71) 2.7
Thickness (mm) 103 0.36 ± 0.37 (0.23) 0.43 ± 0.41 (0.29)a 0.20 ± 0.04 (0.18)ab 0.07 ± 0.03 (0.07)b 13.9***
Cross-section area (mm2) 112 2.29 ± 2.56 (1.54) 2.67 ± 2.9 (1.54) 1.55 ± 0.86 (1.73) 0.81 ± 0.59 (0.81) 0.55

1Values exclusively for Halophila ovalis due to absence of data for H. ovalis ssp. bullosa

Table 1. Summary of seagrass leaf traits for all species (overall) and grouped by growth-forms (G1: strap-like leaves from the rhizome; G2:
strap-like leaves from a stem; G3: oval leaves with petioles). Data shown as mean ± SD (median). CV: coefficient of variation among spe-
cies. Lettering indicates homogeneous groups from Tukey’s multiple comparison among growth-form groups when significant differences
were found in the linear-mixed effects model (growth-form as a fixed factor and species nested to group as a random factor). LMM: Linear 

mixed-effects model. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001

http://www.int-res.com/articles/suppl/m551p081_supp.pdf
http://www.int-res.com/articles/suppl/m551p081_supp.pdf
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Fig. 1. Breaking force, cross-section area and tensile strength of seagrass leaves by species. Number of observations in paren-
theses. Symbols refer to growth-form group. Dashed line indicates mean value for all species. Boxplot bar: median; box:
 interquartile range (IQR); whiskers: max./min. values within 1.5 × IQR of the hinge; dots: outliers. Species abbreviations: Am-
phibolis antarctica (Aa), A. griffithii (Ag), Cymodocea nodosa (Cn), C. rotundata (Cr), C. serrulata (Cs), Enhalus acoroides (Ea),
Halodule pinifolia (Hp), H. uninervis (Hu), Halophila ovalis (Ho), H. ovalis ssp. bullosa (Hb), Posidonia australis (Pa), P. cori-
acea (Pc), P. oceanica (Po), P. sinuosa (Ps), Ruppia maritima (Rm), Syringodium isoetifolium (Si), Thalassia hemprichii (Th), 

Thalassodendron pachyrhizum (Tp), Zostera capricorni (Zc), Z. marina (Zm), Z. nigricaulis (Zg), and Z. noltei (Zn)

Fig. 2. Mechanical properties of plant parts (leaf, sheath, stem, and petiole) of seagrasses by growth-form (G1–G3). Boxplot
bar:  median; notch: 95% confidence interval around median; box: interquartile range (IQR); whiskers: max./min. values
within 1.5 × IQR of the hinge; dots: outliers. Notches are used to compare values among groups and plant parts: if the notches 

of 2 boxes do not overlap, this is strong evidence that the medians differ
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Contribution of morphology to breaking
force and scaling relationships

Leaf breaking force scaled to frontal area
with a scaling slope less than 1 (n = 18, p <
0.001, R2 = 0.92), when excluding the short-
leaved species of the genus Amphibolis
(Fig. 4a). This scaling relationship meant that
the increase in breaking force was less than
proportional to the increase in frontal area. On
the contrary, the scaling slopes of breaking
force with width (n = 22, p = 0.033, R2 = 0.62)
and thickness (n = 22, p < 0.001, R2 = 0.16)
were greater than 1 (Fig. 4b,c), reflecting addi-
tive effects of width and thickness on the
breaking force. The scaling relationship with
thickness was strengthened (n = 21, p < 0.001,
R2 = 0.43) after excluding the distinctive spe-
cies S. isoetifolium, which has thick terete
leaves (Fig. 4c). On the contrary, leaf strength
did not scale significantly with breaking force
among species (n = 22, p = 0.107, R2 = 0.08,
Fig. 4d).

The analysis of variance partitioning showed that
variance in leaf breaking force among species was
explained by variation in leaf width (62%), thickness

(20%), and tensile strength (17%)
(Table 2). In contrast, intra-specific
variation in breaking force was, on
average, explained by variation in ten-
sile strength (74%) followed by a simi-
lar contribution of width (15%) and
thickness (11%) (Table 2).

Structural reinforcement over a range
of leaf lifespans

Leaf fibre concentration (%) was
fairly uniform within-species (CV 8%)
and varied 2-fold among species,
from 30.7 (S. isoetifolium) to 59.5%
DW (P. sinuosa), whereas leaf mass
per area varied 4.7-fold, ranging from
26.6 g m−2 (H. ovalis) to 124.7 g m−2

(P. coriacea) (Table S4 in Supple-
ment 2). Species-averaged leaf life-
span varied 33-fold, ranging from 8
(H. ovalis) to 280 d (P. oceanica)
(Table S2). Long-lived species pre-
sented higher mass allocated per leaf
area and higher leaf fibre content,
and they suppor ted higher breaking
forces than did short-lived ones
(Fig. 5, Table 3). These correlations
were weakened by S. isoetifolium,

88

Fig. 3. Leaf mechanical properties across temperate and tropical
bioregions. Boxplot bar: median; notch: 95% confidence interval
around median; box: interquartile range (IQR); whiskers: max./min.
values within 1.5 × IQR of the hinge; dots: outliers. Notches in box-
plots are used to compare values among groups and plant parts: if
the notches of 2 boxes do not overlap, this is strong evidence that the
medians differ. Lettering indicates homogeneous groups from multi-
ple comparison (Tukey’s test) when effect of bioregion was signifi-

cant in the linear mixed-effects model (p < 0.005)

Fig. 4. Scaling relationships between leaf breaking force and leaf size
(frontal area, width, and thickness) and tensile strength, with fitted lines
(solid for significant relationships) from regression analyses (standardised
major axis), after excluding influential species: Amphibolis antarctica (Aa), 

A. griffithii (Ag), and Syringodium isoetifolium (Si)
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which presented a very low leaf fibre content. The
associations between structural or mechanical
traits and leaf lifespan remained largely unchanged
even if the phylogeny was considered. However,
some correlations with leaf fibre concentration
became less strong and in significant after phy-
logeny was considered (Table 3).

Pairs of traits in seagrass species aligned with
global datasets (Wright et al. 2004, Onoda et al. 2011)

of terrestrial plants (Fig. 6). Overall, seagrasses tend
to have shorter leaf lifespan and lower leaf mass area
compared to terrestrial plants, (Fig. 6a), but their leaf
strength (Fig. 6b) and fibre content (Fig. 6c) were, on
the whole, in the middle part of the global leaf spec-
trum, especially when compared to herbaceous land
plants.

DISCUSSION

Variation among species, growth-forms 
and bioregions

The analysis of mechanical and structural
traits in one-third of seagrass species around
the world re vealed that, among species,
breaking force, cross-section area and leaf
surface area varied 50-, 85- and 123-fold.
This variation was substantially larger than
inter-specific variation in material properties
such as strength (20-fold), extensibility (5-
fold) and stiffness (23-fold). The wide varia-
tion in breaking force and leaf dimensions
among species may reflect variation in the
mechanical requirements of living in con-
trasting environments in which they occur,
where they face a diverse range of hydrody-
namic forces and other factors such as light
regime and nutrient availability. With such a
diversity of environments, species present
particular combinations of growth-form, size
and leaf mechanical and structural traits. On
the whole, species resisting low forces (e.g.
Zostera noltei, Ruppia maritima, Syrin godium
isoetifolium, Halophila spp., Halodule spp.)
are small-sized, and most of them are nor-

mally found in the intertidal zone
of sheltered locations such as
 estuaries or subtidally in the un-
derstorey, sheltered by bigger spe-
cies. Their small leaf size is likely
to be beneficial in retaining water
by lying on the sediment surface
and avoiding too much desiccation
stress at low tide (Hemminga &
Duarte 2000). The most resistant
species (Posidonia spp., Enhalus
acoroides, Thalassodendron pachy -
rhizum, Amphibolis spp.) typically
occur subtidally in areas often ex-
posed to strong  water movement,
and they are characterised by hav-
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Species n Leaf tensile Leaf Leaf 
strength thickness width

Within-species
Amphibolis antarctica 20 1.451 −0.729 0.278
Amphibolis griffithii 10 1.716 −0.654 −0.062
Cymodocea nodosa 170 0.273 0.406 0.321
Cymodocea rotundata 29 0.919 0.071 0.010
Cymodocea serrulata 27 0.764 0.060 0.176
Enhalus acoroides 45 0.727 0.121 0.152
Halodule uninervis 33 0.432 0.344 0.223
Halophila ovalis 36 0.479 0.333 0.187
Posidonia australis 44 0.951 −0.076 0.124
Posidonia oceanica 13 0.330 0.692 −0.021
Posidonia sinuosa 12 0.642 0.323 0.036
Ruppia maritima 10 0.776 0.054 0.170
Syringodium isoetifolium 34 1.276 −0.138 −0.138
Thalassia hemprichii 45 0.727 0.163 0.110
Zostera capricorni 10 0.229 0.213 0.558
Zostera marina 27 0.392 0.434 0.175
Zostera noltei 157 0.446 0.277 0.277

Within-species (average) 17 0.737 0.111 0.152

Among-species (overall) 744 0.174 0.195 0.621

Table 2. Within- and among-species proportion per unit of variance in
leaf breaking force explained by leaf width, thickness, and tensile
strength. For each species, components contributing greater than one-
third to total variance of breaking force are highlighted in bold. Only
species with at least 10 replicates were included in the within-species 

analysis. n: number of observations.

Leaf trait combination Pearson PICs
r p df r p df

Leaf mass per area Fibre content 0.350 0.130 18 0.256 0.291 17
Leaf mass per area Fibre content1 0.482 0.036 17 0.319 0.198 16
Leaf mass per area Leaf lifespan 0.672 0.002 16 0.701 0.002 15
Leaf mass per area Breaking force 0.645 0.002 18 0.660 0.002 17
Fibre content Breaking force 0.749 <0.001 18 0.592 0.008 17
Fibre content Leaf lifespan 0.489 0.040 16 0.343 0.178 15
Fibre content Leaf lifespan1 0.697 0.002 15 0.621 0.010 14
Leaf lifespan Breaking force 0.687 0.002 16 0.677 0.002 15
1Excluding terete-leaved Syringodium isoetifolium

Table 3. Correlation coefficients (r) for combination of seagrass leaf traits based
on species-averaged log10-transformed data, across-species (Pearson) and using 

phylogenetic independent contrasts (PICs)
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ing long strong leaves (e.g. Posidonia spp.) or tough
stems with a cluster of leaves (normally reduced in
size, e.g. Amphibolis spp.) at the apex.

The 3 seagrass growth-forms did not show clear
patterns in leaf mechanical properties or breaking
force, due to the variation in these traits within the
most common growth-form, i.e. strap-like leaves.
Instead, the most variable features among growth-
forms were found in the non-foliar tissues. The stems
of A. antarctica, A. griffithii, T. pachyrhizum, and Z.
nigricaulis were extremely strong and extensible,
attributes making them good energy absorbers, a
beneficial feature in high-energy environments

(Koehl 1982, 1984). Similarly, peti-
oles of the Halo phila spp. were very
stretchy (50−58% extension before
the breakage), which also made
them able to absorb energy before
breaking.

In contrast to the global patterns
in leaf mechanical properties of ter-
restrial species, where no clear dif-
ferences occur between tropical and
temperate leaves (Onoda et al.
2011), we found that leaves of tem-
perate seagrasses were generally
more resistant than leaves of tropi-
cal ones among the selected species
and sites, except for the tropical spe-
cies Enhalus acoroides, which
ranked amongst the strongest spe-
cies. This pattern could be a requi-
site to face the high hydrodynamic
forces that, in general, temperate
species experience in their habitat,
especially those from the Temperate
Southern Oceans, where extensive
meadows are often growing in habi-
tats exposed to strong wave and cur-
rent force (Carruthers et al. 2007).
Tropical seagrass beds, in contrast,
normally occur in lagoons between
barrier reefs and mainland, where
they are protected from waves (Car-
ruthers et al. 2007). In addition to
hydrodynamics, other factors could
be behind this pattern of leaf break-
ing force of seagrasses among bio -
regions, such as light and nutrient
regimes, which might influence leaf
dimensions or the availability of
resources.

The relatively soft leaves that we
observed in most tropical species may explain why
they are an important food source for sirenians and
sea turtles, especially in historical times when the
high abundance of these herbivores severely
cropped seagrass meadows (Valentine & Duffy 2006).
Some of the temperate seagrasses from the Mediter-
ranean−Atlantic bioregion, especially Z. marina, are
also heavily grazed by the once abundant herbivo-
rous waterfowl (Valentine & Duffy 2006). Conversely,
temperate Indian Ocean species are commonly sub-
ject to very low grazing rates (re viewed in de los San-
tos et al. 2012). This is possibly explained by the
tough leaves that seagrasses generally have in the
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Fig. 5. Correlations among leaf mass per area, lifespan, breaking force, and
 fibre content. Influential species Syringodium isoetifolium (Si) was excluded 

from panels (a) and (f)
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Temperate Indian Ocean bioregion (Fig. 3). The
higher leaf breaking force of temperate species, com-
pared to the tropical ones, correlates with longevity,
as reported here and by Hemminga et al. (1999).

Contribution of morphology to breaking force and
scaling relationships

Variation of breaking force among species was
mostly explained by leaf width, rather than by thick-
ness or tensile strength. As explained in the ‘Intro-
duction’, the different ways to attain a high breaking
force, either by thickness, width or strength, are
accompanied by different costs for the plants.

The low contribution of leaf thickness to breaking
force may be because leaf thickening notably
increases the leaf flexural stiffness, which is propor-
tional to thickness to the third power (Niklas 1992),
and being stiff subtracts capacity to streamline with
the flow, thus increasing the experienced drag force
(Bouma et al. 2005). Leaf thickening may also be a
disadvantage for high photosynthetic performance
(Agustí et al. 1994) because it reduces the surface
area per unit mass to intercept light, which is critical
in the frequently light-limited conditions in the mar-
ine environment.

Leaf widening contributes to breaking force by in -
creasing the cross-section area but it does not
increase flexural stiffness as much as thickness
because the latter is proportional to width to the first
power. However, leaf widening increases the frontal
area and thereby the potential drag force. In princi-
ple, the drag force is proportional to the surface area
if other variables are constant and if bending does
not occur. In case bending does occur, increases in
hydrodynamics from flow or waves have relatively

little additive effect on drag forces (Bouma et al.
2005, 2010). Moreover, as leaf breaking force scales
to frontal area (length × width) with a scaling slope
less than 1, bigger leaves also do not experience the
risk of breaking from drag forces in proportion to
their size. In addition, wide (and long) leaves in -
crease the surface area for light interception and
have a competitive advantage in light competition
against other individuals and species. The strong
positive correlation between breaking force and leaf
surface area may indicate that a high breaking force
is essential for long leaves to tolerate the drag forces.

The variation of breaking force among species was
poorly explained by variation in tensile strength, be -
cause cross-species variation in leaf tensile strength
was rather limited compared to the variations in mor-
phological traits. The limited variation in tensile
strength may be due to a strong selection pressure
over evolutionary time on leaf properties in aquatic
environments. In turn, this suggests that most of the
seagrass diversification in terms of tolerance to phys-
ical forces is related to morphological features rather
than material properties. In summary, the most com-
mon leaf form selected over the transition of angio -
sperms back to the sea is the long and thin leaf form,
with some variation in their width, likely due to ben-
efits for leaf reconfiguration under strong hydro -
dynamic force in combination with adequate light
interception for growth.

Structural reinforcement along a range of
leaf lifespans

The phylogenetic independent contrast analyses
showed that the associations among mechanical
(breaking force) and structural (leaf mass per area)
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Fig. 6. Correlation of leaf lifespan, leaf mass per area, leaf strength and fibre content in seagrasses and terrestrial plants (herba-
ceous and non-herbaceous) using (a) the global data set from Wright et al. (2004) and (b,c) data compiled in Onoda et al. (2011)
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traits and leaf longevity have repeatedly evolved in
different clades of seagrasses, rather than being due
to a phylogenetic bias in the studied species. These
findings are in accordance with the leaf economic
spectrum (Reich et al. 1991, Wright et al. 2004) and
mirror global patterns described in land plant species
(Onoda et al. 2011). In particular, seagrass species
are located at the low end of the spectrum; that is,
seagrasses can be globally considered as short-lived
plant species (Hemminga et al. 1999) with a low leaf
mass per unit area. This finding widens the extent of
leaf economics spectrum to the seagrasses showing
their unique position along the spectrum in compari-
son to terrestrial plants. The lower leaf lifespan of
seagrasses is likely explained by rapid colonisation of
seagrass leaves by epiphytes, which leads to a de -
crease in functionality in a short period of time. Epi-
phytes may also lead to increased drag forces by
enhancing the roughness of the leaf area and reduc-
ing the capacity to reconfigure. In addition, leaves in
many seagrass environments are subjected to contin-
uous physical disturbance, which may accelerate the
leaf abscission, especially in old leaves, which be -
come significantly weaker as they age (de los Santos
et al. 2016). Furthermore, aquatic plants are free
from the costs of enduring long desiccation and
strong gravity, so that seagrass leaves would require
a lower dry mass investment, i.e. smaller leaf mass
per area.

Despite their low leaf mass area, seagrass leaves
were moderately strong and presented a high pro-
portion of leaf fibres in comparison to most terrestrial
plants (Fig. 6). In fact, many seagrass species exam-
ined here (especially the genera Posidonia, Enhalus
and Cymodocea) presented high proportions of leaf
fibres (30−60%, average 47.7%). These values are
similar to the mean value for the terrestrial counter-
parts (47.3%) but substantially higher when exclu-
sively compared to terrestrial herbaceous plants
(25.9%; Onoda et al. 2011). The interspecific varia-
tion of the fibre concentration in seagrass may
depend partly on the lineages as shown by the lack of
significant correlations using PICs. The high propor-
tion of fibres in the seagrass leaves and their high
strength might suggest that leaf reinforcement, by
fortifying support tissues, is a requisite to the marine
existence.

Seagrass biomechanics and ecology

Knowledge of plant biomechanics is essential to
understand how they respond and interact with the

physical forces (both abiotic and biotic) encountered
during their lifespan (Read & Stokes 2006). Sea-
grasses are consumed by many animal groups (e.g.
fishes, sea urchins, mammals, turtles, waterfowl,
crustaceans, gastropods; Valentine & Duffy 2006)
with variable feeding techniques such as leaf biting
or mining. Thus, seagrass leaves are potentially
exposed to the forces exerted by the feeding appara-
tus of those herbi vores, which have to overcome the
breaking strength of the seagrass leaves for a suc-
cessful in take. The database on seagrass breaking
force (compiled during the present study) is therefore
ecologically relevant to study plant−herbivore inter-
actions. For instance, the bite force of the green turtle
Chelonia mydas ranges from 123 to 303 N (Marshall
et al. 2014), which is much higher than the maximum
seagrass breaking force reported in our study (63.7 N
in a sample of Posidonia australis). Thus, green tur-
tles could potentially graze on all of the assessed
 species, although other factors should be also con -
sidered, such as the leaf nutritional value of the differ-
ent species, which is tightly correlated to mechanical
strength (de los Santos et al. 2012).

Regarding abiotic forces, seagrasses are continu-
ously exposed to a complex combination of drag and
acceleration forces as a result of the action of waves
and currents. The breakage of seagrass leaves is
 ultimately controlled by the balance between those
hydrodynamic forces and the leaf breaking force.
Indeed, the ratio of these 2 forces (the so-called
‘safety factor’; Niklas 1992) is a measure of leaf
mechanical reliability. Our database (present study)
on leaf breaking force will therefore be useful to pre-
dict whether a seagrass leaf or structure (e.g. stem)
will break or not under a given hydrodynamic force.
Unfortunately, forces exerted on seagrass leaves in
their habitat are difficult to measure and such studies
are virtually absent from the literature (Koch et al.
2006). Further re search should include in situ meas-
urements of forces, or force predictions from hydro-
mechanical models (as in Friedland & Denny 1995);
quantifying seagrass mechanical limits will thus
allow evaluation of the safety margins for mechanical
stability in their hydrodynamically active environ-
ment.

CONCLUSIONS

Our analysis of mechanical and morphological
traits in one-third of the world’s seagrass species,
and the comparison with terrestrial plants, provide
in sights into seagrass requirements to face the
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physical forces in the marine environment. Temper-
ate species were, on average, stronger than tropical,
possibly because seagrasses are generally subjected
to stronger hydrodynamic forces in temperate envi-
ronments than in tropical ones. Secondly, we found
that the tensile strength of seagrass leaves was very
similar among species and that the large variation
in leaf breaking force is largely explained by differ-
ences in morphology, especially leaf width. Based
on that, we conclude that, among seagrass species,
widening the leaves is likely the most effective way
to tolerate higher forces, since other options, such as
leaf thickening, may compromise the leaf flexibility
or the efficiency for light interception. Finally, the
similarities of trait intercorrelation with land plants
indicate that common ecological processes acted on
land and aquatic environments during evolutionary
time, although the strong influence of hydrodynam-
ics in seagrasses could be responsible for their mod-
erately strong fibre-reinforced leaves of short life-
span.

Acknowledgements. We are indebted to those people who
helped with sample collection at different locations: J. S.
Madin, M. J. Bishop, Y. Fernández-Torquemada, J. L.
Sánchez-Lizaso, G. A. Kendrick, J. L. S. Ooi, J. Statton, R.
Hovey, W. Kiswara, and M. J. A. Christianen. We are grate-
ful to N. P. R. Anten for allowing us to work at his laboratory
and B. Verduyn for her technical assistance at the Utrecht
University. M. Westoby is thanked for offering the facilities
of his laboratory at the Macquarie University and for his
comments on the preliminary results. H. Lambers and J. Kuo
are also thanked for their motivation in the early stage of this
work. We also thank I. J. Wright for his permission to use the
glopnet data. This study was funded by the projects
CTM2008-00012/MAR and CTM2011-24482 (Ministry of
Science and Innovation, Spanish government) and P08-
RMN-03783 (Junta de Andalucía Excellence Project). C.B.S.
held a FPU doctoral fellowship (AP2005-2912) from the
Spanish Ministry of Science and Education.

LITERATURE CITED

Agustí S, Enríquez S, Frost-Christensen H, Sand-Jensen K,
Duarte CM (1994) Light harvesting among photosyn-
thetic organisms. Funct Ecol 8: 273−279

Aioi K, Komatsu T, Morita K (1998) The world’s longest sea-
grass, Zostera caulescens from northeastern Japan.
Aquat Bot 61: 87−93

Bouma TJ, De Vries MB, Low E, Peralta G, Tánczos IC, van
de Koppel J, Herman PMJ (2005) Trade-offs related to
ecosystem engineering:  a case study on stiffness of
emerging macrophytes. Ecology 86: 2187−2199

Bouma TJ, De Vries MB, Herman PMJ (2010) Comparing
ecosystem engineering efficiency of two plant species
with contrasting growth strategies. Ecology 91: 2696−
2704

Carruthers T, Dennison W, Kendrick G, Waycott M, Walker
D, Cambridge ML (2007) Seagrasses of south-west

 Australia:  a conceptual synthesis of the world’s most
diverse and extensive seagrass meadows. J Exp Mar Biol
Ecol 350: 21−45

de los Santos CB, Brun FG, Onoda Y, Cambridge ML,
Bouma TJ, Vergara JJ, Pérez-Lloréns JL (2012) Leaf-frac-
ture properties correlated with nutritional traits in nine
Australian seagrass species:  implications for susceptibil-
ity to herbivory. Mar Ecol Prog Ser 458: 89−102

de los Santos CB, Brun FG, Vergara JJ, Pérez-Lloréns JL
(2013) New aspect in seagrass acclimation:  leaf mechan-
ical properties vary spatially and seasonally in the tem-
perate species Cymodocea nodosa Ucria (Ascherson).
Mar Biol 160: 1083−1093

de los Santos CB, Vicencio-Rammsy B, Lepoint G, Remy F,
Bouma TJ, Gobert S (2016) Ontogenic variation and
effect of collection procedure on leaf biomechanical
properties of Mediterranean seagrass Posidonia ocea -
nica (L.) Delile. Mar Ecol (in press), doi:10.1111/ maec.
12340

Den Hartog C (1967) The structural aspect in the ecology of
sea-grass communities. Helgol Wiss Meeresunters 15: 
648−659 

Den Hartog C (1970) The sea-grasses of the world. North-
Holland Publ. Co., Amsterdam

Díaz S, Kattge J, Cornelissen JHC, Wright IJ and others
(2016) The global spectrum of plant form and function.
Nature 529: 167−171

Duarte CM (1991) Allometric scaling of seagrass form and
productivity. Mar Ecol Prog Ser 77: 289−300

Duffy JE (2006) Biodiversity and the functioning of seagrass
ecosystems. Mar Ecol Prog Ser 311: 233−250

Duggins DO, Eckman JE, Siddon CE, Klinger T (2003) Pop-
ulation, morphometric and biomechanical studies of
three understory kelps along a hydrodynamic gradient.
Mar Ecol Prog Ser 265: 57−76

Ennos AR (1999) The aerodynamics and hydrodynamics of
plants. J Exp Biol 202: 3281−3284

Felsenstein J (1985) Phylogenies and the comparative
method. Am Nat 125: 1−15

Friedland MT, Denny MW (1995) Surviving hydrodynamic
forces in a wave-swept environment:  consequences of
morphology in the feather boa kelp, Egregia menziesii
(Turner). J Exp Mar Biol Ecol 190: 109−133

Garland T, Harvey PH, Ives AR (1992) Procedures for the
analysis of comparative data using phylogenetically
independent contrasts. Syst Biol 41: 18−32

Harder DL, Hurd CL, Speck T (2006) Comparison of
mechanical properties of four large, wave-exposed sea-
weeds. Am J Bot 93: 1426−1432

Hemminga MA, Duarte CM (2000) Seagrass ecology. Cam-
bridge University Press, Cambridge

Hemminga MA, Marbà N, Stapel J (1999) Leaf nutrient
resorption, leaf lifespan and the retention of nutrients in
seagrass systems. Aquat Bot 65: 141−158

Koch EW, Ackerman JD, Verduin JJ, van Keulen M (2006)
Fluid dynamics in seagrass ecology—from molecules to
ecosystems. In:  Larkum AWD, Orth RJ, Duarte CM (eds)
Seagrasses:  biology, ecology and conservation. Springer,
Dordrecht, p 193−225

Koehl MAR (1982) The interaction of moving water and ses-
sile organisms. Sci Am 247: 124−134

Koehl MAR (1984) How do benthic organisms withstand
moving water? Am Zool 24: 57−70

Kopp BS (1999) Effects of nitrate fertilization and shading on
physiological and biomechanical properties of eelgrass

93

http://dx.doi.org/10.1093/icb/24.1.57
http://dx.doi.org/10.1038/scientificamerican1282-124
http://dx.doi.org/10.1016/S0304-3770(99)00037-6
http://dx.doi.org/10.3732/ajb.93.10.1426
http://dx.doi.org/10.1093/sysbio/41.1.18
http://dx.doi.org/10.1016/0022-0981(95)00038-S
http://dx.doi.org/10.1086/284325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10562510&dopt=Abstract
http://dx.doi.org/10.3354/meps265057
http://dx.doi.org/10.3354/meps311233
http://dx.doi.org/10.3354/meps077289
http://dx.doi.org/10.1038/nature16489
http://dx.doi.org/10.1007/BF01618658
http://dx.doi.org/10.1007/s00227-012-2159-3
http://dx.doi.org/10.3354/meps09757
http://dx.doi.org/10.1111/maec.12340
http://dx.doi.org/10.1016/j.jembe.2007.05.036
http://dx.doi.org/10.1890/09-0690.1
http://dx.doi.org/10.1890/04-1588
http://dx.doi.org/10.1016/S0304-3770(98)00066-7
http://dx.doi.org/10.2307/2389911


Mar Ecol Prog Ser 551: 81–94, 2016

(Zostera marina L.). PhD dissertation, University of
Rhode Island, Kingston, RI

Kuo J, Den Hartog C (2006) Seagrass morphology, anatomy,
and ultra-structure. In:  Larkum AWD, Orth RJ, Duarte
CM (eds) Seagrasses:  biology, ecology and conservation.
Springer, Dordrecht, p 51−87

La Nafie YA, de los Santos CB, Brun FG, van Katwijk MM,
Bouma TJ (2012) Waves and high nutrient loads jointly
decrease survival and separately affect morphological
and biomechanical properties in the seagrass Zostera
noltii. Limnol Oceanogr 57: 1664−1672

La Nafie YA, de los Santos CB, Brun FG, Mashoreng S, van
Katwijk MM, Bouma TJ (2013) Biomechanical response
of two fast-growing tropical seagrass species subjected
to in situ shading and sediment fertilization. J Exp Mar
Biol Ecol 446: 186−193

LaBarbera M (1989) Analyzing body size as a factor in eco -
logy and evolution. Annu Rev Ecol Evol Syst 20: 97−117

Les DH, Cleland MA, Waycott M (1997) Phylogenetic stud-
ies in Alismatidae, II:  Evolution of marine angiosperms
(seagrasses) and hydrophily. Syst Bot 22: 443−463

Marshall CD, Wang J, Rocha-Olivares A, Godinez-Reyes C
and others (2014) Scaling of bite performance with head
and carapace morphometrics in green turtles (Chelonia
mydas). J Exp Mar Biol Ecol 451:91–97

Miler O, Albayrak I, Nikora V, O’Hare M (2014) Biomechan-
ical properties and morphological characteristics of lake
and river plants:  implications for adaptations to flow con-
ditions. Aquat Sci 76: 465−481

Niklas KJ (1992) Plant biomechanics:  an engineering
approach to plant form and function. University of
Chicago Press, Chicago, IL

Onoda Y, Westoby M, Adler PB, Choong AM and others
(2011) Global patterns of leaf mechanical properties.
Ecol Lett 14: 301−312

Patterson MR, Harwell MC, Orth LM, Orth RJ (2001) Bio -
mechanical properties of the reproductive shoots of eel-
grass. Aquat Bot 69: 27−40

Pérez-Harguindeguy N, Déaz S, Garnier E, Lavorel S and
others (2013) New handbook for standardised measure-

ment of plant functional traits worldwide. Aust J Bot 61: 
167−234

Puijalon S, Bouma TJ, Douady CJ, van Groenendael J,
Anten NP, Martel E, Bornette G (2011) Plant resistance to
mechanical stress:  evidence of an avoidance−tolerance
trade-off. New Phytol 191: 1141−1149

R Development Core Team (2014) R:  a language and en -
vironment for statistical computing. R Foundation for
Statistical Computing, Vienna

Read J, Stokes A (2006) Plant biomechanics in an ecological
context. Am J Bot 93: 1546−1565

Reich P, Uhl C, Walters M, Ellsworth D (1991) Leaf lifespan
as a determinant of leaf structure and function among 23
amazonian tree species. Oecologia 86: 16−24

Sand-Jensen K (2003) Drag and reconfiguration of fresh-
water macrophytes. Freshw Biol 48: 271−283

Short FT, Carruthers T, Dennison W, Waycott M (2007)
Global seagrass distribution and diversity:  a bioregional
model. J Exp Mar Biol Ecol 350: 3−20

Valentine JF, Duffy JE (2006) The central role of grazing in
seagrass ecology. In:  Larkum AWD, Orth RJ, Duarte CM
(eds) Seagrasses:  biology, ecology and conservation.
Springer, Berlin, p 463−501

Van Soest PJ, Robertson JB, Lewis BA (1991) Methods for
dietary fiber, neutral detergent fiber, and nonstarch
polysaccharides in relation to animal nutrition. J Dairy
Sci 74: 3583−3597

Vogel S (1994) Life in moving fluids:  the physical biology of
flow. Princeton University Press, Princeton, NJ

Warton DI, Wright IJ, Falster DS, Westoby M (2006) Bivari-
ate line-fitting methods for allometry. Biol Rev Camb
Philos Soc 81: 259−291

Waycott M, Procaccini G, Les DH, Reusch TB (2006) Sea-
grass evolution, ecology and conservation:  a genetic per-
spective. In:  Larkum AWD, Orth RJ, Duarte CM (eds)
Seagrasses:  biology, ecology and conservation. Springer,
Berlin, p 25−50

Wright IJ, Reich PB, Westoby M, Ackerly DD and others
(2004) The worldwide leaf economics spectrum. Nature
428: 821−827

94

Editorial responsibility: Kenneth Heck Jr., 
Dauphin Island, Alabama, USA

Submitted: December 16, 2015; Accepted: March 30, 2016
Proofs received from author(s): May 16, 2016

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.1038/nature02403
http://dx.doi.org/10.1017/S1464793106007007
http://dx.doi.org/10.3168/jds.S0022-0302(91)78551-2
http://dx.doi.org/10.1016/j.jembe.2007.06.012
http://dx.doi.org/10.1046/j.1365-2427.2003.00998.x
http://dx.doi.org/10.1007/BF00317383
http://dx.doi.org/10.3732/ajb.93.10.1546
http://dx.doi.org/10.1111/j.1469-8137.2011.03763.x
http://dx.doi.org/10.1071/BT12225
http://dx.doi.org/10.1016/S0304-3770(00)00133-9
http://dx.doi.org/10.1111/j.1461-0248.2010.01582.x
http://dx.doi.org/10.1007/s00027-014-0347-6
http://dx.doi.org/10.1016/j.jembe.2013.11.004
http://dx.doi.org/10.2307/2419820
http://dx.doi.org/10.1146/annurev.es.20.110189.000525
http://dx.doi.org/10.1016/j.jembe.2013.05.020
http://dx.doi.org/10.4319/lo.2012.57.6.1664

	cite43: 
	cite28: 
	cite5: 
	cite14: 
	cite3: 
	cite27: 
	cite13: 
	cite1: 
	cite26: 
	cite41: 
	cite39: 
	cite12: 
	cite40: 
	cite25: 
	cite38: 
	cite24: 
	cite10: 
	cite8: 
	cite23: 
	cite36: 
	cite6: 
	cite22: 
	cite21: 
	cite34: 
	cite19: 
	cite2: 
	cite47: 
	cite33: 
	cite18: 
	cite32: 
	cite17: 
	cite45: 
	cite9: 
	cite16: 
	cite29: 
	cite7: 
	cite30: 
	cite15: 


