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Abstract: Leaf decay in seagrasses is enhanced in some seasons since large green senescent beach-cast
seagrass leaves are frequently recorded during autumn and winter seasons. Here, we explore if
senescence is operating in seagrass leaf decay or if hydrodynamic stress is responsible for the seasonal
leaf abscission. A seasonal study on the temperate seagrass Cymodocea nodosa was carried out in four
locations with contrasting hydrodynamic regimes. The morphological, biomechanical and material
properties of C. nodosa were measured. The force required to break the ligule was always lower than
that required to break the blade. This could be considered an adaptive strategy to reduce acute drag
forces and thus lessen the chance of plant uprooting. The absolute force needed to dislodge the blade
at the ligule level varied with season and location, with the lowest forces recorded in autumn. This
may indicate that senescence is operating in this species. On the other hand, the minimum estimated
failure velocities for leaf abscission were also recorded in autumn. Consequently, this may cause
the premature shedding of leaves in this season before the senescence process has finished and can
probably explain the occurrence of green beach-cast seagrass leaves usually found during autumn
and winter.

Keywords: leaf abscission; nutrient recycling; drag forces; biomechanics; breaking strength; seagrass;
Cymodocea nodosa

1. Introduction

Seagrasses form a unique ecological group of specialized flowering plants evolving
from a terrestrial ancestor that returned to seawater 145 million years ago [1]. These plants
are the only higher plants that carry out their whole life cycle in marine environments [2],
which has led to a complex evolutionary adaptation process [3,4]. This has determined,
to some extent, that most of the seagrass species share morphological, physiological and
biomechanical adaptations to face marine environmental conditions (e.g., salinity, drag
forces, etc.; [5-10]). Within such adaptations and to cope with the physical stress caused by
water motion (waves and currents), seagrasses display a reduced exposed surface and a
flexible above-ground biomass allowing reconfiguration of the canopy to minimize drag
forces [10-12]. This simple architectural design means that in most species, leaf loss often
takes place at the point of junction between the blade and the leaf sheath in the oldest
leaf (i.e., at the ligule; [11,12]), as occurs in terrestrial plants during senescence [13]. In
addition, this above-ground biomass (i.e., leaves clustered in shoots) is attached to a well-
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developed below-ground biomass (i.e., rhizomes and roots), keeping plants firmly secured
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to the sediment.

Senescence is a fundamental developmental step in the life cycle of annual and peren-
nial plants and is considered a type of programmed cell death [14-17]. During senescence, a
set of highly regulated processes at different organizational levels (i.e., molecular, biochemi-
cal, physiological) is triggered, which allows the controlled remobilization of nutrients from
old to young tissues or to the development of fruits or seeds [18-22]. Senescence is clearly
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distinguished in deciduous plants by the decolourisation of the leaves in autumn and their
concomitant abscission and decay, while in annual ones, the final stage usually means
the death of the whole plant [17,22,23]. Therefore, although leaf senescence may follow
similar stages and biochemical pathways, the meaning of such a mechanism is different
in both types of plants [24-27]. Similar to other physiological processes in plants, leaf
senescence is regulated by endogenous and exogenous factors: photoperiod, temperature,
shading, nutrient deficiency, drought, internal sugar concentrations and hormone levels,
among others [28-31]. While the evolutionary importance and molecular mechanisms
underlying senescence have been extensively studied in terrestrial plants, including annual
and perennial ones [19,20,32], little is known in the case of marine plants.

As happens in terrestrial plants [33], leaf decay in seagrasses is enhanced during
some seasons (i.e., autumn and winter) [34-38], and it can also be triggered as a response
to exogenous signals such as nutrient deficiency or excess [39-41], light levels [42-44],
flow velocity [45] and organic matter in the sediment [46], among others. However,
during leaf decay, remobilization of nutrients from shedding leaves is limited in com-
parison with terrestrial plants [36,47-50], which is referred to as the “nutrient paradox”
theory in seagrasses [51]. The recycling of nutrients from decayed leaves in seagrasses
ranged from 3.8% to 64% in the case of nitrogen and from 0% to 64% in the case of
phosphorus [35,50,52,53], indicating a lower capacity of nutrient recycling in compari-
son to terrestrial plants, where recycling was reported to reach 79% for N and 90% for
P [32,54-57]. In contrast to terrestrial plants, where senescence leads to the remobilization
of the main nutrients from leaves, senescent beach-cast seagrass leaves during autumn and
winter are usually still green and have a high proportion of the main nutrients [58-63].

Following the aforementioned arguments, the question arises about whether seasonal
senescence operates in seagrasses or, conversely, hydrodynamic stress is responsible for
the seasonal leaf fall. We hypothesized that if seasonal senescence operates in seagrasses,
leaf abscission, the last step in this highly regulated process, may have a seasonal variation,
which can be estimated through material mechanical failure at the ligule level [63]. In
contrast, the lack of seasonality would indicate that leaf loss is promoted by hydrodynamic
conditions, causing a sudden interruption of senescence and consequently of nutrient
recycling. Therefore, the aim of this work was to identify whether seasonal senescence or
hydrodynamic stress is the main factor responsible for seasonal leaf fall in the temperate
seagrass Cymodocea nodosa in Cadiz Bay, southern Spain. To ascertain the role of leaf senes-
cence and hydrodynamic stress, biomechanical properties (the force needed to separate the
blade from the sheath), leaf morphology and material properties were measured seasonally
at different locations covering a large hydrodynamic range.

2. Material and Methods
2.1. Sampling Locations and Biological Material

Cadiz Bay (south of Spain; Figure 1) follows the typical seasonality of temperate
climates, with maximum values for temperature and light during summer and storm
periods in winter [64,65]. The mesotidal and semidiurnal tidal regime has a mean range of
2.3 m and a mean spring tidal range of 3.7 m [66]. Waves generally approach the coast from
the west and south, giving rise to a prevailing East and Southeast longshore current [66].
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Figure 1. Map of the study area in Cadiz Bay (SW Spain) showing dominant seagrass distribution
and experimental locations where Cymodocea nodosa shoots were collected. Locations (from high to
low exposure): CH, El Chato (high exposure to waves, intertidal); BC, Bajo de la Cabezuela (medium
exposure to waves and currents, subtidal); ST, Santibariez (low exposure to waves and currents)
with two stations: intertidal (ST-Int) and subtidal (ST-Sub); CC, Cafio de Cortadura (no waves, low
exposure to currents).

Seagrass zonation with increasing elevation in Cadiz Bay includes extensive meadows
of Cymodocea nodosa, with meadows of the seagrass Zostera noltei Hornem. in the lower
intertidal area [67]. The temperate seagrass species Cymodocea nodosa Ucria (Ascherson)
was selected because it forms perennial populations and inhabits locations with different
environmental conditions in Cadiz Bay: Cafio de Cortadura (CC), Santibafiez (ST), El
Bajo de la Cabezuela (BC), El Chato (CH) (Figure 1, Table 1). C. nodosa is the unique
seagrass species inhabiting areas of contrasting hydrodynamics in Cadiz Bay, from very
high to very low hydrodynamics, while Z. noltei is currently restricted to sheltered areas of
low hydrodynamics.

Table 1. Summary of the environmental conditions at each experimental location.

CcC ST BC CH

Latitude 36°52'60"" N 36°28'09.08"” N 36°31'42.52" N 36°2838.16” N

Longitude 6°21'77" 6°15'04.64"" W 06°14'32.16” W 06°15'49.21" W
Depth (m) 0.25 0.5 0.5 0.25
Hydrodynamic exposure Very low Low Medium High
Experimental meadow area (ha) 0.36 0.8 0.77 0.74

The Cafio de Cortadura (CC) is a small and shallow lagoon (~0.73 ha and 1.5 m
maximum depth) located near the San Pedro River and connected to the river through
a small artificial channel. This artificial opening ensures that this area is subject to very
low levels of hydrodynamic forces, that is, without waves and influenced only by semid-
iurnal tidal oscillations. C. nodosa develops in continuous and homogeneous meadows
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covering approximately 50% of the lagoon area with a mean annual shoot density of
250 4 50 shoots m~2 [66]. Santibafiez saltmarsh (ST), located at the southern point of the
inner sector of Cadiz Bay, is a shallow tidal lagoon. This is a site of low hydrodynamics with
little exposure to waves. The mean velocity module during a usual tidal cycle ranges from
0.015 to 0.08 m s~ ! [68,69], which increases when strong eastern winds blow and during
winter [70]. C. nodosa inhabits the shallow south-western area at both the intertidal fringe
(ST-Int) and as continuous monospecific meadows in the subtidal zone (ST-Sub), at 0.4 and
—0.5 m above and below the chart datum (lowest astronomical tide) [67]. C. nodosa popula-
tions at Santibafiez exhibit a unimodal seasonal pattern of growth, with maximum growth
rates and shoot sizes in summer [71-73]. The shoot density and biomass in this area vary
with tidal position, with mean annual values of 1194 & 513 and 447 + 174 shoots m~2, re-
spectively, in the intertidal and subtidal areas [67,74]. The Bajo de la Cabezuela (BC) is a shal-
low inlet located in the Rio San Pedro saltmarsh. Continuous beds of C. nodosa colonize the
shallow sandy subtidal zones, with an average shoot density of 154 + 32.7 shoots m~2 [66].
Plants were collected at the mouth of the inlet, a location subjected to high currents pow-
ered by tide, short-periods of wind-generated waves (which increased during winter) and
recurrent episodes of sediment erosion and accretion [70]. The mean velocity module
measured during a tidal cycle ranged from 0.05 to 0.25 m s~ ! [68]. El Chato (CH) is a
shoreline-parallel rocky outcrop located at Cortadura beach, facing the open ocean with
a NNW-SSE orientation [75]. The hydrodynamic conditions of this location differ highly
from those at the other locations, as it is the only location exposed to open ocean and
thus strong currents (data not available) and large waves. C. nodosa forms small scattered
patches in the rocky pools with a mean annual density of 95 4 17 shoots m~2 [66].

These four locations were selected since one of the most noticeable abiotic factors
differentiating the locations was the hydrodynamic regime, as they have contrasting ex-
posure to waves and currents (Table 1). As a consequence, all of these populations are
acclimatized to such contrasting mechanical forces [73], allowing us to check the existence
of seasonality in the force needed to separate the blade and the sheath across a wide range
of morphological and biomechanical traits.

Sampling was done seasonally (four times during 2016; winter, end of January;
spring, end of April; summer, end of August; autumn, end of October; and winter, end
of January 2017) in the middle of each season at each location. During each sampling
event, plants were randomly collected at low tide, digging a 15 x 15 cm metal square into
the sediment, extracting the plants by hand and placing them in individual mesh bags.
Collected plants were formed by several shoots joined by a piece of horizontal rhizome.
The procedure was repeated at least 20 times in each location, attempting to leave a gap of
ten metres between collected samples. Plants were first cleaned in the field and transported
under cold conditions to the laboratory in darkness within two hours and placed in an
illuminated aquarium with aerated natural seawater until measurements were conducted.
All measurements were done within two days of collection.

2.2. Leaf Morphology

Shoots were carefully selected from the collected material, discarding those with
flawed or nicked leaves, which would result in misjudgement of their mechanical properties.
Epiphytes were also removed carefully from the leaf using a piece of soft-wet paper.
Selected shoots were submerged into seawater at room temperature (20 °C) until testing
was conducted.

All morphometric measures were taken 1 cm above the ligule of the oldest leaf of the
shoot (the outermost leaf) before mechanical tests were performed [73]. Total leaf length
(LL, cm), leaf width (LW, mm) and thickness (LTh, mm) were measured with a digital
caliper (Mitutoyo 500 AOS) and a thickness gauge (Mitutoyo 7301). The cross-sectional
area was calculated (CA, mm?; CA = LW - LTh) [76]. The one-sided surface area of each
leaf (SA, mm?) was approximated to a rectangular shape (SA = LW - LL)[76]. In total,
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10 samples (n = 10), coming from independent shoots, were measured at each location and
in each season.

2.3. Leaf Internal Composition

For each tissue analysis, a minimum of 5 independent replicates were used per loca-
tion and season. Samples were freeze-dried and ground in a ball-grinder, and the fibre
content (i.e., NDF = neutral detergent fibre) in the leaves was measured using the method
of Van Soest et al. (1991) [77] as amended by de los Santos et al. (2013) [73]. Total car-
bon and nitrogen contents were determined on freeze-dried, ground samples of leaves
and roots/rhizomes using the PerkinElmer® 2400 Series CHNS/O Elemental Analyzer
(Cadiz, Spain).

2.4. Leaf Biomechanical Measurements

The tensile properties of the leaves were measured on the oldest one (i.e., first outer-
most leaf) with a tensometer (Instron universal testing machine model 3340) and Bluehill
software (version 2.18; BlueHill® Instron Universal, Barcelona, Spain), using a load cell
of 100 N and pneumatic action grips of 250 N (model 2712). Intact leaves were clamped
(approximately 4 cm above and below the ligule) with the exact distance measured to the
closest 1 mm. Once clamped into the grips, the leaf was stretched at a constant velocity of
10 mm min~!, while the displacement (mm) and the force (F, N) were recorded every 0.1 s
until breakage, when the maximum force (absolute force-to-tear, Fra, N) was registered.
The tensile properties were recorded when the leaf broke, while those specimens that
slipped during the test or broke at the grips were excluded from the analysis (less than 5%).
In addition, another 10 independent leaves from each sampling event were selected, and
the blade was cut at 1 cm above the ligule. Then, a portion of a blade of 5 cm measured
from the already cut end was clamped into the grips, and the tensile properties were
measured as aforementioned. From the force-displacement curve and the morphological
traits of the specimens, the following mechanical properties were obtained: (a) the absolute
force-to-tear (FTA, N), which is the maximum force that the specimen can bear before
breaking, and (b) the specific force-to-tear (FTS, N mm~2), which is the maximum force
per unit of cross-sectional area needed to break the specimen. The latter is also known as
‘tensile strength’ or ‘breaking stress’ in engineering [78].

The ratio between the blade and ligule Fya values (i.e., Fya Blade - (Fra Ligule)*1 - 100)
was calculated to examine whether the leaf was more likely to broke at the blade (values
lower than 100%) or at the ligule (values higher than 100%). Coefficients of variation
(i.e., CV, %) for Fra and Frs were also calculated for the blade and the ligule for different
seasons and locations.

2.5. Predicting Failure Velocity

The theoretical flow velocity causing tissue breakage was calculated using the follow-
ing drag force expression [79,80]:

Fg=05-p-u?-Sx-Cq (1)

where Fy is the drag force (N), p is the seawater density (Kg m~3), u is the water ve-
locity (m s 1), S, is the one-side surface area of the leaf (i.e., planform area, in m?) and
Cq is the drag coefficient, a dimensionless index of shape change and reconfiguration of
flexible fronds. Therefore, once having measured the absolute force-to-tear at the ligule
(Fra ligule, N) at the different locations and in different seasons, the aforementioned equa-
tion was solved for the water flow (u) required to generate such a breakage force. A value
of 1025 Kg m~3 was used for seawater density. Experimental drag coefficients calculated
by Kopp (1999) [38] in the temperate seagrass Zostera marina at high Reynolds numbers
(300,000) were used in our calculations. Estimated drag coefficients for both large and small
size-class shoots and individual and whole shoots (see Table 6 from [38]) were used to
estimate a range of failure velocities for each Frp ligule value.
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2.6. Statistical Analysis

The effect of location on leaf morphometry (length, width, thickness and cross-sectional
area), internal composition (NDEF, %N, %C and C/N ratio) and leaf-breaking force (Fra
and Frg at blade and ligule) was examined using a linear mixed-effects regression model.
Location was included as a fixed factor (4 levels of hydrodynamic conditions) with season
as a random factor in order to investigate how much of the variation in leaf properties
was attributable to the season. The model was fitted for maximum likelihood, and Type II
Wald x? tests were used to assess the significance of the fixed effect in the model. Pairwise
comparisons to identify homogenous groups were identified using Tukey’s multiple com-
parison tests. Significance was considered at p < 0.05. Data were also visualized and tested
for correlations (Pearson correlations) between each pair of variables (leaf morphology,
internal composition and biomechanics) through the ‘corrplot’ R library [81].

To analyse the influence of leaf morphometry (length, width, thickness and cross-
sectional area) and the internal composition variables (NDF, %N, %C and C/N ratio) on the
biomechanical variables (Fps and Frg at the ligule and blade), generalized linear models
(GLMs) were performed. Gaussian distributions with an “identity” link function were
selected to ensure the assumptions of linearity and homogeneity of variances, which were
checked through visual inspection of residuals and Q-sQ plots [82]. Variable collinearity
was analysed through Variation Inflation Factor (VIF) of preliminary full GLMs. Cross-
correlated and non-informative variables were removed from GLMs using backward
selection to retain only those predictor variables associated with the response variables.
We calculated models with all possible combinations of predictor variables using the
MuMIn package [83] and selected the best fit model using Akaike’s Information Criterion
(AIC). Finally, we used generalized linear models (GLMs) to quantify how the predictor
variables from the best-fit model interacted with the response variables. Data are shown
as means = standard error. Statistical analyses were computed with R statistical software
version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria) [84].

3. Results
3.1. Morphological and Internal Composition

Shorter leaves were more common in most of the locations in winter, while longer ones
were common during summer-autumn, regardless of the location in the bay (Figure 2A; Table 2).
Seagrass in the high exposure (CH) area had the shortest leaves throughout the year
(6.6 = 1.6 cm), while seagrass in the subtidal area (ST) had the longest ones (35.4 & 6.3 cm;
linear mixed-effects model, degrees of freedom (df) = 1, p = 0.019, X2 = 6.74;
Table 2). Leaf width and thickness also showed seasonal, but opposite trends. While thicker
leaves were usually recorded in winter and thinner leaves in summer, wider leaves were
found in summer-autumn, with minimum thickness values in winter
(Figure 2B,C; Table 2). Thicker leaves were those coming from subtidal populations, inde-
pendently of hydrodynamic conditions (0.37 & 0.03, 0.36 & 0.03 and 0.29 £ 0.01 mm for
BC, ST-Sub and CC, respectively), while those inhabiting intertidal areas had lower values
(0.24 + 0.03 and 0.26 £ 0.03 mm in CH and ST-Int, respectively; linear mixed-effects model,
df=1,p<0.017, X2 = 6.23; Table 2). Plants inhabiting exposed areas had lower width values
(2.66 £ 0.26 and 3.4 £ 0.43 mm for CH and BC, respectively), while subtidal populations
inhabiting areas with low exposure were wider (4.4 £ 0.36 and 4.0 £ 0.35 mm for ST-Sub
and CC, respectively). The surface area showed a seasonal trend, with minimum values
in winter (5.4 + 1.88 cm?), which increased from spring and reached maximum values in
autumn (14.7 + 1.82 cm?) (Figure 3A; Table 2; linear mixed-effects model, df = 1, p < 0.012,
x% =5.19). Exposed populations from CH bore the lowest surface areas (1.9 + 0.6 cm?),
which were almost ten times lower than those values registered for the ST-Sub popu-
lations (16.7 + 4.2 cm?) (Figure 3A; Table 2). Plants from exposed and intertidal areas
(CH and ST-Int) displayed the lowest cross-sectional area (CA, 0.63 4- 0.07 mm~2 and
0.98 +0.13 mm*Z), while plants from subtidal areas had the highest values (i.e., ST-Sub,
1.57 + 0.19 mm~2; Figure 3B; Table 2). Seasonality was not as clear as S, but most
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of the locations had CA values that increased until autumn and decreased in winter
(Figure 3B; Table 2).
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Figure 2. Seasonal variation of the morphological leaf traits of Cymodocea nodosa. (A) Leaf length
(LL); (B) Leaf width (LW); (C) Leaf thickness (LTh). Values are presented as the mean =+ SE (n = 10).
Locations (from high to low exposure): CH, El Chato (high exposure to waves, intertidal); BC, Bajo
de la Cabezuela (medium exposure to waves and currents, subtidal); ST, Santibéfiez (low exposure
to waves and currents) with two stations: intertidal (ST-Int) and subtidal (ST-Sub); CC, Carfio de
Cortadura (no waves, low exposure to currents).

The leaf internal composition differed between locations and seasons (Table 2). Internal
carbon and nitrogen contents followed a similar seasonal trend with lower values in
summer—autumn and maxima in winter at all locations (Figure 4A,B; Table 2). The C/N
ratios remained rather stable across locations with a clear seasonal trend with maximum
values in autumn (Figure 4C; Table 2). The fibre content (NDF) showed a significant
seasonal trend with higher values in summer-autumn and minimum ones in winter-
spring depending on the location, although location had no effect on the fibre content
(Figure 4C; Table 2).
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Table 2. Summary of the morphometric, internal composition and mechanical properties of

Cymodocea nodosa leaves in different locations and seasons (mean =+ SE, n = 5). Statistical results

of a linear mixed-effects model, with location as a fixed factor and season as a random factor, are

presented. Superscript letters represent post hoc Tukey pairwise groupings indicating differences

between locations. FrpBlade: absolute force to tear the blade; FyaLigule: absolute force-to-tear at

the ligule; FrsBlade: specific force to tear the blade; FrsLigule: specific force-to-tear at the ligule;

FraBlade/FrgLigule: ratio of the specific force to tear the blade/specific force-to-tear at the ligule.

Locations (from high to low exposure): CH, El Chato (high exposure to waves, intertidal); BC, Bajo

de la Cabezuela (medium exposure to waves and currents, subtidal); ST, Santibafiez (low exposure
to waves and currents) with two stations: intertidal (ST-Int) and subtidal (ST-Sub); CC, Cafo de
Cortadura (no waves, low exposure to currents). p-values in bold indicate significant differences.

Leaf Traits Location Linear Model Effect (df = 1)
CH BC ST-Int ST-Sub cC X2 p-value
Leaf Length (cm) 6.59 £1.55 249 +2.81 19.8 £3.71 354 £6.25 259 + 4.34 6.74 0.019
Leaf Width (mm) 2.66 £+ 0.26 3.40 £0.34 3.77 £0.43 4.40 £+ 0.36 4.03 £+ 0.35 5.22 0.03
Leaf Thickness (mm) 0.24 £+ 0.03 0.37 £0.03 0.26 £+ 0.03 0.36 £ 0.03 0.29 £ 0.01 6.23 0.017
Surface area (cm?) 1.92 £ 0.60 8.56 £ 1.18 8.04 £2.24 16.7 £ 4.20 109 +2.41 7.23 0.007
Cross-sectional area (mm?) 0.63 £ 0.07 1.24 +0.13 0.98 £0.13 1.57 £ 0.19 1.18 £ 0.15 4.23 0.009
Fibre content (% DW) 38.5+1.51 38.7 £2.41 41.0 £2.27 35.6 £2.48 36.5 +£1.95 0.06 0.43
%C 31.5+1.26 31.1 £ 0.68 33.2 £0.36 33.0 £0.29 31.6 £ 1.69 3.76 0.042
%N 2.63 £ 0.13 242 +0.14 2.73 £0.15 2.70 £+ 0.06 2.64 £+ 0.30 2.64 0.037
C/N 14.0 £0.20 15.2 £ 0.63 14.4 +0.64 144 +0.24 144 +£0.92 2.97 0.04
Fra Blade (N) 2.85 £+ 0.24 5.85+0.78 3.33 £0.39 5.36 &+ 0.50 3.79 £ 0.34 5.12 0.022
Fra Ligule (N) 2.39 £0.18 3.47 £+ 0.60 2.72 £ 0.66 3.64 £0.39 2.39 £+ 0.05 4.82 0.013
Frs Blade (N-mm~2) 4.70 £0.32 497 £ 0.55 3.57 £0.21 3.83 £0.67 3.44 £+ 0.58 3.65 0.036
Frs Ligule (N-mm~2) 410 £ 0.61 2.87 £0.43 2.83 £ 047 2.52 £0.40 212 +£0.24 3.12 0.041
Fra Blade/Fra Ligule (%) 133 £10.5 185 + 14.5 164 £+ 35.4 164 +11.3 187 £ 27.8 4.23 0.02
Leaf Traits Season Linear model effect (df = 1)
Winter Spring Summer Autumn Winter X2 p-value
Leaf Length (cm) 15.6 + 4.4 229 +3.94 26.3 +4.42 29.5 +4.26 18.2 £ 591 2.93 0.017
Leaf Width (mm) 3.04 £ 0.35 326 £0.27 426 +£0.27 4.56 +0.29 3.14 £ 0.36 1.64 0.034
Leaf Thickness (mm) 0.33 £+ 0.03 0.27 £ 0.04 0.25 £+ 0.03 0.31 £ 0.04 0.35 £+ 0.04 2.94 0.027
Surface area (cm?) 5.43 +£1.88 8.32 £1.81 11.6 £1.83 14.7 £ 1.82 6.01 £2.79 5.19 0.012
Cross-sectional area (mm?) 1.03 £0.18 0.93 £0.18 1.09 +£0.18 144 +0.21 1.124+0.21 3.84 0.03
Fibre content (% DW) 36.0 £1.97 34.6 £1.39 40.6 £ 1.37 43.9 £+ 0.66 35.2 +£ 047 1.64 0.041
%C 33.7 £0.38 31.3£1.15 30.0 £1.25 31.5+£1.21 33.9 £1.22 4.26 0.036
%N 297 £0.12 2.50 £0.17 236 £0.2 2.34 £0.18 2.95 £ 0.18 7.13 0.016
C/N 13.3 £0.39 14.7 £ 0.42 14.9 £ 0.49 15.9 + 047 13.5+ 048 6.95 0.011
Fra Blade (N) 4.52 £ 0.57 3.64 £+ 0.68 4.04 £ 0.69 4.05 £+ 0.89 493 £ 0.81 6.42 0.015
Fra Ligule (N) 3.39 £+ 0.50 2.38 + 0.58 2.90 £+ 0.53 2.24 +0.65 3.70 £ 0.39 4.26 0.01
Frs Blade (N-mm—2) 4.70 £+ 0.38 440+ 0.31 3.84 +£ 049 3.26 £ 0.42 431+ 048 4.85 0.013
Frs Ligule (N-mm—2) 3.64 £ 0.74 2.99 £ 0.60 2.86 £ 0.19 1.74 £ 0.26 3.21 £0.44 3.85 0.02
Fra Blade/Fra Ligule (%) 149 £22.3 153 £+ 23.2 141 £12.4 203 + 8.8 159 + 28.6 5.24 0.036
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Figure 3. Seasonal variation of (A) Surface area (Sp) and (B) Cross-sectional area (CA) in
Cymodocea nodosa. Values are presented as the mean + SE (n = 10). Locations (from high to low
exposure): CH, El Chato (high exposure to waves, intertidal); BC, Bajo de la Cabezuela (medium
exposure to waves and currents, subtidal); ST, Santibafiez (low exposure to waves and currents)
with two stations: intertidal (ST-Int) and subtidal (ST-Sub); CC, Caio de Cortadura (no waves, low
exposure to currents).
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Figure 4. Internal composition of Cymodocea nodosa leaves in different locations and seasons.
(A) Internal carbon content (%C); (B) Internal nitrogen content (%N); (C) Carbon/nitrogen ratio
(C/N); (D) Fibre content (%NDF). Values are presented as the mean + SE (n = 5). Locations (from
high to low exposure): CH, El Chato (high exposure to waves, intertidal); BC, Bajo de la Cabezuela
(medium exposure to waves and currents, subtidal); ST, Santibafnez (low exposure to waves and
currents) with two stations: intertidal (ST-Int) and subtidal (ST-Sub); CC, Cafno de Cortadura (no
waves, low exposure to currents).
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3.2. Biomechanical Properties

All assayed leaves broke at the ligule (95%) during the biomechanical measurements,
while only a few specimens slipped or broke at the grip (<5%). Both absolute (Fr4) and
specific forces (Frs) were repeatedly higher in blades than at the ligule, indicating that it
was easier to split the leaf at the ligule rather than at the blade (Figure 5; Table 2). Overall,
winter was the season where leaves had higher values of Fra for both the blade and ligule,
while lower values were recorded in spring and autumn (Figure 5A,B; Table 2). Lower
absolute forces needed to tear the blade and the ligule were recorded in areas with high
hydrodynamics and small plants (CH), while higher values were recorded in areas with
high currents and long plants (BC and ST-Sub), but also in areas of low current and long
plants (e.g., CC) (Figure 5A,B; Table 2). It was noticeable that in CC (very low hydrodynamic
conditions), the absolute force needed to tear the ligule remained constant across all seasons
(Figure 5B).

10 10
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——ST-INT
—e—ST-SUB
8 8 —=—CC

F_ Blade
TA
F“Ligule
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FTsngulc
-

TS
IS
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F_ Blade/F_ Ligule
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50

Winter Spring Summer Autumn Winter

2016 2016 2016 2016 2017
Figure 5. Biomechanical traits in Cymodocea nodosa leaves in different locations and seasons.
(A) Absolute force to tear the blade (FraBlade); (B) Absolute force-to-tear at the ligule (FrpLigule);
(C) Specific force to tear the blade (FrgBlade); (D) Specific force-to-tear at the ligule (FrsLigule);
(E) Ratio of the specific force to tear the blade/specific force-to-tear at the ligule (Frp Blade/FrgLigule).
Values are presented as the mean + SE (n = 10). Locations (from high to low exposure): CH, El
Chato (high exposure to waves, intertidal); BC, Bajo de la Cabezuela (medium exposure to waves and
currents, subtidal); ST, Santibafiez (low exposure to waves and currents) with two stations: intertidal
(ST-Int) and subtidal (ST-Sub); CC, Cafio de Cortadura (no waves, low exposure to currents).
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When material size was considered (i.e., Frs), it reduced the seasonal variability at
each location, and a clear trend was observed in most of the locations for the blade and
ligule, with minimum values in autumn and maximum values in winter (Figure 5C,D;
Table 2). Plants from exposed areas had, on average, higher Frg values (CH and BC) when
compared to plants inhabiting low-exposure, more protected areas (ST-Int, ST-Sub and CC)
(Figure 5C,D; Table 2). Both Fra and Frg were significantly correlated with CA (Figure 6).

FIA FYs FIA Fls
CA LW LL NDF CN LTh N C pjade Blade LiguleLigule

Y
LL . 0.6

NDF . - 0.4

CN . ‘ + 0.2

+-0.2
C

Fra . .{/H"', +-0.4

Blade -

FTs
Blade -0.6
FTA
Ligule 0.8
FYs
Ligule

Figure 6. Pairwise Pearson’s correlation coefficient between leaf properties. Correlations were

-1

performed between average values for each location. Points are coloured and sized according to the
value of the Pearson’s correlation coefficient.

The Frs Blade/Fra Ligule ratio showed slight variability throughout the year and
between locations, with the highest value recorded in autumn (203 £ 8.8%; linear mixed-
effects model, df = 1, p = 0.036, x2 =5.24) and the minimum value found in the most
exposed area (132 £ 10.1%) (Figure 5; linear mixed-effects model, df =1, p = 0.02, X2 =6.23;
Table 2). Coefficients of variation for Fry and Frg for the blade and ligule were rather
similar throughout the year and between locations, with values raging from 20 to 50%,
although most of them were around 30% (Table 3).

3.3. Generalized Linear Model Analyses

After the removal of the collinear and non-informative variables, fitted GLMs included
the leaf length, width and thickness, fibre content and C/N ratios as predictors of Fra and
Frg at the ligule and blade (Table 4). The most parsimonious model explaining Fra at the
ligule included leaf thickness and the C/N ratio, whereas the most parsimonious model
to explain Frp at the blade included the leaf length and thickness. Fra at both the ligule
and blade was positively and significantly associated with leaf thickness (Table 4). The
most parsimonious model explaining Frg at the ligule included leaf width and the C/N
ratio, whereas the most parsimonious model explaining Frg at the blade included the leaf
length, width and fibre content (Table 4). Frg at the ligule was negatively associated with
leaf width, whereas Frg at the blade was negatively associated with leaf width and was
positively associated with leaf length and fibre content (Table 4).



Diversity 2023, 15, 187

12 of 20

Table 3. Coefficient of variation (%) of biomechanical traits measured in Cymodocea nodosa leaves
in different locations and seasons (mean + SE, n = 5). FppBlade: absolute force to tear the blade;
FraLigule: absolute force-to-tear at the ligule; FrgBlade: specific force to tear the blade; FrgLigule:
specific force-to-tear at the ligule. Locations (from high to low exposure): CH, El Chato (high exposure
to waves, intertidal); BC, Bajo de la Cabezuela (medium exposure to waves and currents, subtidal); ST,
Santibafiez (low exposure to waves and currents) with two stations: intertidal (ST-Int) and subtidal
(ST-Sub); CC, Cano de Cortadura (no waves, low exposure to currents). p-values in bold indicate
significant differences.

Coefficient of Variation (CV) Location Linear model effect (df =1)
CH BC ST-Int ST-Sub CcC X2 p-value
Fra Blade (%) 3715+ 5.34 27.29 £3.29 33.29 £3.73 34.30 £ 2.52 29.30 £2.92 3.41 0.023
Fra Ligule (%) 25.65 £ 5.99 34.69 £ 6.43 38.39 £9.11 36.59 £+ 7.93 27.25 £4.35 4.16 0.034
Frs Blade (%) 39.45+7.75 29.25 £ 2.65 33.87+£3.27 3259 +1.52 29.70 £2.73 3.72 0.01
Frs Ligule (%) 28.28 £5.70 30.74 £ 5.98 39.82 £7.94 34.38 £ 6.41 28.43 £ 4.55 1.06 0.38
Coefficient of Variation (CV) Season Linear model effect (df = 1)
Winter Spring Summer Autumn Winter X2 p-value
Fra Blade CV (%) 30.06 £ 2.62 3391 £6.07  37.60 £ 6.43 29.97 £597  29.80 £ 6.09 0.23 0.42
Fra Ligule CV (%) 28.54 + 5.96 26.11 £5.32 26.42 + 2.38 35.10 £+ 3.84 46.39 £ 391 3.56 0.013
F1g Blade CV (%) 29.20 £ 1.02 39.88 £ 8.18 34.86 £ 8.26 33.29 £ 8.05 27.62 £7.83 453 0.037
Frs Ligule CV (%) 20.72 £ 2.50 31.15+4.73 28.26 + 4.85 40.01 £7.11 41.50 £+ 6.38 3.98 0.023

Table 4. Results of the GLM analysis showing the effects and significance of the leaf internal
composition (fibre content and C/N ratio) and leaf morphometry (width, thickness, length) variables
on the biomechanical variables (Frs and Frg at the blade and ligule). Significant predictors for each
biomechanical variable are highlighted in bold.

FraLigule~Thickness + C/N (AIC = 56.4)

Predictor Estimate SE t value Pr(>1tl)
(Intercept) 2.156 2.160 0.998 0.331
Width —0.032 0.331 —0.097 0.924
Thickness 10.420 2.516 4.141 <0.001 ***
Length 0.003 0.026 0.108 0.915
Fibre —0.009 0.041 —0.232 0.819

CN —0.142 0.151 —0.938 0.360
FraBlade~Thickness + Length (AIC = 62.2)

Predictor Estimate SE t value Pr(>1tl)
(Intercept) —0.227 2401 —0.095 0.926
Width 0.102 0.368 0.279 0.783
Thickness 16.406 2.798 5.864 <0.001 ***
Length 0.017 0.029 0.567 0.578
Fibre —0.022 0.046 —0.488 0.631

CN —0.032 0.168 —0.188 0.853
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Table 4. Cont.

FrsLigule~Width + C/N (AIC = 49.4)

Predictor Estimate SE t value Pr(>1tl)
(Intercept) 8.541 1.804 4.734 <0.001 ***
Width —0.655 0.276 —2.370 0.029 *
Thickness —2.163 2.102 —1.029 0.316
Length 0.004 0.022 0.183 0.857
Fibre 0.010 0.034 0.302 0.766

CN —0.221 0.126 —1.749 0.096
FrsBlade~Width + Length + Fibre (AIC = 12.5)

Predictor Estimate SE t value Pr(>1tl)
(Intercept) 3.242 0.850 3.814 0.001 **
Width —0.893 0.130 —6.866 <0.001 ***
Thickness 0.080 0.990 0.081 0.936
Length 0.023 0.010 2.222 0.039 *
Fibre 0.037 0.016 2.296 0.033 *
CN —0.046 0.060 —0.775 0.448

Symbols indicate significant differences at « < 0.05 (*); & < 0.01 (**); o« < 0.001 (***).

3.4. Estimated Failure Velocities

A direct relationship was found between the estimated failure velocities and categori-
cal sorting of hydrodynamic locations, with higher velocities required to split the leaf at
the ligule in exposed areas (i.e.,, CH, 19.3 + 3.6 ms~!) and a decreasing velocity required
toward more sheltered locations (i.e., CC, 8.6 + 1.5 ms™; Figure 7A). A clear seasonal trend
was recorded with higher estimated failure velocities in winter (about 16.8 4 3.1 ms ™)

and minimum velocities required to split the leaf at the ligule in autumn (6.5 + 1.2 ms™

Figure 7B).
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Figure 7. Estimated failure velocities in Cymodocea nodosa leaves at the ligule in different locations

(A) and seasons (B). Values are presented as the mean + SE (n = 4). Locations (from high to low
exposure): CH, El Chato (high exposure to waves, intertidal); BC, Bajo de la Cabezuela (medium
exposure to waves and currents, subtidal); ST, Santibafiez (low exposure to waves and currents)
with two stations: intertidal (ST-Int) and subtidal (ST-Sub); CC, Cafo de Cortadura (no waves, low

exposure to currents).
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4. Discussion

Cymodocea nodosa has evolved a set of adaptations to withstand the large drag forces
induced by seawater movement in marine habitats including reduced exposed leaf areas,
flexible leaves and, as demonstrated in this study, a weakened point of breakdown in the
leaf (i.e., ligule). This singular mechanical design promotes the fracture of the leaf at this
point of junction and may reduce the chance of plant uprooting when hydrodynamic forces
are extreme. A few studies that have delved into spatial and temporal acclimatization to hy-
drodynamic conditions concluded that leaf plasticity in morphological and biomechanical
traits was the main factor responsible for such acclimatization, while changes in material
properties had only a minor influence [11,73]. This study fully agrees with these previous
findings, as significant large spatial and temporal differences were found in morphological
(i.e., leaf length, width and thickness, surface and cross-sectional areas) and biomechanical
(absolute and specific force-to-tear) traits. Moreover, absolute biomechanical traits were
highly positively correlated with the cross-sectional area in our study, which indicates that
acclimatization to hydrodynamic forces was mainly done by attuning the distribution of
the leaf material (i.e., width and thickness of the leaves) without changing the specific
material properties. Variation in the intrinsic mechanical properties of the material may
reflect underlying variations in cellular structures, possibly via cell orientation, changing
anatomy, strengthening of cell wall materials or by increasing the presence of fibres [85,86].
In our study, the low seasonal variation in the leaf fibre content and the large reduction
recorded in the content from autumn to winter may clearly indicate that the leaf fibre
content played only a residual role in the reinforcement of the blade during winter. Since
increasing the fibre content to strengthen and toughen the leaves may require carbon-based
resources, a trade-off may exist in resource investment into growth under these season’s
conditions. Further, low light levels and low temperatures may substantially reduce the
gain in the carbon balance of the plants [10]. Additionally, it should be considered that,
within each location, the morphological acclimatization to seasonal abiotic variability (e.g.,
light levels, temperature, nutrients, etc.) is primarily accomplished by a counterbalance
between carbon (i.e., light capture) and nutrient requirements [87-91]. However, in the case
of whole-leaf mechanical properties such as the absolute force-to-tear (Fra), this is likely a
by-product of acclimation to these main environmental factors since Frp depended on the
cross-sectional area and intrinsic material properties ([11,73,80] and this study). Regardless,
it is interesting to analyse the differential responses of the three studied subtidal popula-
tions from this work regarding their own hydrodynamic conditions: the BC populations,
although subtidal, were subjected to strong currents, and therefore an extreme trade-off
between light capture and drag force reduction is expected. Since the plant surface area
is related directly to light capture and inversely to drag forces, plants from this location
have to maximize their surface area but also need to be very strong [11,73,92-95]. The plant
surface area had intermediate values, while the highest Frp values were recorded at this
location. In this case, this high value of Frp was mainly accomplished by leaf reinforcement
(i.e., highest values of Frg) and by leaf thickening. Although this response may imply
higher construction costs and an increase in the flexural stiffness [11,12,86,96], this study
demonstrated that this response allowed plants to resist strong currents before leaf failure.

In addition, although this species faces spatial and temporal changes in hydrodynamic
forces by acclimatizing at both morphological and biomechanical levels, the force required
to rip the leaf at the ligule followed a seasonal trend, reaching minimum values in autumn
at all locations, and coinciding with the lowest estimated velocities for leaf failure. Whether
this seasonal weakness at the ligule level can be ascribed to seasonal senescence or to plant
acclimation to seasonal abiotic (e.g., light, temperature, nutrients, hydrodynamics, among
others) and biotic (e.g., canopy properties) conditions is still uncertain, and further research
is needed. To resist and survive hydrodynamic conditions, seagrasses have converged
on a morphology based on flexible, narrow, unbranched leaves with a reduced exposed
area, reducing the drag forces [80,97,98]. Our study is in agreement with these claims, as
C. nodosa is greatly flexible [28,73] and has a low exposed area irrespective of season and
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location ([75] and this study). However, this study constitutes a step beyond because our
results demonstrated that the breaking force was repeatedly higher at the blade than at the
ligule, and therefore leaf dislodgement mainly took place at this point of junction. This
was also clearly indicated by the breaking pattern found in this species when subjecting
the whole leaf to the mechanical assays, as the whole leaf ripped continuously at the ligule
(>95% of the assays). An insignificant percentage (<5%) broke at other parts of the leaf but
was mainly associated with experimental faults (e.g., they broke at the grip level or the
leaf slipped during the test). This has important ecological consequences for seagrasses.
For instance, most seagrass species have leaves with a strap-like morphology arising from
rhizomes that reconfigure when facing hydrodynamics [12,76,98]. Leaves are clustered
in shoots with older leaves allocated in the outermost part of the shoots, while younger
ones, and meristems of growth, are in the inner part of the shoot protected by the oldest
sheath [99,100]. The oldest leaves are often the longest ones [27,76,101] and also usually
bear the highest proportion of epiphytic organisms [102], which may increase the drag
experienced by the whole plant. Moreover, some studies have demonstrated that during
the ontogenetic development of the shoots, leaves become significantly weaker as they
age [39,103]. Therefore, an unexpected sharp increase in hydrodynamic forces may produce
an extreme drag over the whole plant, increasing the probability of plant dislodgement.
This potential threat can be evolutionarily highly reduced by sacrificing the oldest leaves,
as the force needed to dislodge the leaf is regularly lower at the ligule, by at least one-half,
than at the blade ([39], this study). Thus, this biomechanical design may promote the
premature leaf abscission of the oldest leaf, and therefore it can be an adaptive strategy
to reduce sudden and acute drag forces experienced by plants to lessen the chance of
whole-plant uprooting. A similar expectation exists in terrestrial plants in storm-exposed
areas, as the loss of foliage and branch shedding may reduce the drag and the potential for
stem breakage and uprooting [104-106].

In this temperate seagrass, both absolute and specific forces to tear at the ligule level
showed a seasonal trend in most locations (with the exception of CC, with very low
hydrodynamics and no waves, [107]), which indicates a weakening of this junction towards
autumn, suggesting that seasonal senescence may be acting in C. nodosa, similar to terrestrial
plants, where a shorter photoperiod and cooler temperatures trigger leaf abscission in
autumn [108]. However, as aforementioned, individual seagrass plants respond to seasonal
abiotic (e.g., light levels, nutrient concentration, temperature, etc.) and biotic (e.g., shoot
density, macroalgae and epiphyte coverage, etc.) conditions by progressively altering their
morphology, internal composition and biomechanical traits [38,73,109]. While most of these
aforementioned abiotic factors follow progressive trends without acute sudden changes or
variability at short time scales (e.g., cloud presence, rainfall runoff, heat waves, etc.), acute
and sudden changes in hydrodynamic forces are frequently produced in coastal areas. As
a consequence, devasting effects on seagrass plants and populations are produced. For
instance, our results showed that C. nodosa plants in summer-autumn had the highest plant
surface area at all locations, while absolute and specific breaking forces at the ligule (i.e., Fya
and Frg) reached minimum values at all locations in autumn. Moreover, the Fya Blade/Fra
ligule ratio was significantly higher in autumn (about 203%), indicating that a doubling of
the force required to break the leaf at the blade was needed in comparison to that at the
ligule. Regional and European databases show that storm frequency and intensity follow
a seasonal trend with higher values in winter, decreasing to minimum values in summer,
with an abrupt increase in autumn [65,110]. Therefore, this sudden and sharp increase
in hydrodynamic forces promoted by an increase in storm frequency and intensity may
be critical in autumn, as the lowest values for failure velocity were also estimated in this
period. Maximum shedding rates usually occur during autumn, suggested by the usual
recorded reduction in above-ground biomass in seasonal studies [73,85,88,111-117] and
the reported accumulation of nearshore drifting seagrass litter of senescent green leaves
worldwide [58-63,118-120]. Consequently, abrupt leaf shedding causes a sudden cessation
of the reclamation of leaf nutrient by plants, as the mobilization and removal of substances
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from senescing plant tissues and the subsequent transport of these substances to surviving
tissues is a highly regulated process [17-21]. In terrestrial plants, abrupt shedding of leaves
has also been recorded after the passage of hurricanes, typhoons or even after strong winds.
Under such conditions, plants are not able to withdraw nutrients from senescing leaves, and
abscised leaves still have a high concentration of nutrients [121-125]. Therefore, the limited
rates of nutrient recycling from detached leaves recorded in seagrasses [36,47-51], which
bring forward the “nutrient paradox” theory, may be a result of the abrupt interruption
of the senescence process because of the sudden autumn increase in hydrodynamic forces
that promote the earlier shedding of leaves in the autumn season.

5. Conclusions

This work unraveled the response of the temperate seagrass Cymodocea nodosa to a
hydrodynamic gradient of exposure on a seasonal basis to explore if leaf fall is due to
seasonal senescence or local hydrodynamic conditions. Both absolute and specific forces
to tear at the ligule level showed a seasonal trend at most locations, which indicates a
weakening of this junction towards autumn. Moreover, the minimum estimated velocities
for leaf failure were also recorded in autumn, which may cause the premature shedding of
leaves in this season. Therefore, although seasonal senescence may operate in this species,
the intensification of storm frequency and, consequently, the increase in hydrodynamic
stress in autumn, could favor leaf fall before the senescence process will be completed
and all nutrients will be reclaimed by the plant. Key issues still need to be elucidated,
including cellular-level molecular analysis of senescence-associated cell death or the nature
and control of leaf age [23].
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