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ABSTRACT: Seagrasses are able to colonise and dominate unstable sandy sediments but natural
(storms, hurricanes, bioturbation) and anthropogenically induced (harbour building, beach nourish-
ment, siltation) sediment arrivals can result in the total or partial burial of meadows. Within this con-
text, our main objective was to experimentally establish the ability of long-living Posidonia oceanica,
the dominant seagrass in the Mediterranean, to counteract natural or human-induced changes in
sedimentation, and to specifically examine plant survival and plastic responses (vertical rhizome
growth, branching, number of leaves and sheath length) to different levels of burial intensity, fre-
quency, timing, and duration. Shoot population strongly declined with increasing sedimentation,
reaching ca. 65 % shoot disappearance with a burial level of 4 cm, and undergoing 100 % mortality
with 9 cm burial. Sediment burial also enhanced shoot population decline regardless of frequency,
duration or timing at which the burial event occurred. Nevertheless, at 4 cm burial, we detected some
response capacity of plants to burial, consisting of rhizome elongation and rhizome branching. Rhi-
zome vertical annual growth and internode length increased by 34 % in the 4 cm treatment while it
decreased by ca. 34 % under high burial, although this response was meadow-specific. Rhizome
branching also increased by ca. 36 % at medium burial while being reduced by an average of 60 % at
high burial levels. On the other hand, there was no effect of burial on number of leaves or sheath
length. Overall, this work provides experimental evidence that P. oceanica is very sensitive to sedi-
ment burial, although it displays a certain capacity to respond, which is site-specific. Our results
highlight the importance of sedimentation rates as a limiting factor in determining the distribution of

P. oceanica meadows, both under natural conditions and under man-altered regimes.
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INTRODUCTION

Coastal shallow benthic environments have very ac-
tive sediment dynamics as a result of long-shore and
cross-shore sediment redistribution, which result from
processes occurring at different time scales and with
consequences at the local and regional levels (Bailard
1981). Low frequency events, such as hurricanes and
storms, can induce intense sedimentary dynamics, which
may cause large-scale alteration of marine habitats
(Marba et al. 1994a,b, Preen et al. 1995, Fourqurean &
Rutten 2004), while bioturbation events exhibit high fre-
quency and promote small-scale disturbances (Sucha-
nek 1983, Philippart 1994, Valentine et al. 1994). Fur-
thermore, increasing human activities in coastal areas
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worldwide (e.g. harbour building, beach nourishment,
siltation) as well as global change (e.g. increase in hurri-
cane and storm frequency, sea-level rise) have additional
direct and indirect effects on sediment dynamics, and
can seriously increase the frequency, duration and sever-
ity of events of erosion and/or oversedimentation (Short
& Neckles 1999, Ruiz & Romero 2003, Badalamenti et al.
2006, Lionello et al. 2008).

The status of seagrass meadows is tightly linked to
sedimentary dynamics (Jeudy de Grissac & Boudou-
resque 1985). Seagrasses are able to colonise and dom-
inate unstable sandy sediments thanks to vertical rhi-
zome growth, which protects them from burial in the
sand, and a root system that allows firm anchoring into
the substrate (Marba & Duarte 1998). Yet living in such
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environments also makes seagrasses highly exposed
and sensitive to changes in sedimentation (Boudoures-
que et al. 1984, Clarke & Kirkman 1989, Marba &
Duarte 1994, Vermaat et al. 1997). Indeed, human-
induced direct and indirect changes modifying these
sedimentary regimes are among the main causes of
worldwide seagrass decline (Shepherd et al. 1989,
Walker & McComb 1992, Short & Wyllie-Echevarria
1996, Waycott et al. 2009). Well established seagrass
meadows reach equilibrium when sediment influx is
balanced by vertical rhizome growth (Gacia & Duarte
2001). Excess sediment influxes can diminish the abil-
ity of seagrasses to adjust via vertical rhizome growth,
resulting in the total or partial burial of meadows or in
increases in water turbidity that cause major changes
to the growth and photosynthetic potential of seagrass
species (Duarte et al. 1997, Duarte 2002, Cruz-Palacios
& van Tussenbroek 2005). Understanding the response
of seagrasses to sediment burial and erosion is impor-
tant for predicting changes in seagrass meadows in
response to natural or anthropogenic processes (Astier
1984, Péres 1984, Blanc & Grissac 1989, Bourcier 1989,
Sénchez-Lizaso et al. 1990, Ruiz 2000, Boer 2007).

Seagrass response to different burial intensities has
been assessed through both experimental and descrip-
tive studies, and different thresholds of sediment toler-
ance have been established for several species (see
recent review by Cabaco et al. 2008). These thresholds
have essentially been determined by considering bur-
ial intensity as a key factor controlling seagrass abun-
dance, dynamics and distribution. However, apart
from burial intensity, consequences for plant perfor-
mance will also depend on the duration of the event,
the frequency of the event, and, at least in temperate
species, the timing (e.g. season) when the event
occurs. In order to better understand how sedimenta-
tion regimes determine seagrass communities (their
abundance, dynamics and distribution), it is thus cru-
cial to gain a deeper knowledge of the relationships
between seagrasses and sediment dynamics. Such
knowledge will also help predict and, eventually,
mitigate the effects of man-induced sedimentation
changes on these important ecosystems.

The seagrass Posidonia oceanica is a key species in
the Mediterranean Sea, forming extensive meadows,
which provide crucial habitat for many species, pre-
vent coastal erosion and act as an important carbon
sink (Mazzella et al. 1992, Vizzini et al. 2002, Duarte et
al. 2005). This species is also characterised by a large
canopy and a low rhizome elongation rate (ranging
from 0.5-0.7 cm yr! to 1.5-2 cm yr}; Jeudy de Grissac
& Boudouresque 1985), which could limit its capacity
to recover or respond to sediment burial. Like many
other seagrass ecosystems worldwide (Waycott et al.
2009), P. oceanica meadows are critically threatened

due to increased anthropogenic pressure, and have
suffered substantial reduction throughout the Mediter-
ranean area (Ruiz et al. 2009). In fact, due to their
ecological importance, the numerous anthropogenic
threats to which they are exposed, and their low recov-
ery capacity, P. oceanica beds have been declared a
protected habitat within the European Habitats Direc-
tive (92/43/CEE). Natural disturbances like storms and
anthropogenic coastal interventions such as beach
nourishment or sand dredging result in sporadic sedi-
ment depositions in seagrass meadows (Erftemeijer
& Lewis 2006, Gonzéalez-Correa et al. 2009). Since
events can have different levels of intensity, frequency,
duration, or timing (Mortsch 1998), it is essential to
consider them in order to predict their outcome effects.
Within this context, our main objective was to experi-
mentally establish the ability of P. oceanica to counter-
act natural or human-induced changes in sedimenta-
tion and, specifically, to examine the population
decline and variability in plant responses to different
levels of burial intensity, frequency, timing, and dura-
tion. We therefore conducted manipulative burial ex-
periments where all these factors were modified in dif-
ferent meadows along the Spanish coast.

MATERIALS AND METHODS

Study sites. In order to encompass different sedi-
mentation regimes that may influence plant responses,
manipulative experiments on burial were conducted in
distinct Posidonia oceanica meadows which differed in
terms of exposure and depth. Experiments on burial
intensity effects and timing were conducted at 3 mead-
ows in order to establish a more general response:
Shallow Protected (SHP), Shallow Exposed (SHE), at
ca. 5 m depth, and Deep Exposed (DPE), at ca. 10 m
depth. These meadows are located off the coast of Cat-
alonia (NE coast of Spain, between ca. 42.04802 and
42.29516° N), where shoot density ranges between 450
and 600 shoots m~2. As the sampling effort was consid-
erable, we reduced the spatial extension for the rest of
the experiments. The experiment on the effect of bur-
ial frequency was conducted in 2 meadows (SHE and
DPE), while the experiments on duration took place at
SHE, since this typology is the most representative of
the meadows of this coastal region.

Experimental approach. We conducted several in
situ experiments in which we manipulated sediment
levels within Posidonia oceanica stands in order to sim-
ulate different levels of burial intensity (by adding dif-
ferent amounts of sediment), frequency, duration and
timing of sediment accretion. Sedimentation was
manipulated within PVC cylinders (35 cm high and
33 cm in diameter) which were planted approximately
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15 to 20 cm into the sea bottom, leaving ca. 20 to 15 cm
of the cylinder above the sediment. Cylinders were
haphazardly placed over the meadow, at least 1 m
apart from each other, and treatments were randomly
assigned to them. Each cylinder enclosed between 12
and 53 P. oceanica shoots, depending on meadow den-
sity and local patchiness. Before applying the different
treatments, we ensured that the vertical distance
between the ligulae of the outermost leaf of the shoot
and the original sediment level was equivalent in all
plots (ca. 3 cm below the ligula).

Variables measured, experimental procedures, and
statistical analyses. Expt 1 — Effects of burial intensity
on Posidonia oceanica shoot population decline and
sublethal responses: These experiments were con-
ducted at the 3 meadows (SHP, SHE, and DPE). Three
experimental burial levels (intensities) were applied: 0
cm (control), ca. 4 cm (medium), and ca. 9 cm (high),
and 3 replicate cylinders were used per experimental
condition. Burial levels are expressed as centimeters of
sand added from the ligulae of the oldest leaf to the
experimental sediment height level, following the con-
cept of ‘degrees of burial' or ‘sedimentary conditions’
established by Boudouresque et al. (1984). Experi-
ments began in September and ran for ca. 200 to 250 d.
Cylinders were visited monthly, when sediment level
within each cylinder was checked, and sediment from
the same meadow was gently added or removed by
hand when necessary.

As an indicator of burial effect we measured popula-
tion decline (as the number of shoots at each visit,
expressed as a percentage relative to the initial). The
observed changes in shoot density represented the
balance between recruitment and mortality. At the end
of the experiment we measured sublethal responses on
the remaining shoots. Specifically, we measured the
number of leaves per shoot, sheath length of the oldest
standing leaf per shoot, branching rate (estimated as
the ratio between the number of new shoots and num-
ber of initial shoots), and the vertical rhizome growth
measured as the internodal distance during the exper-
imental period. We also used the lepidochronology
technique to estimate mean annual vertical rhizome
growth, measured as the accumulated vertical growth
during the year preceding the end of the experiment
(Crouzet et al. 1983, Pergent & Pergent-Martini 1991).

We used 2-way ANOVAs to assess the effect of
meadow type (Fixed) and burial intensity (Fixed) on
shoot population decline and rhizome branching
(replicates were cylinders). For mean annual vertical
rhizome growth, number of leaves, and sheath length
we performed 3-way nested ANOVAs with 2 fixed
crossed factors (burial intensity and meadow) and a
random factor cylinder (nested to the interaction of the
2 factors). In this case the replicates where the shoots.

Expt 2 — Effects of burial frequency on Posidonia
oceanica shoot population decline: We conducted an
experiment to assess shoot density response of the
plant to discrete and periodical events of burial and
erosion. Four treatments were applied: control (C, no
sand addition), permanent burial (P, 9 cm of sand
added and maintained until the end of the experi-
ment), high frequency burial (H, 9 cm of sand added at
the beginning of the experiment, and alternatively re-
moved or re-added every 15 d until the end of the
experiment), and low frequency burial (L, 9 cm of sand
added at the beginning of the experiment, and alterna-
tively removed or re-added every 30 d until the end of
the experiment). The experiment was conducted in 2
meadows (SHE and DPE), began in June, and ended
after 115 d. Effects of frequency burial on population
decline (the surviving number of shoots at each visit,
expressed as a percentage relative to the initial) were
tested by means of a 2-way ANOVA (fixed and crossed
factors frequency and meadow).

Expt 3—Effect of burial duration on Posidonia
oceanica shoot population decline: We examined the
effects of different time periods of burial on shoot pop-
ulation decline (the surviving number of shoots at each
visit, expressed as a percentage relative to the initial).
The following treatments were applied: control (C, no
sand addition), short-term burial (S, 9 cm of sand were
added at the beginning of the experiment and
removed after 22 d), mid-term burial (M, 9 cm of sand
added and removed after 42 d), and long-term burial
(L, 9 cm of sand added and removed after 77 d). The
experiment began in May, lasted 105 d, and was per-
formed in the SHE meadow. We used 1-way ANOVA
to assess effects of burial duration on population
decline.

Expt 4—Influence of burial timing on Posidonia
oceanica shoot population decline: To test for possible
differences in shoot population decline (the surviving
number of shoots at each visit, expressed as a percent-
age relative to the initial) associated with the timing of
burial, an additional experiment was conducted in
June (when seagrass vitality is at its maximum; Alcov-
erro et al. 1995) in the same meadows (SHP, SHE and
DPEin order to compare it with results from Expt 1
(which had been initialised in September of the previ-
ous year). Here we compared initial and final shoot
density between cylinders with high burial treatment
(i.e. 9 cm) versus controls, which were deployed in
June and maintained for 190 d in the 3 meadows. Dif-
ferences among meadows, timings (June, September),
and burial intensity (Control, High) were assessed by
means of a 3-way ANOVA (all fixed factors).

Statistical analyses. For all ANOVA models, vari-
ables were individually checked for normality, homo-
geneity of variance and outliers using exploratory data
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analysis procedures. Data were log
transformed when necessary (Quinn &
Keough 2002). We used Tukey's HSD

Table 2. Posidonia oceanica. Results of the ANOVAs to test for the effects of
sediment burial intensity (C = control, M = medium, H = high) on seagrass sub-
lethal responses. DPE = Deep Exposed, SHP = Shallow Protected, SHE =

Shallow Exposed meadows

post-hoc tests to test for between-treat-

ment differences for each significant
. Factor df MS F p Tukey
variable.
Rhizome annual growth?®
Meadow 2 28750.6 15.07 <0.001 DPE > SHP = SHE
RESULTS Burial 2 10399.3 5.35 0.018 M>C>H
Meadow x Burial 4 692.7 0.34 0.845
L . Cylinder 13 22436  3.30 <0.001
Eifects of burial intensity on seagrass (Meadow x Burial)
parameters Error 122 679.0
Shoot density, rhizome growth and Branching
; PSS Meadow 2 0.062 1.439 0.268
branching were significantly affected
g. g Y . Burial 2 0.194 4.459 0.030 M>C>H
by .the different leve.IS of sediment Meadow x Burial N 0.055 1255  0.331
burial (Tabltiasv 1 & 2, Figs. 1 & 2). The Error 15 0.044
number of living shoots declined dra-
matically in the high and medium bur- Sheath length?®
ial treatments, already reaching 30 to Meadow 2 226139 24.82 <0.001 DPE>SHP > SHE
50% di ' d 80 to 90% (high Burial 1 1010.5 1.12 0.313
o (medium) an 0 90% (high) Meadow x Burial 2 12977 141  0.284
decreases relative to the initial popu- Cylinder 10 971.0 2.12 0.030
lation after ca. 130 d, and causing (Meadow x Burial)
nearly complete mortality of shoots Error 95 457.1
(ca. 100 % mortality) at the end of the Number of 1
: . . umber ol leaves
expenment_ in the high treatment Meadow 9 11118 12165 0.344
(Table 1, Flg 1) In the case of sub- Burial 1 0.000 0.0000 0.996
lethal responses, high levels of burial Meadow x Burial 1 4.627 04659 0.514
reduced branching and annual verti- Cylinder _ 8 9.720  5.0589 <0.001
cal rhizome growth at all sites, (Meadow x Burial)
whereas medium sedimentation caused Error 168 1.921
a significant increase in those parame- aData rank-transformed
ters (Table 2, Fig. 2). Branching

showed a similar response in all

meadows, increasing by ca. 36% at medium burial
while being reduced by an average of 60% at high
burial (Fig. 2). Vertical annual growth followed similar
patterns, increasing 34 % in the medium treatment
while decreasing ca. 34% under high burial. Al-
though the interaction term between burial and
meadow was not significant (Table 2), the increase in
the medium treatment was more noticeable in 1
meadow (DPE), where values were 50 % higher than
in the other 2 surveyed meadows (Table 3). Rhizome

Table 1. Posidonia oceanica. Results of the 2-way ANOVA to assess the effects of

internodal distances between successive leaves in-
creased substantially for the medium burial treatment,
and again this effect was more evident in the DPE
meadow (0.33 + 0.03 cm) when compared to the other
2 meadows (0. 12 + 0.01 cm). On the other hand, there
was no significant effect of burial on number of leaves
or sheath length (Fig. 2), even though a similar
increasing trend was observed in the DPE meadow
for the medium treatment (Table 2).

Effects of burial frequency, duration
and timing on seagrass survival

burial intensity (C = control, M = medium, H = high) on % seagrass shoot survival

All burial frequencies had very

Factor df M3 F p Tukey strong and similarly deleterious effects
Meadow 2 287.10 0.586 0.568 in compé;rlson to . control.s, causing
Burial 2 1104233 22541  <0.001 C>M>H nearly 50 % population decline after ca.
Meadow x Burial 4 290.23 0.592 0.673 20 d, and total mortality by the end of
Error 16 489.86 the experiment (ca. 4 mo; Table 4,
Fig. 3). Similarly, the different levels of
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Fig. 1. Posidonia oceanica. Trends in population decline of

shoots (surviving number of shoots, expressed as a percent-

age relative to the initial) under different levels of perma-

nent burial: control (0 cm: @), medium (4 cm: M), and high
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Fig. 2. Posidonia oceanica. Sublethal responses of the
seagrass to different levels of permanent burial (control,
medium and high): (a) rhizome annual growth; (b) shoot
branching; (c) sheath length; and (d) number of leaves.
Responses were averaged for all 3 sites as no significant
differences were observed between them
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Table 3. Posidonia oceanica. Average (+SE) annual vertical
growth (cm yr!) of rhizomes at the 3 studied meadows (SHP
= Shallow Protected, SHE = Shallow Exposed, DPE = Deep
Exposed) from the different sediment burial treatments

Meadow Control Medium High

SHP 0.49 = 0.04 0.71 +0.08 0.37 £ 0.04
SHE 0.47 + 0.02 0.51 £ 0.02 0.35+0.04
DPE 0.91 = 0.07 1.47 £0.10 0.61 £ 0.05

Table 4. Posidonia oceanica. Results of ANOVAs to assess the effects of Burial
Frequency, Burial Duration, and timing on % seagrass shoot survival. C = con-
trol, P = permanent, LF = low frequency, HF = high frequency, ST = short-term,

MT = mid-term, LT = long-term, H = high

burial duration also had strong and equivalent deleteri-
ous effects on shoot density. Whether seagrass was sub-
mitted to burial for 22, 42 or 77 d, shoot density was 0 by
the end of the experimental period (Table 4, Fig. 4). On
the other hand, the negative effect of sediment burial on
shoot population did not differ between the 2 periods
when the experiments were conducted (Table 4, Fig. 5).

DISCUSSION

Sediment burial strongly enhanced
population decline of the seagrass
Posidonia oceanica, regardless of fre-
quency, duration or timing at which

the burial event occurred. Even very
Factor df MS F p Tukey moderate (4 cm) sediment additions
Meadow 1 3045 0109  0.746 (relative to plant size, with leaves ca.
Frequency 3 14014.06 50.149 <0.001 C>P=LF=HF 50 cm in length; Alcoverro et al. 1995)
Meadow x Frequency 3 3045 0.109 0.954 caused 50 % population decline in 8 to
Error 16 279.45 12 wk. In those cases we detected
Duration 3 7165.51 128.58 <0.001 C>ST=MT=LT some response capacity to burial, con-
Error 8 5573 sisting of rhizome elongation and rhi-
Meadow 2 96.52 0275  0.762 zome branching. When burial levels
Timing 1 588.86 1.675 0.210 were above 9 cm, however, no re-
Burial 1 51609.10 146.81 <0.001 C>H sponse was observed and most af-
Meadow x Timing 2 31249 0.889 0.427 . o )
Meadow x Burial 2 11434 0325 0726 fected shoots died (90 to 100 % popula
Timing x Burial 1 28948 0.824 0375 tion decline). .
Meadow x Timing x Burial 2  530.58  1.509  0.245 Natural disturbances like storms and
Error 20 351.53 anthropogenic coastal interventions
such as beach nourishment or harbour
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Fig. 3. Posidonia oceanica. Trends in population decline of shoots (surviving number of shoots, expressed as a percentage relative
to the initial = SE) exposed to different frequencies of burial: control (no sand: @), permanent (115 d: V), low frequency (30 d: A),

and high frequency (15 d:

) in the Shallow Exposed (SHE) and Deep Exposed (DPE) meadows



Manzanera et al.: Burial effects in Posidonia oceanica 53

120
<) _]
g \\ ~.—
g 80 N Y
S \ .......... i \
c 60 — \ \
R \ N
5 . AN
> — 3
a ﬁ\ A
& SN
20 S
0 =

0 20 40 60 80 100 120

Time (d)

Fig. 4. Posidonia oceanica. Trends in population decline of

shoots (surviving number of shoots, expressed as a percentage

relative to the initial) exposed to different burial durations:

control (no sand: @), short-term (22 d: i), mid-term (42 d: A),
and long-term (77 d: V)

Autumn Spring [ ]SHP
X 1207 7] [ SHE
> | | [ DPE
.gl=_> 100 I
g 804 —
©
c 60 —
iel
® 404 —
=)
8— 20 -
o i
O T T T T
Control High Control High
Treatment Treatment

Fig. 5. Posidonia oceanica. Seasonal trends in population de-

cline of shoots (surviving number of shoots, expressed as a

percentage relative to the initial) exposed to 2 levels of per-

manent burial: control (0 cm), and high (9 cm) at the differ-
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constructions result in sporadic sediment depositions
in seagrass meadows (Erftemeijer & Lewis 2006,
Gonzalez-Correa et al. 2009). These sediments can
often persist in the meadow for several months, but in
the case of species like Posidonia oceanica, even short-
term sediment depositions can severely affect the
meadow survival. The effect of burial intensity has
been studied for several seagrass species, for which
the critical thresholds (50 % of shoot reduction) are, on
average, around 10 cm. However, some fast-growing
species can reach 50 % shoot mortality at burial levels
of only 2 cm (see review by Cabaco et al. 2008). In fact,
seagrass responses to burial seem to be species-spe-
cific and strongly size-dependent, with larger plants,

and particularly those with vertical rhizomes and large
rhizome diameter, better counteracting burial than
small-sized plants (Cabaco et al. 2008). P. oceanica is
one of the largest seagrasses in the world and has rhi-
zomes that protect the meristems from sedimentation,
which should make it much more able to withstand
burial in comparison to other species (as has been ob-
served for P. australis or P. sinuosa; Ruiz 2000, Cabaco
et al. 2008). In contrast, our results indicate that even
modest depth burial with respect to the size of the
shoots leads to enhanced population decline of P. oce-
anica. Indeed, even though we provide experimental
evidence that this species has a certain capacity to
react to sublethal burial, the plant also appears to pre-
sent important architectural limitations, and P. ocean-
ica would appear be able to respond to only relatively
low burial intensities.

Plant response to burial is characterised by an
increase in rhizome elongation and plant ramification
rate, among others (Cabaco et al. 2008). In our experi-
ments, a few centimetres of sand addition increased
seagrass vertical annual growth up to 50 % compared
to controls, which has also been observed for other
species under similar conditions (Cymodocea nodosa,
Marba & Duarte 1994; Thalassia hemprichii, Duarte et
al. 1997). One of the mechanisms involved in the stim-
ulation or inhibition of vertical rhizome growth seems
to be related to light, as shown for C. nodosa (Terrados
1997). There are also some compounds such as ethyl-
ene (phytohormone), which, under anoxic conditions,
enhance rhizome elongation of some amphibious and
aquatic plants and increase the formation of new stems
in dune plants (e.g. Ammophila breviligulata; Voese-
nek et al. 1998). In seagrass species dominating highly
dynamic ecosystems (e.g. C. nodosa and C. rotundata;
Marba & Duarte 1995, Duarte et al. 1997), higher rhi-
zome branching rate is a typical mechanism for en-
hancing local shoot recruitment after disturbance. In
addition, this mechanism also seems to take place in
less dynamic species such as T. hempricii (Duarte et al.
1997) or Posidonia oceanica (this work) when submit-
ted to experimental burial.

Plant reaction to medium burial (4 cm) was not
homogeneous. Plants responded to burial by increas-
ing vertical growth in all the studied meadows, but the
magnitude of that increase differed substantially
among them. These discrepancies were mostly related
to basal plant traits, that is, the differences observed in
vertical growth among the controls from the different
meadows. For example, there was a stronger response
in the meadow where vertical growth was already
high (DPE meadow). Under low sediment burial levels,
plasticity in growth and ramification could play an
important role in determining population survival, giv-
ing certain meadows a higher capacity to counteract
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sedimentation than others. In this work, the maximum
vertical growth rates found in the most-responding
meadow (ca. 1.5 cm yr!) were in agreement with the
maximum values reported for Posidonia oceanica
plants which are adapted to highly dynamic sediment
regimes (1.5 to 2 cm yr }; Boudouresque et al. 1984).
However, in our study, such growth rates were not
high enough to totally counteract the 4 cm of sand bur-
ial, as a reduction of ca. 50 % of the initial density was
observed.

The cause of intraspecific differences in plant verti-
cal growth rates is not well understood, but could
result from site-related factors such as light availability
or sediment type (Terrados 1997), as well as local
adaptation to periodical burial events of low magni-
tude. This is in concordance with field observations re-
ported for meadows submitted to different sedimen-
tary conditions (Boudouresque et al. 1984). These
authors found that meadows with none or very light
sedimentation rates displayed low rates of ‘rhizome
endogenous growth' (only 0.5 cm yr!), while other
meadows submitted to sedimentation rates as high as
6 to 7 cm yr ! exhibited vertical rhizome growth rates
of 1.5 to 2 cm yr’l, which are in agreement with our
results (Table 3). Such plasticity in growth makes pre-
dicting plant responses to burial more difficult, unless
some basal parameters of the plant are known.

Apart from burial intensity, this work has considered
other attributes of sediment disturbance, indicating
that, at a burial level of 9 cm, shoot density is severely
affected, independently of duration, frequency or tim-
ing of the event. Although frequency and duration of
extreme disturbances can be as important as intensity
in affecting ecosystems (Brander 2007, Halpern et al.
2007, Cardoso et al. 2008), only a few studies have
directly addressed the effects of those parameters in
marine systems. For instance, some modelling ap-
proaches have evaluated the importance of frequency
and/or duration of different factors such as hypoxic
events, trawling or overfishing on marine communities
(Hiddink et al. 2006, Mumby 2006, Allen 2007, Shields
& Weidman 2008). The role of frequency, duration or
timing in determining consequences of disturbances in
terrestrial systems has received more attention, and
examinations of sedimentation frequency on perennial
sand dune plants also highlight the existence of a criti-
cal threshold burial level at 1 m of sand, above which
mortality is independent of the frequency of burial
events (Maun 1984).

The causes of population decline induced by sedi-
ment burial were not specifically examined in this
study, but in situ observations suggest that necrosis
occurring at the leaf meristem, which becomes appar-
ent after 2 wk of burial, may be driving mortality. Such
necrosis could result from the anoxia observed at the

surface sediment in the burial experiments. Sediment
anoxia can be directly deleterious in seagrasses which
have basal growth meristems (e.g. Thalassia testudi-
num; in Carlson et al. 1994). Under anoxic conditions,
sulphides invade internal plant tissues, reaching high
toxic levels and causing shoot mortality (e.g. Zostera
marina; Goodman et al. 1995, Borum et al. 2005, Mas-
car6 et al. 2009). Furthermore, the enhanced addition
of organic matter resulting from shoot mortality can
create a sharp decrease in oxygen levels which further
increase anoxic conditions (see Carlson et al. 1994,
Terrados et al. 1999). This would be particularly aggra-
vated by the high proportion of belowground biomass
in Posidonia oceanica (78 to 87 %, Romero et al. 1992),
as has also been suggested for T. testudinum (Carlson
et al. 1994). Another mechanism that may also enhance
plant mortality is the reduction of leaf surface area and
the subsequent decrease in photosynthesis and oxygen
levels in the meristem (Fitzpatrick & Kirkman 1995,
Cebrian et al. 1998, Terrados et al. 1999).

Overall, this work provides experimental evidence
that, despite its large size compared to other sea-
grasses Posidonia oceanica is very sensitive to burial
beyond relatively low thresholds (4 c¢m). Storms and
other natural disturbances could play a very important
role in limiting the distribution of P. oceanica mead-
ows, particularly in shallow waters or in meadows
located in front of open beaches, which are charac-
terised by highly dynamic sediment regimes. In this
context, the synergistic influences of sediment move-
ment caused by human modifications of coastal
regions could potentially push many shallow meadows
over their inherent tolerance thresholds of burial. Its
high mortality under moderate sediment arrivals and
low capacity to recover and recolonise could be among
the main causes of P. oceanica regressions in the Medi-
terranean Sea. Therefore, sedimentation effects on P.
oceanica need to be specifically examined for distur-
bances that increase burial beyond a threshold, inde-
pendently of their timing, duration or frequency. When
protection management plans are being designed,
implemented and executed, and when environmental
consequences have to be defined, it should be noted
that even low sediment loads during a short period of
time can be very damaging and should be prevented
and minimised for these emblematic seagrass eco-
systems.
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