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ABSTRACT: The effects of changes in the irradiance reaching a Posidonia oceanica meadow were
investigated seasonally in Portlligat Bay, NW Mediterranean, by means of in situ shading experi-
ments. The results showed that reduced irradiance during the spring—summer period (SS) had a
severe impact on the physiology, morphology and structure of P. oceanica meadows, whereas the
same disturbance during autumn-winter (AW) had no significant effect. Changes in all the variables
investigated (net leaf production, §'3C, shoot density and cover) clearly indicate that P. oceanica
meadows are significantly more vulnerable to light deprivation between March and July than
between September and January. During SS, leaf production in the plots under screens filtering 99 %
of the incident irradiance dropped by more than 80 % with respect to the control plots, and plant
sheath §13C values dropped below —16%., with a total decline greater than 4 %o with respect to the
control plots. Shoot density and cover were significantly reduced in the 99% shaded plots after
ca. 120 d of shading in SS (61 and 54 %, respectively). However, in AW none of the shading treat-
ments showed a significant reduction in leaf production, §*C values, shoot density or cover. Shading
in SS led to a significant decrease in epiphyte biomass, which may have increased the light reaching
the leaves and smoothed the effects of shading. The results from this study show that coastal manage-
ment activities that lead to changes in water transparency (i.e. dredging, beach restoration, sediment
load, waste discharge, etc.) in the vicinity of climax seagrass ecosystems should be minimized in SS
and performed during the shortest possible period in AW.
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INTRODUCTION

Posidonia oceanica (L.) Delile is a dominant endemic
seagrass in Mediterranean coastal waters. Seagrass
meadows form one of the most productive and com-
plex marine ecosystems (Duarte 2001), and loss of sea-
grasses is now of worldwide concern (Orth et al. 2006).
Perturbations, either natural or anthropogenic, can be
particularly critical for climax, slow-growing seagrass
species, such as P. oceanica, which have only long-
term or no recovery capacity. Historic declines in sea-
grass populations worldwide have been attributed to a
wide variety of human impacts, such as coastal works
(e.g. Guidetti & Fabiano 2000), industrial and urban
sludge discharges (Pergent-Martini & Pergent 1995),
fish farming (Delgado et al. 1997), trawl fishing
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(Sanchez-Lizaso et al. 1990), sediment level changes
(Marba & Duarte 1997, Manzanera et al. 1998), tem-
perature increases (Marba & Duarte 2010) and espe-
cially nutrient loading (Short & Burdick 1996), most of
which potentially or ultimately diminish surface irradi-
ance. A reduction in the incident irradiance in seagrass
habitats has caused large-scale losses of seagrasses,
and is considered the main environmental factor that
regulates their abundance and distribution (e.g.
Larkum & West 1983, Duarte 1991). The effects of
reduced light on seagrass meadows have been exam-
ined using shade screens to modify the natural light
climate (e.g. Ruiz & Romero 2001, Collier et al. 2009),
and along depth gradients (Dennison & Alberte 1985,
Dawes & Tomasko 1988, West 1990, Collier et al. 2007).
The results obtained so far indicate that seagrass pro-
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ductivity, growth and abundance are extremely sensi-
tive to changes in light availability. Larger and low
turnover temperate seagrass species such as P. ocean-
ica or Thalassia spp. may be less resilient and also
more sensitive to light reduction than smaller species
(e.g. Zostera spp.) because of higher belowground bio-
mass and higher light requirements (Backman & Bari-
lotti 1978, Bulthuis 1983, Abal et al. 1994, Ruiz & Ro-
mero 2001). Light disturbances may cause long-term
damage to P. oceanica meadows because of their low
capacity to recover after a mortality event (Gordon et
al. 1994, Ruiz & Romero 2001).

Previous studies demonstrated strong seasonality of
Posidonia oceanica growth with a spring maximum
and a late summer minimum (Ott 1980, Alcoverro et al.
2001). Negative carbon balance occurred from fall to
spring, due to both the low surface irradiance and the
reduced day length, whereas positive carbon balance
occurred only during the summer months (Alcoverro et
al. 2001). P. oceanica is able, like other temperate sea-
grasses (i.e. Walker et al. 1999), to support substantial
growth rates over autumn and winter by the mobiliza-
tion of reserves accumulated over late summer, allow-
ing overwintering and re-growth under conditions of
negative carbon balance (Pirc 1985, Alcoverro et al.
2001). In the present study we examined the effect of
light changes on physiological and structural plant
variables under the hypothesis that this impact is
highly season dependent.

MATERIALS AND METHODS

Field experiments. We established in situ shading
treatments with a 0, 80, 90 and 99 % reduction in sur-
face irradiance over undisturbed, 5 m deep, 1.5x1.5m
Posidonia oceanica plots in Portlligat Bay, Cap de Creus
Natural Parc (NW Mediterranean, Spain; Figs. 1 & 2).
Three screens for each treatment were placed at
random over the meadow for 4 mo in 2 series of ex-
periments (spring—summer [SS] and autumn-winter
[AW]). The 2 series of experiments were separated from
each other by approximately 30 m, and were carried
out in a very homogenous area of the meadow. Sea-
grass rhizomes were not cut around the experimental
plots. Screens were made of a commercial polyester net
with a known percentage of light filtration (Polysack
Europa, S.L.) mounted on PVC pipe frames. The
screens were maintained at approximately 50 cm above
the bottom. All screens were brush-cleaned 2 or 3 times
a month to eliminate fouling. The average light reach-
ing the canopy was recorded every 10 min by placing
an underwater light logger (StowAway LI, Onset Com-
puter Corporation) in the centre of a plot of each light
condition with the sensor 25 cm from the bottom. Log-
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Fig. 1. Location of the study site, Portlligat Bay, Girona, north-
western Mediterranean. The experimental area occupied
around 200 m?. Plots were situated at ca. 5 m depth

Fig. 2. In situ shading treatment of 99 % light deprivation over
1.5 x 1.5 m Posidonia oceanica plots in the study site

gers were either cleaned or replaced every 2 wk by
SCUBA diving to prevent bio-fouling and to download
data. Footcandles were transformed into photon flux
density units (pmol photons m~2s7!), applying an empir-
ical regression using data obtained from simultaneous
records from StowAway and Li-Cor (underwater PAR
spherical quantum sensor) placed to the side of the ex-
perimental site during 3 different periods during the
course of a previous study (Mateo et al. 2010).

Changes in living leaf sheath §3C signatures, net
leaf production and epiphyte biomass were deter-
mined periodically during the 2 experimental periods
(SS and AW). A total of 7 sampling events during each
period were performed; these were more frequent dur-
ing the first month and spaced further apart thereafter
until the end of the experimental period.
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Net leaf production (mg dry weight [DW] d! shoot™?)
was evaluated by marking shoots following a modified
Zieman method (Zieman 1974, Romero 1989). All
leaves on a shoot were punctured together just above
the ligule of the oldest outermost leaf with a hypoder-
mic needle. At each sampling event, 10 shoots were
marked in each plot, and the shoots marked in the pre-
vious visit were collected.

Shoot density and seagrass cover were randomly
measured in 12 replicate quadrats (25 x 25 cm) at each
experimental plot before and after the exposure
period. Plants were sampled within the 1 X 1 m central
area to maximize the consistency of the light levels and
avoid any border effects.

Laboratory procedures. Carbon isotopic signatures
were determined at the Scientific-Technical Services
of the University of Barcelona using a Finnigan Delta S
isotope ratio mass spectrometer (Conflo II interface).
Isotopic values are reported in the dyppg notation and
the analytical precision ranged from 0.11 to 0.06 %.. In
this study we measured §'3C signatures in sheaths, but
in most previous studies §1*C was measured from Posi-
donia oceanica leaves (Cooper & DeNiro 1989, Vizzini
et al. 2003, Lepoint et al. 2003). We opted to use sheath
tissue rather than leaf tissue because one of the goals
of the present study was to obtain a transfer equation
to reconstruct the production of P. oceanica using
sheath material preserved during thousands of years in
the matte (Mateo et al. 2010). We are currently study-
ing the variability of carbon stable isotopes in the sea-
grass Posidonia oceanica (P. Renom & M. A. Mateo
unpubl.), and found a highly significant correlation
between the isotopic compositions of leaves and their
corresponding sheaths (N = 30, r = 0.64, p < 0.001):

3BCeaves = —4.075 + 0.647 X § ¥ Cgpeatns (1)

This is relevant to better define which leave isotopic
values represent saturation or poor carbon balance
condition for the plant.

Epiphytes were removed with a razor blade, which
has been shown to remove most of the epiphytes
(Kirchman et al. 1984), and then ‘new’ (i.e. that be-
tween the reference level of the mark and the actual
position of the holes) and ‘old’ (the rest) tissues were
separated. All fractions were dried (at 60°C for 48 h)
and weighed separately. Leaf growth rate (mg DW d!
shoot™!) was determined by dividing the weight of new
tissue by the number of days elapsed between succes-
sive sampling events. Removal of shoots during the
sampling events was accounted for in the % shoot vari-
ation calculations.

Numerical procedures. A 2-way nested ANOVA
was applied to assess the statistical significance of the
effect of shading on net leaf production, §!3C values
and epiphyte biomass over the 2 experimental periods.

The experimental design consisted of 3 factors: period
(SS vs AW), treatment (0, 80, 90 and 99 % shading) and
sampling (time elapsed). The random factors sampling
and treatment were nested within period, and within
period and sampling events, respectively. Post hoc
comparisons of means were performed using a modifi-
cation of the Tukey HSD test for unbalanced designs
(i.e. unequal N HSD test) when significant effects were
detected by ANOVA.

A nested ANOVA was applied to evaluate the statis-
tical significance of the effect of shading on shoot den-
sity and cover over the 2 experimental periods. The
experimental design consisted of the factors period
and treatment as above, and the random factor treat-
ment nested within period. When significant effects
were detected by ANOVA, pairwise a posteriori com-
parisons were performed using Tukey's HSD test.

Data were not transformed or standardized before
analysis. ANOVAs are usually robust enough to per-
form well even though the data deviate somewhat
from the requirements of normality and homoscedas-
ticity (Zar 1984). All numerical procedures were car-
ried out using the statistics software package STATIS-
TICA 7.1 (StatSoft).

RESULTS

The ANOVA of net leaf production and sheath §3C
values revealed significant differences for the 3 main
factors tested in this study (p < 0.001 in all cases;
Table 1). For net leaf production and §'*C values, sig-
nificant interactions were observed between the fac-
tors sampling and period, and between the factor treat-
ment varying as a function of the factors sampling and
period. Pairwise a posteriori comparisons showed that
813C values of shaded plants during SS were signifi-
cantly lower than undisturbed plants only after 91 d
under 90 % shading (p < 0.001; Fig. 3). At the end of the
SS period (after ca. 120 d), sheath §'*C values in all
shading treatments dropped significantly with respect
to the controls (values below -13.8%.). However, the
lack of response to light availability and the constancy
of the 3 3C values between treatments during AW
(always around —12 %o; p > 0.05) suggests that the light
reduction had a negligible impact on plant physiology
during this period.

In contrast, post hoc tests showed that, after 43 d of
shading in SS, only the 99% shading treatment
showed a significant reduction in leaf production in
relation to the controls (p < 0.01; Fig. 3). After 57 d,
plant growth in all treatments was significantly lower
than that in the control plots (p < 0.001 in all cases).
Thereafter, until the end of the experimental shading
in SS (after ca. 120 d), leaf production in the 90 % shad-
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Table 1. Summary of the 2-way nested ANOVA performed to assess the effect of the treatment (treat) (0, 80, 90 and 99 % shading)
and sampling (time elapsed between sampling events) on the stable carbon isotope ratios, net leaf production and epiphyte
biomass of Posidonia oceanica during 2 periods: spring—summer (SS) and autumn-winter (AW). ***: p < 0.001

Variable Effects df SS MS F P
313C Sampling (period) 12 128.84 10.74 15.79 e
Treat (period x sampling) 48 167.78 3.50 5.14 e
Sampling (period) X treat (period x sampling) 42 139.63 3.32 4.89 T
Leaf net production Sampling (period) 8 72.97 9.12 8.58 e
Treat (period x sampling) 34 320.54 9.43 8.87 e
Sampling (period) X treat (period x sampling) 30 313.39 10.45 9.82 e
Epiphyte biomass Sampling (period) 12 2.03 0.17 25.72 ¥
Treat (period x sampling) 42 1.25 0.03 4.53 e
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Fig. 3. Posidonia oceanica. Seasonal variations in the average irradiance, plant sheath §'3C values and net leaf production measured
in the various shading treatments and over 2 periods: spring—summer (SS; left) and autumn-winter (AW; right). Error bars are SEM
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ing treatment continued to be low, but only the pro-
duction under the 99% treatment remained signifi-
cantly lower than the controls (p < 0.001). However,
shading during AW did not cause any significant
reduction in leaf production in any of the shaded plots
(p > 0.05). The average leaf production in the control
plots was 2.8 and 1.1 mg DW d~! shoot™! during SS and
AW, respectively.

The ANOVA of epiphyte biomass revealed signifi-
cant differences for the factors period and sampling
(p < 0.001 in both cases; Table 1). Despite the fact that
epiphyte biomass was lower in all shaded plots (Fig. 4),
pairwise a posteriori comparisons showed that epi-
phyte biomass from 90 and 99 % shaded plants during
SS were significantly lower than that from undisturbed
plants only after 57 d, and until the end of the experi-
ment. However, shading during AW did not cause any
significant reduction in epiphyte biomass in any of the
shaded plots when compared with the control plots
(p > 0.05), although average epiphyte biomass was
always higher in control plots.

Shoot density and cover were significantly different
when compared between the different periods and
treatments (Table 2). Pairwise a posteriori comparisons
showed that, out of all the periods and treatments, only
in the 99 % shaded plots during SS after ca. 120 d were
the shoot density and cover lower than in the controls
(p < 0.05; Fig. 5).

DISCUSSION
Although seagrasses may have compensatory mech-

anisms to cope with sudden changes in light availabil-
ity (Dennison 1987, Ruiz & Romero 2001), it has been
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shown here that light reductions higher than 90 % of
the incident light have a severe impact during the fast
growth period (SS) in the growth and survival of shal-
low Posidonia oceanica meadows. However, even an
extreme irradiance deprivation (99 % shading) during
the slow growth period (AW) did not cause any signifi-
cant decrease in leaf production, §'3C values, epiphyte
biomass, shoot density or cover.

Seasonal response of Posidonia oceanica to light
disturbances

As shown for other species (Posidonia sinuosa,
Masini et al. 1995, Collier et al. 2009; Thalassia testudi-
num, Lee & Dunton 1997; Amphibolis griffithii, Lavery
et al. 2009), understanding the seasonal dynamics of
plant growth and plant carbon resources is crucial for
assessing whole-plant responses to light reduction.
P. oceanica was considerably affected by light distur-
bances during SS presumably because screens em-
placed matched with the plant’'s maximum growth and
photosynthetic rates, and maximum carbon storage in
the rhizomes (Pirc 1986, Alcoverro et al. 1995, Alcov-
erro et al. 2001, present study). In addition, plants
shaded in SS were entering a period of increasing
ambient light and water temperature and, therefore,
higher photosynthetic demand (Masini & Manning
1997). Higher temperatures in SS also lead to
increased respiratory demand of the belowground bio-
mass and/or cause necrosis of belowground organs in
shaded plants (Alcoverro et al. 1998, Ruiz & Romero
2001). The results of the present study support the pre-
vious finding that carbon reserve dynamics play a key
role in plant performance (Gordon et al. 1994, Lee &
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Fig. 4. Posidonia oceanica. Seasonal variations in the average epiphyte biomass in control and shaded plots measured over 2 periods:
spring—summer (SS; left) and autumn-winter (AW; right). Error bars are SEM
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Table 2. Summary of a nested ANOVA performed to evaluate effect of shading
(0, 80, 90 and 99 %) on the shoot density and cover variables of Posidonia oceanica
during spring—summer (SS) and autumn-winter (AW). **: p<0.01; ***: p<0.001

The mean irradiance reaching the leaf
canopy at natural light conditions (i.e.
control plots) was 250 pE m~2 57! in SS

and 92 pE m~2 s~ in AW (Fig. 3); these

Variable Effects df SS MS F p irradiance levels allow the plant to
] ] maintain its life cycle because they are

Shoot density Treat (period) 6 327806 54634 430 *** above the compensation irradiance ()
Cover Treat (period) 6 4290.95 715.16 3.28 * b o
as was demonstrated for a shallow Posi-

Dunton 1997, Ruiz & Romero 2001). On average, 8°C
values of the shaded plots during SS were lower in
comparison with the control plots, suggesting that in
late spring the exhaustion of reserves leads to the use
of carbon from ambient pools (dissolved inorganic car-
bon [DIC]). The decrease in the net leaf production
rates is a direct result of a low photosynthetic demand,
and may have also contributed to the lower§'*C values
recorded.

Conversely, Posidonia oceanica was not substan-
tially affected by light disturbances during AW, pre-
sumably because growth and photosynthetic rates are
minimal and the carbon needs can be largely satisfied
from reserve pools accumulated over late summer.
This mechanism allows plant overwintering and re-
growth independently of ambient light conditions (Pirc
1985, 1986, Alcoverro et al. 1995, 2001, present study).
The statistical identity of §'*C values of the shaded and
control plots reinforces this theory, and is consistent
with an internal origin of the carbon used by the plant.
Furthermore, shaded plants during AW maintained the
same leaf production as the undisturbed plants (Fig. 3).
Finally, shading treatments imposed during AW coin-
cided with a time of declining photoperiod, water tem-
perature and metabolic costs from non-photosynthetic
organs and, therefore, light requirements to achieve a
positive carbon balance.
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donia oceanica meadow (~5 m) near the
study site in summer (54 to 67 pE m~2 s7!) and in winter
(6 to 38 uE m~2 s7!) months (Alcoverro et al. 1998). In the
present study, the mean irradiance reaching the leaf
canopy at the shaded plots during SS was 47, 22 and 2 pE
m~2s7!in the 80, 90 and 99 % shaded plots, respectively.
The mean irradiance reaching the leaf canopy at the
shaded plots during AW ranged between 1 and 19 nE
m~2 s7!. Although these values are in the lower range
of the minimal irradiance requirements for this period
(Alcoverro et al. 1998), the results found here demon-
strated that the plant is able to survive for 4 mo.

Changes in carbon stable isotopes

The range of §!°C deviation at the end of the SS ex-
periment measured between control and 99 % shaded
plots was approximately 5%.. Depth gradients of up to
40 m have been reported to be necessary to yield a
similar range of variation (Cooper & DeNiro 1989).
Other studies from shallow (1.5 m) to deep meadows
(20 to 32 m) have reported wider natural ranges of §1*C
variation for P. oceanica leaves; the range may extend
up to 10.9%., including the maximum (-8.8%.; Vizzini
et al. 2003) and the minimum (-19.7%.; Lepoint et al.
2003). In our experiments, the lowest §!3C value was
—17%o, recorded at the 99 % shading treatment in SS.
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Fig. 5. Posidonia oceanica. (a) Average number of shoots and (b) percentage cover in control and shaded plots measured before
and after shading experiments in spring—summer (SS) and autumn-winter (AW) periods. Error bars are SEM
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The decreased activity of the enzyme responsible for
carboxylation (RUBISCO) in response to decreasing
irradiance entails a higher discrimination against the
heavy carbon isotope (i.e. '*C, Farquhar et al. 1989)
and, therefore, a decrease of the 8'3C values of the
sheaths in shaded plots (more negative). Sheath car-
bon isotopic dynamics would probably reflect a com-
plex model that would include an initial phase where
the plant uses stored material (carbohydrate reserves),
a gradual change from stored to ambient energy and,
finally, the exclusive use of ambient carbon pools. The
decrease in3'3C values in shaded plants during SS is a
direct result of the very low photosynthetic rates and
the use of DIC from ambient pools (Mateo et al. 2010).

The average 8'3C value for plant sheaths from the
90 % shading treatment was —15%. whereas in control
plots 8'3C values increased to —11%.. The correspond-
ing values estimated for leaves (applying Eq. 1) were
higher in the case of the 90 % shaded plots (—13.8 %o)
and very similar in control plots (-11.2%.). From values
reported in the literature and from our results, it seems
reasonable that 8'°C values below ca. —14%. can be
considered indicative of a poor carbon balance condi-
tion (Mateo et al. 2010). The absence of a significant
response to light availability in AW and the constancy
of the isotopic ratios may be linked to the use of plant
reserves (the plant would be using carbon from inter-
nal pools) stored during the previous season (Alcover-
ro et al. 2001). A negligible metabolic carbon isotopic
discrimination during transformation and transport of
the stored materials can be assumed.

Although only marginally relevant to the main topic
of this study, it might be worth mentioning that the
large isotopic variability throughout the year (~2%o)
demonstrates the necessity of an adequate knowledge
of the natural isotopic variability of carbon sources for
seagrass-associated herbivores before attempting to
establish complex tropic links across meadow inhabi-
tants based only upon an isotopic approach.

Net leaf production, shoot density and cover

Increased shoot loss and a rapid reduction in leaf
productivity are the most commonly observed seagrass
responses to in situ shading experiments (Backman &
Barilotti 1976, Dennison & Alberte 1982, Gordon et al.
1994, Fitzpatrick & Kirkman 1995, Lee & Dunton 1997).
Ruiz & Romero (2001) reported high shoot mortality in
Posidonia oceanica meadows after severe shading in
SS. Bulthuis (1983) also reported that shoot density and
net leaf production in Heterozostera tasmanica mead-
ows decreased more rapidly during summer than dur-
ing winter at reduced light levels. Net leaf production
decreased at the end of the 90 to 99 % shading in SS

with respect to control plots (ranged between 35 and
84 %). This is a direct response to lower photosynthetic
demand of the plant due to decreasing irradiance,
resulting in lower net leaf productivity. It is important
to note that leaf production rates are determined from
only living shoots within a plot; therefore, lower areal
production rates could have been obtained if a more
random sampling had been performed (i.e. negative
production rates) and if changes in density (i.e. mortal-
ity) had been taken into account. We could not perform
these corrections as shoot density was only recorded at
the beginning and at the end of the experimental peri-
ods. Although not measured, other changes in plant
morphology may have occurred following shading,
such as a decrease in leaf growth rate and biomass,
number of leaves per shoot and shoot size (Ruiz &
Romero 2001). Leaf growth in AW was low (<1.5 mg
DW d! shoot™!) and similar to those rates found by
other authors (Buia et al. 1992, Ruiz & Romero 2001),
probably due to general light limitation. Leaf growth
was constant across treatments in AW, presumably
because it was supported by internal carbon pools.

The 99 % shading in SS led to the death of more than
60 % of the initial number of shoots and to the loss of
more than half of the coverage. Together with a
decrease in leaf biomass, losses in coverage are typical
depth-related changes in seagrass meadows (Olesen
et al. 2002). Posidonia oceanica may respond to shad-
ing with some degree of photo-acclimatization, which
tends to balance the carbon budget under low irradi-
ance conditions (e.g. decrease in the net oxygen re-
lease at saturating irradiance, the saturating irradiance
and the compensation irradiance, increase in quantum
photosynthetic efficiency, and decrease in dark respi-
ration; Ruiz & Romero 2003). In the 80 and 90 % shad-
ing treatments during SS, no response in the shoot
density and cover was observed, but leaf growth and
sheath §'3C decreased. This is suggestive of a first re-
action to important degrees of light deprivation
through physiological and morphological adjustments
at the irradiance levels reaching the leaves, and a later,
more dramatic response to extreme deprivation
through meadow structural adjustments.

In SS, epiphytic communities are dominated by
photophilic algal species (Romero 1988), which are
highly sensitive to light reduction (Fitzpatrick & Kirk-
man 1995). A decrease in the epiphyte biomass in
shaded plots would increase the incident irradiance ac-
tually reaching the leaf surface, and reduce the nega-
tive effects of light disturbances. In particular, this phe-
nomenon may explain why 80% shaded plots in SS
maintained leaf growth rates at levels similar to those of
the control plots until the end of the experimental pe-
riod. However, the quantitative importance of such ef-
fect remains largely unexplored (Ruiz & Romero 2001).
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A significant impact on the physiology, morphology
and structure of Posidonia oceanica shaded plots dur-
ing SS was observed only at 90 to 120 d after the estab-
lishment of severe shading treatments (in particular,
99 % shading). This suggests the existence of certain
homeostatic mechanisms in the plant that make these
variables temporarily independent from external fac-
tors. A plausible hypothesis is that, because the rhi-
zomes around the experimental plots were not cut, the
neighboring shoots inside the shaded plots may have
subsidized the shaded ones with resources synthesized
under natural light conditions. Marba et al. (2002)
found that a significant percentage of resource de-
mand for leaf growth (3 to 13%) can be supplied by
translocation between shoots. However, the lack of
response of the isotopic signatures suggests that such
subsidy might have been limited. In the sampling per-
formed at the end of May, leave production in control
plots was clearly higher than in the rest of treatments
and increased steadily from the beginning of the
experiment. As a response of this increasing photosyn-
thetic demand, the carbon isotopic composition of the
plant should have increased accordingly (as a conse-
quence of a lower isotopic discrimination). Instead, the
813C values remained constant. Supporting the hypo-
thesis of the limited subsidy is the fact that, at the end
of the experimental 99% shading in SS, the central
ca. 40 x 40 cm of the plot had lost almost all the shoots.
Marba et al. (2002) also showed that the transfer of car-
bon and nutrients from non-shaded shoots has a lim-
ited spatial range (i.e. maximum distances of approxi-
mately 20 cm in 4 d; further incubation times were not
explored). In contrast, Ruiz & Romero (2001) reported a
much stronger impact for larger screens (4 m?) than
those used in our experiment (2.25 m?). For example,
they reported that between May and August all shoots
under 70% shading had died. When compared with
our study, this result suggests that shading effects can
be screen-size dependent, probably as a combined
consequence of underwater scattering of light, diel
changes in sun elevation and lateral carbon and nutri-
ent subsidy from adjacent shoots.

CONCLUSIONS

Light disturbances during the favorable growth sea-
son (SS) affect meadow structure and can be a signifi-
cant handicap for seagrass viability in the forthcoming
unfavorable growth season (AW) (Fitzpatrick & Kirk-
man 1995, Lee & Dunton 1997). Based on our results, it
is recommended that light disturbances from February
to August should be minimized to let the plant com-
plete its maximum growth period and accumulate
reserves for overwintering. Our results show that

coastal management activities that are likely to
increase water turbidity (i.e. dredging, beach restora-
tion, sediment load, waste discharge, etc.) in the vicin-
ity of climax Posidonia oceanica ecosystems should be
performed in from September to January, and during
the shortest possible period. Although this study also
showed that shallow P. oceanica meadows can persist
under a 90 % reduction in incident light during 4 mo in
the fast growth period (SS), it is quite likely that the
impact would be much greater if shading occurs over a
large meadow area (i.e. a real disturbance). Also, it is
uncertain whether this meadow has been able to accu-
mulate enough reserves for the next AW period under
such light deprivation. If they have not been able to do
so, the longer-term survival of the plants will be com-
promised. The experiment would need to be carried
out with larger screens, cutting the rhizomes around
the plots, and for a longer time period to confirm these
hypotheses.

It should be mentioned that irradiance decreases ex-
ponentially with depth; therefore, the severity of the
impact of 80 to 99% shading at 5 m depth (present
study) may have dramatic consequences for deeper
Posidonia oceanica meadows (Collier et al. 2009). Al-
though our study focused on a Mediterranean seagrass,
the findings for this species may be valid for other low-
turnover temperate seagrass species (Walker et al.
1999), especially those whose survival depends on the
carbon reserves accumulated during the favorable
growth season (Sand-Jensen 1975, Chapman &
Craigie 1978, Pirc 1985, Dunton 1990).
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