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a b s t r a c t

This study aims to examine the effect of increased salinity on the photosynthetic activity of the Medi-
terranean seagrass Posidonia oceanica in a laboratory mesocosm system. To do this, large rhizome
fragments were transplanted in a mesocosm laboratory system and maintained at 37 (ambient salinity,
control treatment), 39, 41 and 43 (hypersaline treatments) for 47 days. Pigment content, light absorption,
photosynthetic characteristics (derived from P vs. E curves and fluorescence parameters), and shoot size,
growth rates and net shoot change were determined at the end of the experimental period. Both net and
gross photosynthetic rates of plants under hypersaline conditions were significantly reduced, with rates
some 25e33% and 13e20% lower than in control plants. The pigment content (Chla, Chlb, Chlb:Chla
molar ratio, total carotenoids and carotenoids:Chla ratio), leaf absorptance and maximum quantum yield
of PSII (Fv/Fm) of control plants showed little or no changes under hypersaline conditions, which suggests
that alterations to the capacity of the photosynthetic apparatus to capture and process light were not
responsible for the reduced photosynthetic rates. In contrast, dark respiration rates increased substan-
tially, with mean values up to 98% higher than in control leaves. These results suggest that the respiratory
demands of the osmoregulatory process are likely to be responsible for the observed decrease in
photosynthetic rates, although alterations to photosynthetic carbon assimilation and reduction could
also be involved. As a consequence, leaf carbon balance was considerably impaired and leaf growth rates
decreased as salinity increased above the ambient (control) salinity. No significant differences were
found in the percentage of net shoot change, but mean values were clearly negative at salinity levels of 41
and 43. Results presented here indicate that photosynthesis of P. oceanica is highly sensitive to hyper-
saline stress and that it likely account for the decline in leaf growth and shoot survival reported in this
and previous studies in response to even small increments of the ambient salinity.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The reverse osmosis industry uses seawater to obtain freshwater
for human consumption. It is an expanding industry in some
countries as a result of the shortage of freshwater resources (Morton
et al., 1996). The main impact of this activity on the marine coastal
environment is related to the effects of increased salinity caused by
hypersaline discharges (i.e. brine) on benthic organisms and
communities (Einav et al., 2002; Sadhwani et al., 2005; Lattemann
and Höpner, 2008). As brine and seawater have different densities,
a hypersaline layer is formed, expanding over the sea bed, and this

can have a negative effect on benthic communities (Fernández-
Torquemada et al., 2005a, 2009). This means that we must widen
our scientific knowledge of the mechanisms used by benthic
organisms to acclimate or tolerate hypersaline conditions so thatwe
can assess and predict the consequences of brine impacts onmarine
coastal ecosystems.

Salinity is a critical environmental factor determining the
abundance and distribution of seagrass communities (Montague
and Ley, 1993; Adams and Bate, 1994), which are significant
components of coastal and estuarine ecosystems worldwide (Green
and Short, 2003). The endemic Mediterranean seagrass species
Posidonia oceanica forms extensive, continuous meadows at depths
of between 0.5 and 40 m. These meadows are widely recognised as
having great ecological and socio-economic importance for the
functioningofmanycoastal ecosystems (Boudouresque et al., 2009).
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Since the year 2000 the desalination industry along the Mediter-
ranean coast of Spain has undergone considerable development,
with discharges of brine now flowing through near-shore marine
environments inhabited by P. oceanica meadows (Palomar and
Losada, 2008). P. oceanica is generally considered to be a stenoha-
line seagrass species inhabiting infralittoral open coast environ-
ments and is not usually present in estuaries and coastal lagoons
(Boudouresque et al., 2009; but see Pergent et al., 2002). This
distribution pattern has led researchers to hypothesise that P. oce-
anica may be highly sensitive to salinity increases and hence prone
to be negatively affected by brine discharge. In accordancewith this
hypothesis, a number of recent studies has reported the reduced
capacity of P. oceanica to withstand salinity increases associated
with brine effluent (Fernández-Torquemada and Sánchez-Lizaso,
2005; Gacia et al., 2007; Sánchez-Lizaso et al., 2008; Ruíz et al.,
2009). Using various experimental approaches, all of these studies
showed a decrease in leaf growth rates and biomass, an increase in
necrosis marks on photosynthetically-active leaf tissues and
a decrease in plant survival rates as salinity increased above a mean
value of 39.1 (Fernández-Torquemada and Sánchez-Lizaso, 2005;
Gacia et al., 2007) or even lower (38.4; Ruíz et al., 2009). Such
threshold mean values are very close to the upper limit of the
natural salinity range (36.5e38.2)measured in P. oceanicameadows
of the Spanish Mediterranean coast where the aforementioned
studies were performed, confirming the high sensitivity of these
seagrass populations to even small increments in ambient salinity.
However, all the previously cited studies based their conclusions on
plant growth and survival rates, without providing any evidence of
the physiological mechanisms responsible for the sensitivity of P.
oceanica to hypersaline conditions.

Photosynthesis is the most important physiological process
governing plant productivity and has often been shown to be
reduced under hypersaline conditions both in marine macroalgae
(Kirst, 1989) and in seagrasses (Touchette, 2007). Hypersaline stress
can alter photosynthesis and respiration rates in seagrasses
depending upon the species tested, the range of saline conditions
considered, the duration of the exposure and the acclimation period,
amongst other factors (Biebl and McRoy, 1971; Kerr and Strother,
1985; Dawes et al., 1989; Ralph, 1998; Murphy et al., 2003;
Fernández-Torquemada et al., 2005b; Koch et al., 2007a). However,
unlike terrestrial plants (e.g. Huchzermeyer and Koyro, 2005), indi-
rect and direct evidence of the mechanisms involved in salt-stress
photosynthesis alterations of seagrass leaves is very scarce and
limited to very few seagrass species. These mechanisms include
reductions in pigment content, changes in the number and ultra-
structure of chloroplasts, impaired photosystem function, over-
reduction of the photosynthetic transport chain and inhibited
activity of carbon assimilation and reduction enzymes (Beer et al.,
1980; Jagels, 1983; Iyer and Barnabas, 1993; Ralph, 1998, 1999; and
see Touchette, 2007 and references therein). Since an impaired plant
carbon budget caused by hypersaline stress through photosynthetic
alterations can result in long-termeffects on seagrass abundance and
survival rates, further studies are required on more seagrass species
using different experimental conditions.

Our study represents the first to assess the impact of increased
salinity on photosynthesis (and respiration) in P. oceanica. We
hypothesise that the photosynthetic capacity of P. oceanica is
sensitive to hypersaline stress and that it can compromise plant
vitality and survival of this seagrass species. To this end, vegetative
fragments (i.e. large rhizome-connected shoots) of P. oceanicawere
exposed to chronic salinity increments of 37 (i.e. ambient salinity),
39, 41 and 43 simulated in a laboratory mesocosm system for 47
days. As mentioned above, this salinity range includes the upper
threshold of salinity tolerance previously established for this sea-
grass species (38.5e39.5). Photosynthetic responses (based on both

oxygen evolution and chlorophyll fluorescence techniques),
pigment content and leaf absorptance, together with leaf growth
rates and morphology and shoot survival rates, were determined at
the end of the experiment period.

2. Material and methods

2.1. Field plant collection and mesocosm system

In October 2008, a number of large P. oceanica fragments with
intact rhizomes and roots was collected by divers in a shallow (6 m
deep), densemeadow (shoot density 908� 50 shootsm�2, meadow
cover 32.1�4.1%) off the south-western coast of the Murcia Region
(37� 340 N, 1� 120 W; Isla Plana, Murcia, Spain). In this meadow,
salinity was almost constant throughout the year (37e38 psu,
Practical Salinity Units; unpublished data) with no extreme fluctu-
ations observed (except for some very short and sporadic pulses of
low salinity caused by rainfall). The plants were kept in black plastic
bags to prevent over-exposure to light, stored in large coolers (200 l)
with seawater and transported to the laboratory of the Spanish
Oceanography Centre in Murcia (Spain). The plants were immedi-
ately (within 3 h) transplanted into the aquaria of a mesocosm
system for acclimation (of 1 week) prior to the experiment (see
below). The transplantation units consisted of a large, densely
branched rhizome fragment bearing 40e60 connected shoots
attached to the bottomof a plastic net cage (base 22� 40 cm, height
10 cm) filled with coarse sediment which had been pre-sieved to
remove any animals and large particles of organic matter (Fig. 1).
Large rhizome fragments of P. oceanica were used instead of small
pieces since initial experiences showed that the survival and growth
rates of the smaller ones rapidly declined in aquarium conditions
after the first 2 weeks.

The mesocosm system consisted of four 1500 l glass aquaria
subdivided into three 500 l sections (hereafter ‘sub-aquarium’), each
with their own illumination source provided by a 400W metal
halide lamp (Aqua Medic aqualight-400). This light source created
a highly homogenous field of irradiance across the cross section of
each sub-aquarium (measured just underneath the seawater
surface), with only small departures from the mean irradiance
selected for the experiment (i.e. 300� 30 mmol quantam�2 s�1; see
below for selection of experimental conditions). Each 1500 l
aquarium was integrated into a closed circuit feed with seawater
from a 500 l reservoir tank diverted to each of the three sub-aquaria
and back again (see seawater circuit in Fig. 1). This system of
seawater circulation meant that the three sub-aquaria were not
completely independent units. Seawater was circulated using
a 10,000 l/h�1 self-priming pump, allowing complete replacement of
water in the system 124 times per day. Within each sub-aquarium,
incoming seawater was spread through a diffuser in order to create
a homogenous movement of water. Water temperature was
controlled by a highly precise (�0.1 �C) automated system designed
ad hoc specifically for the laboratory facilities at the Spanish
Oceanography Centre. This system consisted of a closed circuit of
runningwater connected to a refrigerator (5 �C) and a heater (40 �C),
with cool or hot water injected when the thermostat (temperature
readingswere provided by a coupled thermometer placed inside the
reservoir tanks) detected any variation above or below the pro-
grammed temperature. Thermal exchange between water in the
circuit and the aquaria took place via a stainless steel coil placed in
the reservoir tank and connected to the main circuit (Fig. 1).
Seawater quality was controlled through continuous chemical and
mechanical filtration, with nitrate and phosphate concentrations
analysed every 15 days using standard colorimetric tests (Merck�).
Special care was takenwith the pH of the seawater, as this has been
found to be a critical factor in seagrass photosynthesis (Invers et al.,
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1997). The pH of the seawater in the aquaria was continuously
recorded and monitored with pH electrodes connected to a control
box (Aqua Medic AT-Control) and a PC. Salinity was measured daily
in each aquarium using a WTW� conductivity metre (Model Cond.
197i) and kept constant by adding osmotic water. Natural seawater
from a nearby unpolluted areawas used to fill themesocosm circuit.
It iswidely known that keeping large, slow-growing seagrass species
such as P. oceanica in aquarium conditions is particularly difficult.
However, results obtained in previous trials have indicated that this
system is able tomaintain healthy plantswith 100% survival rates for
more than twomonths, long enough to achieve the objectives of this
experiment.

2.2. Experimental design and setup

Three transplantationunitswereplaced in each sub-aquarium i.e.
a total of nine transplantation units per aquaria (Fig. 1). For a week
prior to administering the experimental treatments, the plants were
acclimated to the mean prevailing environmental conditions at the
plant collection site during the season inwhich the experiment was

performed, i.e. a temperature of 21 �C, salinity of 37, and a saturating
irradiance of ca. 300 mmol quantam�2 s�1 measured on the leaf tips
on a 12 h:12 h light:dark cycle (i.e. 12.96 mol quantam�2 day�1).
Environmental data had been obtained the previous year using
underwater continuous CT and PAR irradiance recorders (Compact-
CT and MDS-MkV/L, respectively; Alec Electronics, Japan; Marín-
Guirao et al., unpublished data). After the acclimation period, one
aquarium was maintained with ambient conditions (control, 37)
while salinitywas increased in the other three aquaria to produce the
following experimental hypersaline conditions: 39, 41 and 43,
respectively. This salinity range was selected based on the increased
salinity threshold levels of P. oceanica established in previous studies
(Fernández-Torquemada and Sánchez-Lizaso, 2005; Gacia et al.,
2007; Ruíz et al., 2009). Each experimental treatment was
randomly assigned to one of the four 1500 l aquaria.

In order to achieve these salinity levels, high quality artificial
marine salt (Seachem Reef Salt�) was dissolved in 2000 l auxiliary
tanks (not showed in Fig. 1) before the solution was transferred to
the reservoir tank of the aquaria. This hypersaline solution was
mixed with the aquarium seawater at a slow rate until the desired

Fig. 1. (A) General view of the mesocosm system, and (B) simplified diagram of an experimental unit (see description in the text).
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salinity level was reached. Adjusting the salinity levels took about
4 h, with these levels then maintained for a total experimental
period of 47 dayse enough to observe early physiological responses
to hypersaline stress before the occurrence of more severe lethal
effects. As explained above, the environmental parameters were
monitored daily, with the tanks, aquaria and filters cleaned every
day in order to prevent the appearance of epiphytes andmacroalgal
blooms. Additionally, the transplantation units were periodically
repositioned within the sub-aquaria to avoid possible gradient
effects. The selected response variablesweremeasured at the end of
the experiment period, using the individual shoot as the sampling
unit (replicates) for all measurements. All shoots of a sample were
randomly collected from the experimental population formed by
the nine transplantation units contained in each large aquarium (i.e.
treatment level). For each variable a strategy was followed that
allowed a homogenous distribution of the sampling effort
throughout the aquarium (see below). Shoots less than 2e3 years-
old were excluded from sampling in order to avoid or minimise
possible dependence effects caused by the influence of internal
resources allocation gradients characteristic of these clonal plants
(e.g. Marbá et al., 2002; Olivé et al., 2009). For similar reasons, the
collection of neighbouring shoots was also avoided.

2.3. Chlorophyll fluorescence

The chlorophyll a fluorescence emission of dark-adapted leaves
was measured with a diving-PAM portable fluorometer (Walz,
Germany) in order to calculate the maximum quantum yield of PSII
(Fv/Fm), a measurement of the photochemical efficiency of PSII
(Krause and Weis, 1991; Larkum et al., 2006). All of the measure-
ments were taken in the early morning from plants that had
adapted to the dark throughout the night to ensure full oxidation of
reaction centres and primary electron acceptors. For Fv/Fm calcu-
lation, the minimum (Fo) and maximum (Fm) fluorescence were
measured by exposing photosystems to a saturating pulse (0.8 s) of
white light using dark-adapted leaves that had been pre-illumi-
nated with a weak red modulated light. In order to measure fluo-
rescence, each individual leaf was held in the DCL-8 leaf clip holder
so that a constant distance between the leaf and the fibre optic
probe could be maintained. Prior to the experiment, the fluores-
cence parameters of the P. oceanica leaves were measured, con-
firming the typical pattern of variation as a function of leaf age
already described for other seagrass species (Thalassia testudinum,
Durako and Kunzelman, 2002; Enríquez et al., 2002). In order to
prevent this source of variation frommasking possible effects of the
treatment on Fv/Fm, fluorescence measurements were taken at
regular intervals of 4 cm from the leaf base to the apex in all leaves
on a shoot. The maximum value obtained was selected as the Fv/Fm
value of the individual shoot. The same measurement was taken in
six randomly-selected shoots per sub-aquarium (i.e. N¼ 18 repli-
cates per treatment). Since fluorescence-based methods allow
measurements without altering the state of the plants in the
aquaria, these measurements were taken once a week to assess any
changes in Fv/Fm throughout the experiment period.

2.4. Respiration and photosynthesis rates

The photosynthesis-irradiance curves of P. oceanica leaves were
determined following methods proposed by Walker (1985) and
Cayabyab and Enríquez (2007). Photosynthesis rates were
measured polarographically using a DW3 chamber with a Clark
type O2 electrode system (Hansatech, UK) connected to a controlled
temperature circulating bath (P-Selecta, Spain). The incubation
chamber was filled with filtered seawater and maintained at the
same temperature as the plants in the aquaria, i.e. 21 �C. Four

replicated leaf segments with a surface area of approximately 2 cm2

were taken from the middle section of the youngest fully-devel-
oped leaf and used to determine photosynthesis rates for each test
treatment. These leaves have been shown to have the maximum
photosynthetic performance (Alcoverro et al., 1998) as well as the
highest Fv/Fm values previouslymeasured in P. oceanica shoots. Each
leaf segment was obtained from four individual shoot randomly
selected from the experimental shoot population of each aquaria.
Leaf segments were first incubated in darkness for 15 min to
determine the initial dark respiration rate (initial-Rd), before being
exposed to increasing intensities of irradiance (E) of 14, 37, 66, 84,
143, 250, 654, 1010, 1496, 2271 mmol quantam�2 s�1. After the final
light treatment, leaf segments were again exposed to darkness to
determine the final dark respiration rate (final-Rd). Leaf segments
were illuminated using a tungsten-halogen light source (LS2,
Hansatech, UK) and light intensities within the chamber calibrated
using the fibre quantum sensor of a diving-PAM fluorometer.
During the incubation period, 5 mM NaHCO3 was added to the
seawater in the chamber to prevent carbon limitation, with N2 also
bubbled into the water to maintain oxygen concentrations within
a saturation range of 20e80%. Oxygen readings were continuously
recorded on a computer through a transducer unit (Oxigraph,
Hansatech, UK) connected to the electrode. Increases in oxygen
were measured for each incubation interval as mmol O2 cm�2 h�1

and plotted against their respective E values to construct the P vs. E
curve, illustrating the typical saturation kinetics of the photosyn-
thetic response. The maximum net photosynthesis rate (net-Pmax)
was determined by averaging the maximum values above the
saturating irradiance (Ek), with gross photosynthesis (gross-Pmax)
then calculated as the sum of net-Pmax and final-Rd. Photosynthetic
efficiency (a, mmol O2 cm�2 h�1/mmol quantam�2 s�1) was calcu-
lated as the slope of the regression line fitted to the initial lineal
part of the P vs. E curve. The compensation irradiance (Ec) was taken
as the intercept on the X-axis and Ek as the ratio Pmax/a. The P:Rd
ratio was used as a proxy of the daily leaf metabolic carbon balance.
P was derived by multiplying gross-Pmax by the number of light
hours (i.e. 12 h), with Rd taken as total respiration over a 24 h period
considering final-Rd for the light hours and initial-Rd for the dark
period (12 h).

2.5. Leaf absorption and pigment content

Leaf light absorption and pigment content were determined as
described by Cayabyab and Enríquez (2007) on three 2 cm2 leaf
segments obtained from three individual shoots randomly
collected from each sub-aquarium (i.e. N¼ 9 replicates per treat-
ment aquarium). The absorbance (D) of intact leaf segments was
read spectrophotometrically (Thermo Evolution 300, Fisher Scien-
tific, Spain) in the PAR range (380e750 nm) with a 1-nm resolution
using the opal glass technique (Shibata, 1959). Leaf absorption was
expressed as absorptance (A), which is the fraction of incident light
absorbed (Kirk 1994) and was calculated from absorbance readings
using the equation A¼ 1�10�D. Absorptance was calculated using:

(1) The average light absorption for the range 400 nm and 700 nm;
and

(2) Light absorption at 680 nm, i.e. the chl a peak.

Leaf absorption by non-pigmented structures was corrected
using bleached leaves as a reference in the spectrophotometer and
the spectra obtained were corrected for residual scattering by
subtracting the absorbance at 725 nm. After this analysis, pigments
were extracted from leaf segments using 80% acetone mixed with
a MgCO3 solution to prevent the acidification of the extract
(Dennison, 1990). The extracts were stored in the dark for 24 h and
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absorbance was then read spectrophotometrically at 470, 646 and
663 nm using 1 ml quartz-glass cuvettes. The concentrations of
chlorophyll a and b and total carotenoids were calculated using the
equations proposed by Lichtenthaler and Wellburn (1983).

2.6. Leaf morphology, leaf growth rate and shoot survival

At the beginning of the experimental period, all of the shoots in
each transplantation unit were counted and six randomly-selected
shoots per sub-aquarium (N¼ 18 replicates per treatment aquarium)
weremarked for leaf growthmeasurements using the Zieman (1974)
method adapted for P. oceanica by Romero (1989). At the end of the
experimental period, all of the marked shoots were collected, the
number of leaves per shoot was counted and the length andwidth of
each leaf measured to calculate shoot size on a per area basis
(cm2 shoot�1). Newly-formed leaf segments (i.e. those below the
mark) were separated from the rest andmeasured to estimate shoot
leaf growth rate (cm2 shoot�1 day�1). Leaf growth rates were also
calculated for the youngest new leaves that had appeared since the
experimental periodhadbegun (i.e. youngest leaveswithoutmarks).
The surface area of necrosis marks on the leaves was also measured
and expressed as the proportion of necrotic photosynthetic tissue
per shoot. Shoot countswere repeated at theendof theexperimental
period in order to estimate shoot survival rates. Differences between
initial and final shoot numbers of each transplanting unit were
normalised to initial shoot numbers and expressed as the percentage
of net change in shoot number; negative values indicated a net
decline in the initial shoot number due tomortality rates higher than
shoot recruitment (i.e. shoot division or rhizome branching) and/or
reduced shoot recruitment (Ruíz et al., 2009).

2.7. Statistical analysis

One-way ANOVAwas used to assess the significant effects of the
treatment (a fixed factor with four salinity levels: 37, 39, 41 and 43)
on response variables. The effect of salinity treatments on Fv/Fm
time trends was analysed using two-way ANOVA, with salinity and
time (8 sampling times) as fixed factors in the model. Before
carrying out the ANOVA test, the data were checked for the
assumptions of normality and homoscedasticity, and transformed

when necessary. Post-hoc mean comparisons (Student-Newman-
Keuls, SNK; Zar, 1984) were performed to identify specific treat-
ment level(s) causing significant effects. Treatment effects were
considered statistically significant at p< 0.05.

3. Results

The mesocosm system designed for this experiment was able to
maintain high water quality conditions throughout the experi-
mental period. Seawater pH values of the four aquaria showed daily
variations between 8.02 and 8.18, with maximumvalues during the
light period and minimum in the dark period as a result of the
photosynthetic activity of the seagrass. This daily pattern of pH
variation was equal in all aquaria and was within the natural range
of this parameter measured in shallow P. oceanica canopies (Invers
et al., 1997). Dissolved nutrient (nitrate and phosphate) concen-
trations measured throughout the experimental period were
always within the levels typically reported for Mediterranean
oligotrophic waters inhabited by P. oceanica (Margalef, 1985).

Fv/Fm values for each experimental treatment throughout the
experimental period are shown in Fig. 2. The salinity treatments did
not have any significant effect onmean Fv/Fm values (Table 1), which
ranged from0.781�0.0012 to 0.803� 0.0004 for all sampling times
and treatments. Differences in time trends were only significant in
the last week (interaction term in Table 1 and Fig. 2), but this was
due to a very small (less than 2%) increase in Fv/Fm values in the 41
and 43 salinity treatments above the control values.

The salinity treatments had significant effects on photosynthetic
parameters derived from P vs. E curves (Figs. 3 and 4, Table 2).

Fig. 2. Maximum mean quantum yield (Fv/Fm) of Posidonia oceanica leaves exposed to
the different experimental treatments throughout the experimental period: 37
(control, black circles), 39 (white circles), 41 (black triangles) and 43 (white triangles).
Zero on the X-axis (time, days) marks the start of the experimental treatments and the
negative section shows the acclimation period. Values are means� SE, n¼ 18.

Table 1
Summary of the ANOVA test carried out to assess significant effects of salinity
treatments on time trends of Fv/Fm throughout the experimental period. df¼ de-
grees of freedom; MS¼Mean Squares; n.s.¼ not significant; **P< 0.01. ***P< 0.001.

Effect df MS F P

Salinity (S) 3 0.000397 0.142 n.s.
Time (T) 7 0.001112 0.333 **
S� T 21 0.000222 0.328 ***
Transplantation unit (S� T) 64 0.000057 0.137 ***
Residual 465 0.000031

Fig. 3. Oxygen evolution rate as a function of irradiance measured in Posidonia oce-
anica leaves after 47 days of exposure to each experimental treatment: 37 (control,
black circles), 39 (white circles), 41 (black triangles) and 43 (white triangles). Values
measured in the dark (0 mmol quantam�2 s�1) are the initial-Rd and those measured in
light conditions are net photosynthetic rates. Values are means� SE, n¼ 4.
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Maximum net and gross photosynthetic rates (net-Pmax and gross-
Pmax) were significantly and consistently lower than the mean
control values for all salinity treatments, although the differences
were greater in the case of the net-Pmax (25e33%) than for the gross-
Pmax (13e20%). The dark respiration rates (both initial and final-Rd)
were the most affected parameter, with substantial increases in
plants subjected to hypersaline treatments (50e86% for initial-Rd
and 76e98% for final-Rd) in comparison to those subjected to the
control treatment. As such, the P:Rd ratio was 4.55� 0.47 for control
plants and a significant 49e56% lower in plants which underwent
hypersaline treatments. No significant changes were observed in
a of plants exposed to hypersaline treatments when compared to
control plants, although a slight reduction (15%) in this parameter
was observed in themost severe hypersaline treatment (43). For the
39 and 41 hypersaline treatments, Ek and Ec irradiances significantly
decreased and increased, respectively, as initial-Rd increased, while

a remained constant. However, some departure from this pattern
was observed for Ec and Ek at 43 due to the mild (not significant)
decrease in initial-Rd and a observed in this treatment. Light
absorption spectra of P. oceanica leaves obtained in each experi-
mental treatment are shown in Fig. 5. Leaf light absorption (both
PAR averaged and at 680 nm) measured in control leaves was
1.6e4.6% lower in hypersaline treatments, although this was only
significant for the 680 nm absorptance (Table 3). There were no
significant differences in pigment content (Chla, Chlb, Chlb:Chla
molar ratio and total carotenoids) between the different treatments
(Table 3). Despite this lack of statistical significance, itmust be noted
that the lowestmean values of the Chlb:Chlamolar ratiowere found
in themost severe hypersaline treatment of 43. The carotenoid:Chla
ratio increased significantly by 6% in treatments ranging from 37 to
41, but showed similar mean values as control plants in the 43
treatment (Table 3).

Fig. 4. Variation of photosynthetic parameters derived from P vs E curves for the different salinity treatments. Net-Pmax¼ net maximum photosynthetic rate; gross-Pmax¼ gross
maximum photosynthetic rate; initial-Rd¼ initial dark respiration rate; final-Rd¼ final dark respiration rates; a¼ photosynthetic efficiency; Ek¼ saturation irradiance;
Ec¼ compensation irradiance. Values are means� SE, n¼ 4.
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The vegetative responses of P. oceanica plants exposed to
experimental increases in salinity are shown in Fig. 6 and Table 4.
Neither the shoot size nor the number of leaves per shoot was
affected by the salinity treatments. The leaf growth rate of whole
shoots subjected to the hypersaline treatmentswas consistently 17%
less than the mean values measured in control plants, but the
ANOVA test was unable to detect this effect due to the high vari-
ability of this response variable between individual shoots under
control conditions. However, growth rates of new leaf tissue that
had formed during the experimental period (i.e. unmarked leaves)
showed a significant and consistent negative relationship with
treatment salinity (Pearson correlation coefficient r¼�0.962,
p< 0.05), and was a statistically significant 34% lower for plants

subjected to the 43 treatment than those in the control aquarium.
Mean values of the surface area of the necrotic leaf tissue were less
than or equal to 10% and always observed at the apical senescent
part of the leaves, indicating normal values for this variable obtained
in natural meadows at similar depths and in the same season (e.g.
Ruíz et al., 2009). The percentage of net shoot change (Fig. 5) was
very close to zero (from 0.007� 0.7 to �0.36�1.29%) for the 37
(control) treatment and 39 treatment and clearly more negative
(�3.9� 2.2 to �5.5� 2.1%) for the 41 and 43 treatments. Nonethe-
less, such differences were very small and variability among repli-
cates was high enough to render the ANOVA test unable to detect
significant treatment effects for this variable.

4. Discussion

Plants in the transplantation units kept in themesocosm system
under control conditions (i.e. 37) had mean leaf growth rates and
photosynthetic performance (Pmax) values within the ranges found
in previous studies for P. oceanica meadows in the same season
(autumn) and at the same depth (Alcoverro et al., 1998; Ruiz and
Romero, 2001, 2003). Fv/Fm values also fell within those of healthy
plants of other seagrass species (0.7e0.8 e.g. Ralph, 1999; Durako
and Kunzelman, 2002; Ralph et al., 2002; Cayabyab and Enríquez,
2007). Mean values of these plant variables obtained in the
control treatmentwere also very close to those previouslymeasured
in plants from the same collection site during the same season
(Marín-Guirao et al., unpublished data), indicating that the experi-
mental manipulation caused few or negligible stress on plants.
Moreover, the survival rates (ca. 100%) of the P. oceanica in the
transplantation units in the control aquaria throughout the 6 week
experimentation period are certainly worth highlighting. This is
quite a notable success, considering that this species has been
particularly problematic when used for laboratory experimentation
due to its low plasticity and strict ecological requirements. Signifi-
cant shoot mortality (15e30% of the initial shoot population) has

Table 2
Mean values� SE of PeE curve parameters of P. oceanica at the end of the experiment period, and summary of the one-way ANOVA carried out to test significant differences
between salinity treatments. df¼ degrees of freedom; MS¼mean squares; F¼ Fisher statistic; P¼ probability; *P< 0.05. **P< 0.01. ***P< 0.001; n.s.¼ not significant. Groups
of homogeneous means obtained using the post-hoc SNK test are indicated with different letters.

Variable ANOVA

Effect df MS F p

Net photosynthetic rate net-Pmax (mmol O2 cm�2 h�1) Treatment 3 0.233 15.9 ***
Residual 12 0.014
SNK 37< 39¼ 41¼ 43

Initial dark respiration rate final-Rd (mmol O2 cm�2 h�1) Treatment 3 0.012 6.04 **
Residual 12 0.001
SNK 37< 39¼ 41¼ 43

Final dark respiration rate final-Rd (mmol O2 cm�2 h�1) Treatment 3 0.033 14.4 ***
Residual 12 0.002
SNK 37< 39¼ 41¼ 43

Gross photosynthetic rate gross-Pgross (mmol O2 cm�2 h�1) Treatment 3 0.099 5.52 *
Residual 12 0.018
SNK 37< 39¼ 41¼ 43

P:Rd Treatment 3 29.6 17.8 ***
Residual 12 1.65
SNK 37< 39¼ 41¼ 43

Photosynthetic efficiency a (mmol O2 cm�2 h�1/mmol quantam�2 s�1) Treatment 3 0.000009 1.52 n.s.
Residual 12 0.000006

Compensation irradiance Ec (mmol quantam�2 s�1) Treatment 3 49.5 10.9 ***
Residual 12 4.54
SNK 37¼ 39< 41¼ 43

Saturation irradiance Ek (mmol quantam�2 s�1) Treatment 3 524.9 18.6 ***
Residual 12 28.18
SNK 37< 39¼ 41< 43

Saturation irradiance Ek (mmol quantam�2 s�1) Treatment 3 524.9 18.6 ***
Residual 12 28.18

Fig. 5. Light absorption spectra of P. oceanica leaves exposed to salinity treatments.
Vertical grey bars are error bars of the mean (n¼ 9).
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Fig. 6. Mean (SE, n¼ 18) shoot size, number of leaves per shoot, leaf growth rates of the whole shoot and of the newly-formed leaves, leaf necrotic area percentage and the net shoot
change of Posidonia oceanica measured at the end of the experimental period.

Table 3
Mean values (�SE) of pigment concentrations and leaf absorptance of Posidonia oceanica leaves obtained for each experimental treatment at the end of the experimental
period, and summary of the one-way ANOVA carried out to test significant differences between treatments. df¼ degrees of freedom; MS¼mean squares; F¼ Fisher statistic;
P¼ probability (0.05). n.s.¼ not significant. Groups of homogeneous means obtained using the post-hoc SNK test are indicated with different letters.

Salinity treatment (psu) ANOVA

Variable 37 (control) 39 41 43 Effect df MS F P

Chlorophyll a (mg cm�2) 25.52� 0.80 26.22� 1.00 22.89� 0.97 25.82� 0.78 Treatment 3 20.47 2.841 n.s.
Residual 32 7.21

Chlorophyll b (mg cm�2) 12.28� 0.41 12.69� 0.51 11.28� 0.51 12.13� 0.40 Treatment 3 3.175 1.656 n.s.
Residual 32 1.917

Carotenoids (mg cm�2) 9.41� 0.25 9.40� 0.38 9.58� 0.30 9.31� 0.35 Treatment 3 0.115 0.121 n.s.
Residual 32 0.953

Chlb:Chla (molar ratio) 0.473� 0.004 0.473� 0.005 0.483� 0.006 0.463� 0.005 Treatment 3 0.00058 2.46 n.s.
Residual 32 0.00023

Carotenoids:Chla (g g�1) 0.378� 0.089 0.383� 0.044 0.406� 0.081 0.361� 0.071 Treatment 3 0.008408 3.339 *
SNK a a b a Residual 32 0.002518
Absorptance (PAR averaged) 0.809� 0.011 0.794� 0.018 0.771� 0.012 0.790� 0.009 Treatment 3 0.00303 2.86 n.s.

Residual 32 0.00106
Absorptance (680 nm) 0.920� 0.043 0.905� 0.059 0.885� 0.053 0.906� 0.044 Treatment 3 0.00171 2.99 *
SNK a ab b ab Residual 32 0.00057
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been commonly reported for fragments of P. oceanica and other
seagrass species kept in control conditions in laboratories for
experimental periods shorter than that of this study (e.g.
Fernández-Torquemada and Sánchez-Lizaso, 2005; Cayabyab and
Enríquez, 2007). What is interesting about these results is that the
mesocosm system used in this study maintains an optimal physio-
logical status and vitality of plants under experimentation, as well
as minimising further stress caused by experimental manipulation
that could confound themain effect of experimental treatments (i.e.
salinity increase).

This study has provided experimental evidence that the
photosynthetic capacity of P. oceanica is highly sensitive to the
increases in salinity simulated in our mesocosm system. In effect,
photosynthetic rates (both net- and gross-Pmax) were significantly
and consistently reduced at salinities immediately higher than that
of the control treatment (37), the later being similar to the mean
ambient salinity measured in the field at the plant collection site in
the same season (37.2e37.3). Partial inhibition of photosynthetic O2
production or carbon assimilation has consistently been reported
for temperate and tropical seagrass species exposed to experi-
mental hypersaline conditions (Ogata and Matsui, 1964; Biebl and
McRoy, 1971; Beer et al., 1980; Kerr and Strother, 1985;
Fernández-Torquemada et al., 2005b; Koch et al., 2007b). Such
a reduction in photosynthetic rates can be explained by alterations
in the structure and function of the photosynthetic apparatus
caused by hypersaline stress, such as those reported previously for
some seagrass species: changes in ultrastructure and number of
chloroplasts (Jagels and Barnabas, 1989; Iyer and Barnabas, 1993),
declines in chlorophyll content (Ralph, 1998; but see Van Katwijk
et al., 1999) and in photochemical efficiency of the PSII (Ralph,
1998, 1999; Murphy et al., 2003; Koch et al., 2007a,b). However, in
our experiment, changes in light absorptance, chlorophyll content
and Fv/Fmdue to increased salinitywereminorordidnotoccur at all,
indicating little or no alterations to the capacity of photosynthetic
structures to capture and process light. Only a slight decrease in the
photosynthetic efficiency (a) was observed in the most severe
hypersaline condition (43), and this was probably related with
a reduction in the absorption cross section of the photosynthetic
units (Falkowski and Raven, 2007) as indicated by the lowest Chl
b:Chl a ratios found in this treatment. In any case, our results
indicate that the hypersaline conditions tested in this study (i.e. up
to 116% seawater) caused very little stress to the photosynthetic
apparatus compared to that reported in previous studies on other
seagrass species, probably due to the more severe hypersaline
conditions tested in these studies (e.g. up to250% seawater inRalph,
1998, 1999). Our results are more consistent with studies using
terrestrial plants which indicate that the photosynthetic apparatus
is not significantly damaged until very low water deficits are

reached due to very high salinity levels or longer periods of expo-
sure to stress (Berkowitz, 2000; Huchzermeyer and Koyro, 2005).

In contrast, dark respiration rates for P. oceanica leaves were
highly responsive to hypersaline stress. The significant increases in
this variable observed in all hypersaline treatments is more likely to
account for the reduction of net-Pmax reported in this study. Similar
responses have been reported for other seagrass species exposed to
hypersaline stress (Biebl and McRoy, 1971; Drew, 1978; Kerr and
Strother, 1985), probably reflecting the increased respiratory
demand in order to cope with osmoregulatory adjustments (Jagels,
1983; Kirst, 1989; Kahn and Durako, 2006; Touchette, 2007) or the
operation of carbon fixation pathways with higher respiratory costs
(e.g. C-4-like metabolism; Azcón-Bieto and Talón, 2000). Nonethe-
less, as reported for terrestrial plants under water and salt stress
(e.g. Lambers et al., 2006), this response has been seen to be not as
consistent with that found in photosynthetic rates in seagrasses
(Touchette, 2007). In effect, in some seagrass species the respiration
rates decreased as salinity increased, or were unaffected (Ogata and
Takada, 1968; Fernández-Torquemada et al., 2005b). Further to the
stimulation of respiration rates, other salt-induced effects on plant
metabolism could be responsible for the reduced photosynthetic
capacity of P. oceanica leaves under hypersaline stress as suggested
by the decrease in gross-Pmax. Thus, for instance, in salt-stressed
plants, experimental evidence suggests that the inhibition of elec-
tron transport rate, photophosphorylation and key stromal
enzymes is involved in photosynthetic carbon assimilation and
reduction (e.g. Kramer and Boyer,1995; Farias deAragão et al., 2005;
Huchzermeyer and Koyro, 2005; but see Berkowitz, 2000). Changes
in the solute environment around enzymes (particularly the ionic
environment) under hyperosmotic stress have been suggested to be
the major cause of the inhibited photosynthetic metabolism in
terrestrial and aquatic plants (Kirst, 1989; Kramer and Boyer, 1995).
Some, albeit very limited, evidence supports the existence of such
inhibitory mechanisms in seagrasses. For example, Drew (1978)
reported a marked reduction in 14C accumulation in the seagrass
Cymodocea nodosa in response to salinity increase and indicated
that both enhanced respiratory demands and the interference of
hyperosmotic stress with the photosynthetic mechanisms were
involved. Also, Beer et al. (1980) found a consistent and marked
reduction in Rubisco activity in Halophila stipulacea and Halodule
uninervis as ClNa concentration increased in in vitro assays. An
inhibition of the photosynthetic carbon metabolism could explain
other photosynthetic responses reported in this study. Thus, the
decrease in Ek observed in hypersaline treatments means that less
light is required to saturate photosynthesis and compensate for
impaired leaf carbon balance. Nonetheless, lower Ek values can also
mean that photosystems receive a higher amount of excitation
energy capable of causing photochemical damage (Athar and

Table 4
Summary of the one-way ANOVA carried out to assess differences in shoot variables between salinity treatments measured at the end of the experimental period. n.s.¼ not
significant. df¼ degrees of freedom; MS¼mean squares; F¼ Fisher statistic; P¼ probability.

Variable Effect df MS F P

Shoot size (cm shoot�1) Treatment 3 2504.3 1.6682 n.s.
Residual 69 1501.2

Number of leaves per shoot Treatment 3 0.891 0.737 n.s.
Residual 69 1.209

Leaf growth rate (whole shoot)a (cm2 shoot�1 day�1) Treatment 3 0.4126 1.6979 n.s.
Residual 66 0.2430

Leaf growth rate (new leaves) (cm2 shoot�1 day�1) Treatment 3 0.035323 3.3723 *
Residual 65 0.010474

% leaf necrotic area Treatment 3 78.753 1.40907 n.s.
Residual 69 55.890

% net shoot changeb Treatment 3 121.1227 1.387188 n.s.
Residual 32 87.3153

a Log (xþ 1) transformed data.
b Arc sin (O(xþ 1)) transformed data.

L. Marín-Guirao et al. / Estuarine, Coastal and Shelf Science 92 (2011) 286e296294



Author's personal copy

Ashraf, 2005). Considering that Fv/Fm values of P. oceanica leaves
were unaffected by hypersalinity, the observed increase of the car-
otenoids:Chla ratio as salinity increased suggests that the photo-
protective dissipation process can operate effectively to prevent
accumulated photoinhibitory damage to photosystems (e.g. the
xanthophyll cycle; Demmig-Adams, 1990; Demmig-Adams and
Adams, 1996; Athar and Ashraf, 2005; Huchzermeyer and Koyro,
2005). Evidence of the existence of these mechanisms in sea-
grasses has been found previously (e.g. Ralph et al., 2002), but since
our results do not represent robust evidence of the existence of such
mechanisms in P. oceanica under hypersaline stress, such an inter-
pretation should be addressed in this and in other seagrass species
through further and more specific experimental work.

Despite evidence of possible compensatory responses (i.e.
decrease in Ek), the daily leaf carbon balance (as indicated by the
P:Rd ratio) was significantly impaired under hypersaline conditions
and as a consequence the leaf growth rate decreased as salinity
increased. In contrast to previous studies of P. oceanica under
similar hypersaline conditions (Fernández-Torquemada and
Sánchez-Lizaso, 2005; Gacia et al., 2007; Ruíz et al., 2009), it is
worth noting that these physiological alterations did not result in
significant lethal effects at the organism level, as reflected by the
lack of any impact on leaf necrosis and the small net shoot decrease
(less than 6%) recorded in plants subjected to the hypersaline
treatments. The discrepancy between these results and mortality
responses obtained in the aforementioned studies probably reflects
variability in experimental conditions rather than any inconsis-
tency in seagrass response to increased salinity. The physiological
changes reported in this study seem to represent sub-lethal effects
occurring at early stages of salinity stress. Based on the impact of
altered photosynthetic (and respiration) metabolism on leaf carbon
balance and growth observed after 45 days, it should be expected
that if hypersaline stress persists for longer periods, plants would
become more exhausted and lethal effects more significant.
Accordingly, significant shoot decline (12e14%) has been observed
in experimental P. oceanica plots 100 days after exposure to
increased mean salinities (38.4e39.2; Ruíz et al., 2009). Nonethe-
less, some authors has pointed out the possibility of long-term
acclimation to increased salinities based on the presence of this
seagrass species in some hypersaline lagoons of the Mediterranean
Sea (e.g. Pergent et al., 2002; Tomasello et al., 2009). Tomasello et al.
(2009) provided evidence of the genetic isolation of a P. oceanica
meadow confined in a hypersaline lagoon of Sicily and suggest
a possible selection of particular genotypes adapted to persistent
stressfull hypersaline conditions. It should be emphasised that the
physiological responses reported in this study must be limited to
the particular experimental conditions used (e.g. seagrass pop-
ulations growing under almost constant salinity, chronic exposure
to hypersaline conditions, plants collected in autumn, etc.) and
additional research is needed in order to extrapolate them to the
more variable and complex circumstances (e.g. pulsed and
discontinuous salinity regimes, synergism with other abiotic
factors, seasonal variability, etc) typically found in seagrass
meadows exposed to natural or anthropogenic salinity fluctuations.
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