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Submergence is one of the major constrains affecting wetland plants, with inevitable impacts on their
physiology and productivity. Global warming as a driving force of sea level rise, tend to increase the
submersion periods duration. Photosynthesis biophysical probing arise as an important tool to under-
stand the energetics underlying plant feedback to these constrains. As in previous studies with Spartina
maritima, there was no inhibition of photosynthetic activity in submerged individuals. Comparing both
donor and acceptor sides of the PSII, the first was more severely affected during submersion, driven by
the inactivation of the OEC with consequent impairment of the ETC. Although this apparent damage in
the PSII donor side, the electron transport per active reaction centre was not substantially affected,
indicating that this reduction in the electron flow is accompanied by a proportional increase in the
number of active reaction centres. These conditions lead to the accumulation of excessive reducing
power, source of damaging ROS, counteracted by efficient energy dissipation processes and anti-oxidant
enzymatic defences. This way, S. maritima appears as a well-adapted species with an evident photo-
chemical plasticity towards submersion, allowing it to maintain its photosynthetic activity even during
prolonged submersion periods.

� 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Although salt marshes arewidely recognized as one of themajor
contributors for estuarine primary productivity (Caçador et al.,
2009), these ecosystems present several environmental con-
strains that affect the species distribution and zonation (Caçador
et al., 2007). Tidal flooding is one of the most important stressors
shaping these landscapes, while submerging the halophytic vege-
tation inhabiting salt marshes (Hubbard, 1969; Armstrong et al.,
1985; Bertness, 1991; Winkel et al., 2011). Halophytes are nor-
mally defined as “plants that complete their life cycle in a salt
concentration of at least 200 mM NaCl under conditions similar to
those that might be encountered in the terrestrial environment”
(Flowers and Colmer, 2008). Although halophytes can be found in
saline deserts, most of the world halophyte populations inhabit
coastal areas (like salt marshes and mangroves) prone to tidal
flooding (Colmer and Flowers, 2008). Flooding has several conse-
quences not only on halophytes, but also in their rhizosediment
305.

served.
(Burdick and Mendelssohn, 1987). With flooding, sediment be-
comes anoxic with a lower redox potential (Duarte et al., 2009). In
this case plant survival becomes dependent upon the establish-
ment of an oxygen flow from the atmosphere into the aerial organs
and finally pumped into the rhizosphere, supporting root aerobic
respiration and enhancing toxic forms detoxification (Burdick and
Mendelssohn, 1987; Armstrong, 1979). Several halophytes devel-
oped root aerenchyma in order to increase root aeration (Sifton,
1945; Iversen, 1949; Armstrong, 1972). Other types of mecha-
nisms of submergence tolerance include shoot elongation, a
quiescence response to conserve energy until the water drawbacks,
adventitious root formation and traits conferring the ability to
preform underwater photosynthesis (Winkel et al., 2011; Bailey-
Serres and Voesenek, 2008; Colmer and Voesenek, 2009). At the
leaf level several constrains arise. Not only the CO2 gas slow
diffusion in the aquatic environment limits its uptake by leaves
(Smith and Walker, 1980), but also the decreased light availability,
due to light attenuation along the water column (Pedersen and
Colmer, 2006), impairs photosynthesis (Sand-Jensen, 1989). This
photosynthetic impairment due to low CO2 or low light, leads to a
depletion in the O2 production, with less O2 to be diffused from the
leaves to the roots, and thus increasing the anoxia driven stress at

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:baduarte@fc.ul.pt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.plaphy.2014.01.023&domain=pdf
www.sciencedirect.com/science/journal/09819428
http://www.elsevier.com/locate/plaphy
http://dx.doi.org/10.1016/j.plaphy.2014.01.023
http://dx.doi.org/10.1016/j.plaphy.2014.01.023
http://dx.doi.org/10.1016/j.plaphy.2014.01.023


Table 1
Summary of Fluorometric analysis parameters and their description.

Photosystem II Efficiency
F’0 and F0 Basal Fluorescence under weak actinic light

in light and dark adapted leaves.
F’M and FM Maximum Fluorescence measured after a

saturating pulse in light and dark adapted
leaves.

F’v and Fv Variable fluorescence light (F’M e F’0) and
dark (FM e F0) adapted leaves.

PSII Operational and
Maximum Quantum
Yield

Light and dark adapted Quantum yield of
primary photochemistry, equal to the
efficiency by which an absorbed photon
trapped by the PSII reaction centre will
result in reduction of QA to Q�

A.
NPQ NPQ ¼ ðFM � F 0MÞ=FM
Rapid Light Curves (RLCs)
rETR Relative electron transport rate at each

light intensity (rETR ¼ QY � PAR � 0.5).
a Photosynthetic efficiency, obtained from

the initial slope of the RLC.

OJIP derived parameters
jP0 Maximum Yield of Primary Photochemistry.
jE0 Probability that an absorbed photon will

move an electron into the ETC.
jD0 Quantum yield of the non-photochemical

reactions.
40 Probability of a PSII trapped electron to

be transported from QA to QB.
Area Area above the fluorescence Kautsky

curve. Directly related to the size of the
acceptor pool of the PSII, including quinones
and plastoquinone.

PG The Grouping Probability is a direct
measure of the connectivity between the
two PSII units (Strasser and Stirbet, 2001).

ABS/RC Absorbed energy flux (F0).
TR0/RC Trapped energy flux (ABS/RC � jP0).
ET0/RC Electron transport energy flux (jP0 � 40 �

ABS/RC).
DI0/RC Dissipated energy flux (ABS/RC e TR0/RC).
Diving Force for

Photosynthesis (DF ABS)
DF ABS ¼ DF RC þ DF jP0 þ DF 4)

Driving Force for Trapping
electronic energy (DF jP0)

DF jP0 ¼ log (jP0/(1 e jP0)

Driving Force for Electron
Transport (DF4)

DF 4 ¼ log (40/(1 e 40)

Driving Force for Energy
Absorption (DF RC)

DF RC ¼ log (RC/ABS)
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the sediment level (Colmer and Flowers, 2008). Moreover, plant
feedback to flooding events will be also function of the duration
and water column depth, and of course, plant genotype (Setter and
Waters, 2003; Voesenek et al., 2004). Due to obvious geographical
constrains, the species inhabiting the lower parts of coastal
marshes aremore exposed both to normal tidal flooding, but also to
prolonged flooding events.

Spartina maritima (L.) Loisel (Poaceae), has a very wide distri-
bution in the northern hemisphere, native to the coasts of western
and northern Europe and western Africa, with also a disjunct
population on the Atlantic coasts of Namibia and South Africa
(Marchant and Goodman, 1969). It is typically considered as a
pioneer species (Caçador et al., 2007) inhabiting the mudflats and
lower marshes. Its sediment is oftenwaterlogged and undergo tidal
flooding twice per day during, with an average and maximum
flooding duration of 2 h (during spring tides) and 1e1.5 h (during
normal tides) respectively.

Considering the present climatic change projections this subject
acquires an even greater importance. Many coastal marshes are
prone to storm surges and river flooding, driven by extreme climate
events, that in nowadays are becoming more frequent (Egan and
Ungar, 2000; Pedersen and Colmer, 2006). Also the projections of
sea level rise point out to increased inundations of coastal marshes
(Reed, 2002). All these climatic events will increase the frequency
and duration of tidal flooding especially on the lower marshes.

In the present study, we examine the photochemical and
biochemical adaptations of S. maritima to high duration submersion
periods, and its photosynthetic ability and underlying photo-
chemical mechanisms during prolonged submersion periods. This
will allow understanding the plasticity and adaptation capacity of
this species, in a for e.g. climate change scenarios of prolonged tidal
flooding due to sea level rise.

2. Material and methods

2.1. Plant harvest and mesocosmos setup

Intact turfs of S. maritima were collected at in the summer, one
day before the experiments start, at Tagus estuary (Alcochete,
38�45’38.7800N, 8�56’7.3700W). The intact turfs were transported to
the laboratory of Marine Botany of the Centre of Oceanography, in
air exposed aquariums (60 � 60 � 60 cm) and placed in a normal
photoperiod (16 h/8 h light/dark) at 20 �C, until the beginning of the
experiments. To avoid dryness, sediment was supplemented with
¼ Hoagland solutionwith the salinity adjusted to 20 PSU (estuarine
salinity) to maintain moister conditions from the field.

Two aquariums were prepared by filling the bottom with
S. maritima transplants in order to simulate the normal displace-
ment within a pure stand of this species. One of the aquariums was
filled with artificial estuarine water supplemented with ¼ Hoag-
land solution nutrients. The fill up of the aquariumwas done slowly
(10 min) and gently to avoid sediment resuspension and water
column turbidity. At the end the individuals were completely
submersed. In the other aquarium the individuals remained in
normal air-exposed conditions. Both aquariums were illuminated
with a fluorescent light with a PAR at the leaf level of 400 mmol
photons m�2 s�1 in the air exposed aquarium and of 370 mmol
photons m�2 s�1. Both irradiances are within the optimal and
maximum productivity range for this species in Mediterranean
marshes (Duarte et al., 2013a). Leaf samples (for biochemical
analysis) were harvest at the beginning of the experiment (T0) and
every 30 min and flash frozen in liquid-N2. Since each turf included
several individuals these were considered as pseudo-replicates in
each aquarium. In field conditions this species undergoes flooding
periods of typically 2 h (Serôdio and Catarino, 2000). In order to
evaluate its tolerance to increased submersion periods the sub-
mersion experiments were taken out during 3 h.

2.2. PAM fluorometry

All chlorophyll fluorescent measurements (Table 1) were also
performed every 30 min. Modulated chlorophyll fluorescence
measurements were made in attached leaves in field with a Fluo-
roPen FP100 PAM (Photo System Instruments, Czech Republic). For
all measurements were used leaves from the light incubations. All
the measurements in the dark-adapted state were made after
darkening of the leaves for at least 30 min. The minimal fluores-
cence (F0) in dark-adapted state was measured by the measuring
modulated light, which was sufficiently low (<0.1 mmol m�2 s�1)
not to induce any significant variation in fluorescence. Themaximal
fluorescence level (FM) in dark-adapted state was measured by a
0.8 s saturating pulse at 8000 mmol m�2 s�1. The maximum
photochemical efficiency was assessed as (FMeF0)/FM. The same
parameters were also measured in light eadapted leaves, being F’0
the minimum fluorescence, F’M the maximum fluorescence and the
operational photochemical efficiency. Rapid light curves (RLC)
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measurements, in dark-adapted leaves, were attained using the
pre-programed LC1 protocol of the FluoroPen, consisting in a
sequence of pulses from0 to 500 mmolm�2 s�1. During this protocol
the F0 and FM as well as the maximum photochemical efficiency
were measured. Each FPSII measurement was used to calculate the
electron transport rate (ETR) through photosystem II using the
following equation: ETR ¼ FPSII � PAR � 0.5, where PAR is the
actinic photosynthetically active radiation generated by the Fluo-
roPen and 0.5 assumes that the photons absorbed are equally
partitioned between PSII and PSI (Genty et al., 1989). Without
knowledge of the actual amount of light being absorbed, fluores-
cence measurements can only be used as an approximation for
electron transport (Beer et al., 1998a, 1998b; Runcie and Durako,
2004). Rapid light curves (RLC) were generated from the calcu-
lated ETRs and the irradiances applied during the rapid light curve
steps. Each RLC was fitted to a double exponential decay function in
order to quantify the characteristic parameters, alpha and ETRmax
(Platt et al., 1980). The initial slope of the RLC (a) is a measure of the
light harvesting efficiency of photosynthesis and the asymptote of
the curve, the maximum rate of photosynthesis (ETRmax), is a
measure of the capacity of the photosystems to utilize the absorbed
light energy (Marshall et al., 2000). The onset of light saturation (Ek)
was calculated as the ratio between ETRmax and a. Excitation light
of 650 nm (peak wavelength) from array of three light and emitting
diodes is focused on the surface of the leaf to provide a homoge-
nous illumination. Light intensity reaching the leaf was
3000 mmol m�2 s�1, which was sufficient to generate maximal
fluorescence in all individuals. The fluorescence signal is received
by the sensor head during recording and is digitized in the control
unit using a fast digital converter. The OJIP transient (or Kautsky
curves) depicts the rate of reduction kinetics of various components
of PS II. When dark-adapted leaf is illuminated with the saturating
light intensity of 3500 mmol m�2 s�1 then it exhibits a polyphasic
rise in fluorescence (OJIP). Each letter reflects distinct inflection in
the induction curve. The level O represents all the open reaction
centres at the onset of illumination with no reduction of QA (fluo-
rescence intensity lasts for 10 ms). The rise of transient from O to J
indicates the net photochemical reduction of QA (the stable primary
electron acceptor of PS II) toQA

� (lasts for 2 ms). The phase from J to I
was due to all reduced states of closed RCs such as QA

� QB
�, QA QB

2�

and QA
� QB H2 (lasts for 2e30 ms). The level P (300 ms) coincides

with maximum concentration of QA
� QB

2 with plastoquinol pool
maximally reduced. The phase P also reflects a balance between
light incident at the PS II side and the rate of utilization of the
chemical (potential) energy and the rate of heat dissipation (Zhu
et al., 2005). From this analysis several photochemical parameters
were attained (Table 1).

2.3. Oxidative stress biomarkers

All enzymatic analyses were performed at 4 �C. Briefly, a pro-
portion of 500 mg of fresh leaves for 8 ml of 50 mM sodium
phosphate buffer (pH 7.6) with 0.1 mM Na-EDTA, was used for the
extraction procedure. The homogenate was centrifuged at
8923 rpm for 20 min, at 4 �C, and the supernatant was used for the
enzymatic assays. Catalase (CAT) activity was measured according
to the method of Teranishi et al. (1974), by monitoring the con-
sumption of H2O2, and consequent decrease in absorbance at
240 nm. (ε ¼ 39.4 mM-1 cm�1). The reaction mixture contained
50 mM of sodium phosphate buffer (pH 7.6), 0.1 mM of Na-EDTA,
and 100 mM of H2O2. The reaction was initiated with the addi-
tion of the extract. Ascorbate peroxidase was assayed according to
Tiryakioglu et al. (2006). The reaction mixture contained 50 mM of
sodium phosphate buffer (pH 7.0), 12 mM of H2O2, 0.25 mM L-
ascorbate. The reaction was initiated with the addition of 100 mL of
enzyme extract. The activity was recorded as the decrease in
absorbance at 290 nm and the amount of ascorbate oxidized was
calculated from the molar extinction coefficient of 2.8 mM-1 cm�1.
Guaiacol peroxidase was measured by the method of Bergmeyer
et al. (1974) with a reaction mixture consisting of 50 mM of so-
dium phosphate buffer (pH 7.0), 2 mM of H2O2, and 20 mM of
guaiacol. The reaction was initiated with the addition of 100 mL of
enzyme extract. The enzymatic activity was measured by moni-
toring the increase in absorbance at 470 nm (ε ¼ 26.6 mM-1 cm�1).
Superoxide dismutase activity was assayed according to Marklund
and Marklund (1974) by monitoring the reduction of pyrogallol at
325 nm. The reaction mixture contained 50 mM of sodium phos-
phate buffer (pH 7.6), 0.1 mM of Na-EDTA, 3 mM of pyrogallol, Mili-
Q water. The reaction was started with the addition of 10 mL of
enzyme extract. Control assays were done in the absence of sub-
strate in order to evaluate the auto-oxidation of the substrates.
Protein content in the extracts was determined according to
Bradford (1976).

2.4. Statistical analysis

Due to the lack of normality and homogeneity, the statistical
analysis of the data was based in non-parametric tests. In order to
compare the effects of the two tested environments (air and un-
derwater), the KrustaleWallis test was performed using Statistica
Software (Statasoft).

3. Results

3.1. PSII quantum yields

Overlooking the dark-adapted leaves variable fluorescence and
quantum yields (Figs. 1B and D) no difference could be detected,
neither along the time course nor between the air exposed and the
submerged individuals. On the other hand, if the operational yields
and light-adapted variable fluorescence are observed (Figs. 1A and
C), notorious differences arise. The variable fluorescence in the
light-adapted leaves of the air exposed individuals maintained its
value almost constant along the time course. As for the submerged
leaves, this value rapidly decreased after 30 min of submersion,
until a minimumvalue reached at the end of 60 min of submersion.
After this period there could be observed a recovery of this pa-
rameters until the end of the time course. Regarding the opera-
tional quantum yields, it could also be observed a decrease of its
value in the submerged individuals, although in a smaller extent,
reaching its minimum at the end of 60 min of time course with a
recovery after this period. Considering the non-photochemical
quenching (NPQ) of the air exposed individuals it could be
observed that it presents a low and almost steady value along all
the time course. On the other hand, in the submerged individuals
the NPQ (Fig. 1E) increased from the beginning of the experiment
until the end of 60 min, after which it started to decrease towards
minimum values at the end of 180 min of time course.

3.2. Rapid light curves (RLCs)

Observing the rETR at different light intensities (Fig. 2AeE),
measured at different moments of the submersion experiment it
was possible to assess a similar pattern to the previous reported for
the PSII quantum yields. It could be observed that submerged in-
dividuals exhibited lower electron transport rates during the first
120min of submersion at non-photoinibitory light intensities. After
this period, a small increase in the rETR could be observed for all
light intensities tested. This was reflected in the photosynthetic
efficiency (Fig. 2F), where a significant increase could be detected in



Fig. 1. Variable fluorescence (A, B), PSII quantum yield (C, D) in light and dark-adapted leaves and non-photochemical quenching (E) in submerged and air-exposed S. maritima
individuals (average � standard deviation, n ¼ 5; *P < 0.05).

B. Duarte et al. / Plant Physiology and Biochemistry 77 (2014) 122e132 125
the plants submerged after 180 min, relatively to the air-exposed
individuals.

3.3. Kautsky curves, energy fluxes and driving forces

A similar pattern could be observed by plotting Kautsky curves
from the examined samples (Fig. 3). Until 120 min of submersion,
the air-exposed individuals presented higher values of fluorescence
both during the photochemical (O-J-I) and thermal (IeP) phases.
This reflects changes in the energy fluxes involved in the light
harvesting processes (Fig. 4). It was possible to observe that both
the trapped and transported energy fluxes (Figs. 4B and C) were
very similar among treatments and during 180 min of experiment.
The major differences were observed at the end of 60 min in the
absorbed (Fig. 4A) and dissipated energy fluxes (Fig. 4D), showing
significant increases in the submerged individuals, especially in
which concerns the dissipated energy flux. Overlooking the driving
forces of each of the processes comprised within the photosyn-
thetic light harvesting process, some interesting differences were
notice (Fig. 5). Again it was possible to observe significant differ-
ences in the light energy absorption after 120 min (Fig. 5A), as re-
ported above. Nevertheless, other differences could be found. Both
the driving force for energy trapping (Fig. 5B) and for subsequent
electron transport (Fig. 5C) showed marked decreases in the sub-
merged individuals, more markedly after 120 min of submersion.
This affects the whole force balance, reflected in the driving force
for the overall photosynthetic process (Fig. 5D). Thus, the in-
dividuals subjected to submersion periods superior to 120 min



Fig. 2. Rapid Light Curves (A, B, C, D, E) and Photosynthetic Efficiency (F) in dark-adapted leaves of submerged and air-exposed S. maritima individuals (average � standard de-
viation, n ¼ 5; *P < 0.05).
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showed significantly lower values of these parameters, while
compared with the air-exposed individuals. Investigating deeper
into the process that underlie the driving forces and energy fluxes,
these processes are enlightened (Fig. 6). It was possible to observe
that the maximum quantum yield of the primary photochemical
processes occurring in the PSII, showed a significant decrease after
120 min of submersion (Fig. 6E). This was mostly due to a signifi-
cant decrease in the transport efficiency of the captured electrons,
both to the quinone system but also throughout the rest of the ETC
(Figs. 6A and C). Concomitant with this and with the increase in the
dissipated energy flux, also an increase in the quantum yield of the
non-photochemical processes was observed in the submerged in-
dividuals and especially after 120 min of underwater treatment
(Fig. 6B). Also, it could be notice that during the first hour of sub-
mersion, the individuals exhibited a decrease in the area above the
Kautsky curve (Fig. 6D), directly related to the size of the acceptor
pool of the PSII, including quinones and plastoquinone. Regarding
the connectivity between the two units of the PSII, here evaluated
by the grouping probability (Fig. 6F), no significant changes in the
connectivity between photosynthetic units were found at this level.



Fig. 3. Average values of the Kautsky curves in dark-adapted leaves of submerged and air-exposed S. maritima individuals (Average values, n ¼ 5).
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3.4. Oxidative stress biomarkers

Overall it is possible to observe that superoxide dismutase ac-
tivity was the most active form of enzymatic counteractive mea-
sures (Fig. 7B). During the first 30e60 min of submersion there was
a significant increase in the activity of all anti-oxidant enzymes
(Fig. 7AeD). After this period there is an evident decrease in these
activities, reaching values near the observed in the air-exposed
individuals at the end of 180 min of submersion.

4. Discussion

Considering the present predictions of sea level rise and
especially for coastal systems (IPCC, 2002), it is possible that
newer or less accreted marshes see their submersion periods
increased. During high tide, the lower marsh areas stay flooded
for short periods (approximately 2 h according to Serôdio and
Catarino, 2000). With increased sea level heights not only the
high tide duration but also the frequency of high low tides are
likely to increase, exposing the lower marsh vegetation to
increased submersion periods. These changes in the hydrological
environment of the species will inevitably impact their photo-
synthetic physiology. According to recent studies, S. maritimawill
be negatively affected with sea level rise, decreasing their
biomass and thus its coverage area (Valentim et al., 2013). This
way it becomes important to understand the photobiological
causes underlying this projected drawback in the S. maritima
populations.



Fig. 4. Absorbed (A), Trapped (B), Transported (C) and Dissipated (D) energy fluxes in dark-adapted leaves of submerged and air-exposed S. maritima individuals
(average � standard deviation, n ¼ 5; *P < 0.05).
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As observed in previous studies focussing S. maritima commu-
nities (Silva et al., 2005) although the manly terrestrial character-
istics of this species, there was no inhibition of photosynthetic
activity in submerged individuals. These authors found that
comparing both communities (submerged and air-exposed), in the
terrestrial environment S. maritima scavenges about four times
more carbon than during submersion (Silva et al., 2005).

The shape of the OJIP transient curve is very sensitive to envi-
ronmental stresses (Zhang and Gao, 1999; Calatayud and Barreno,
2001; Strasser and Tsimilli-Michael, 2001; Sayed, 2003; van Heer-
den et al., 2003; Govindachary et al., 2004). During the first hours of
submersion the shape of the OJIP transient suffered some alter-
ations resulting in a pronounced decreased on the variable fluo-
rescence of all phases. The rapid O to J rise is a phase controlled by
photochemical processes, while J to I is a strictly thermal phase
(Schreiber and Neubauer, 1987). The release of fluorescence from
this phase is controlled by the reactions occurring in the donor side
of the PSII. Any abiotic stress that disturbs the structure and func-
tion of the oxygen evolving complexes (OECs), affects the rate of
oxygen evolution and thus increases the release of fluorescence
quenching in the J-I phase (Panda et al., 2006). On the other hand,
the rise in the O-J phase is due to the PSII quinone pool reduction
net photochemical (Prakash et al., 2003). Comparing both the
donor (J-I) with the acceptor (O-J) PSII sides, the first was more
severely affected during the first hours of submersion, due to the
inactivation of the OEC and consequent impairment of the ETC
(Panda et al., 2006). There could also be verified a reduction in the
area above the transient curve, directly related to the size of the
quinone pool in the acceptor side of the PSII (Strasser et al., 1995;
Joliot and Joliot, 2002). This was more evident also during the
first hour of submersion. This reduction is in agreement with the
overall deleterious effect of submersion on the PSII, as already was
described in other plant species (Panda et al., 2006; Mateos-
Naranjo et al., 2007). Inevitably, this decrease of FM in the tran-
sient OJIP affects the Fv/FM relationship and thus the PSII quantum
yields, as could also be verified at the end of 1 h of submersion. This
reinforces the previous findings, pointing out to a reduction in the
PSII capacity to reduce the primary acceptor, QA. Although this
apparent damage in the donor side of the PSII, this was also verified
during the first hour of submersion, not affecting substantially the
electron transport per reaction active centre (ET0/RC). This in-
dicates that the reduction in the electron flow is accompanied by a
proportional increase in the number of active reaction centres
(ABS/RC), to overcome this reduction in the electron transport. The
increase in the ABS/RC is normally associated to low light levels or
significant temperature changes, functioning as a heat radiator,
protecting the plant against high temperature and light intensities
(Strasser et al., 2004; Panda et al., 2008). Although the experi-
mental conditions maintained the temperature constant in both
treatments, there were differences in the light environment be-
tween submerged and non-submerged plants, as normally happens
in real-marsh conditions during high tide. This lead to an increase
of the number of active reaction centres in order to harvest higher
amounts of light. Interesting to noticewas the fact that this increase



Fig. 5. Driving force for energy trapping (A), for the photosynthesis light harvesting processes (B), for the electron transport throughout the ETC (C) and for energy absorption
throughout the PSII (D) in dark-adapted leaves of submerged and air-exposed S. maritima individuals (average � standard deviation, n ¼ 5; *P < 0.05).
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happened at the end of the first hour of submersion, simulta-
neously with the reduction in the electron transport. From here-
after almost all the parameters showed a recovery, pointing out to a
timestamp in the adaptation ability of S. maritima to submersion.
This increase in active centres, without proportional increase in
electron transport efficiency, leads to an accumulation of excessive
energy that according to our data, suffered impairment in its
transport along the ETC, and thus had to be dissipated. Panda et al.
(2006) also found a similar mechanism with consequent excessive
energy release in the form of heat dissipation (DI0/RC), increasing
the quantum yield of the non-photochemical reaction, counter-
acting the effects of submergence in rice plants. The OJIP-test also
provided means to calculate the overall PG or connectivity between
PSII antennae. This parameter accounts for all the energetic
communication pathways between neighbour PSII antennae
(Strasser and Stirbet, 2001; Panda et al., 2006). On the contrary to
what could be observed in other terrestrial plants, there was no loss
of connectivity between the antennae of the PSII units during
submersion, indicating an improved survival strategy for under-
water conditions (Panda et al., 2006).

The accumulation of energy even with efficient dissipative
mechanisms leads to the generation of reactive oxygen species
(ROS) that by itself can also damage the PSII and the cellular
components of the ETC (Duarte et al., 2013b). To counteract this
damaging effects of ROS, the cell has a machinery mainly composed
by enzymatic mechanisms, in order to degrade thesemolecules and
prevent cellular damage, namely at the photosynthetic apparatus
level. Similarly to the observed for the photochemical data, also at
the biochemical level these mechanisms follow a similar trend. The
majority of the analysed anti-oxidant enzymes showed peaks of
activity in the period comprised between 30 and 60 min of sub-
mersion. This is in agreement to what as found for the photo-
chemical data. During this period there was higher accumulation of
reducing power that had to be dissipated, and thus higher amounts
of ROS were generated. The efficient activation of these enzymes
points out towards an efficient mechanism, not only for dissipation
of the excessive reducing power by the non-photochemical
mechanisms, but also for detoxification of the dangerous prod-
ucts resultant of the accumulation of excessive energy. This was
also verified in other halophytic species during stress-induced
photochemical impairment as a protective measure from the
excessive reducing power, even under efficient dissipation (Duarte
et al., 2013b).

Overall a positive feedback to submersion can be observed in
S. maritima individuals after 60 min of submergence, with
increasing values of the processes associated to the photochemical
yield and electronic transport and decrease in the non-
photochemical processes, like energy dissipation. This points out
to a photochemical plasticity in this species towards submersion, as
shown in other aquatic species like seagrasses (Silva et al., 2005).



Fig. 6. OJIP transient analysis derived parameters in dark-adapted leaves of submerged and air-exposed S. maritima individuals (average � standard deviation, n ¼ 5; *P < 0.05).
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Moreover, the adaptation to the underwater environment appears
to be dependent on the duration of the stimulus (submergence). All
these biophysical characteristics, confirmed by the biochemical
insights provided by the levels of anti-oxidant enzymes, point out
to the existence of capable mechanisms triggered in prolonged
submersion periods, like the ones expected according sea level rise
projections.

5. Conclusion

Diurnal tidal flooding imposes to the halophyte community an
underwater environment with conditions very different from the
terrestrial ones. The predicted sea level rise increase will have
consequences not only on the height of the tidal inundation but
also in the duration of the high tides. Thus, becomes important to
consider the physiology of each species, and the consequences of
their adaptation capacity in terms of ecosystem, towards a chang-
ing environment, especially in the case of the species inhabiting the
lower marsh, like S. maritima. This species presents a high adap-
tation capacity to submersion. Although after short periods of
submersion an evident reduction of primary PSII photochemistry
could be observed mainly due to incapacity to deal with the
absorbed light, after prolonged periods it evidences effective
mechanisms to dissipate the excessive energy and for detoxifica-
tion of the accumulated ROS, increasing the photosynthetic effi-
ciency. All these aspects point out to an evident photochemical



Fig. 7. Antioxidant enzymatic activities in air-exposed and submerged leaves of submerged and air-exposed S. maritima individuals (average � standard deviation, n ¼ 5; *P < 0.05).
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plasticity of this species towards prolonged submersion periods
like those expected under sea level rise, allowing it to maintain its
photosynthetic activity even during prolonged submersion periods,
and thus surviving the near future climate change scenarios.
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