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A sub-acute experiment that tested carbon and nitrogen metabolisms and the plant's antioxidant defence system
was used to investigate the effects of nitrate enrichment and salinity reduction on the tropical seagrass Thalassia
hemprichii that had previously been grown in low light conditions. Shading significantly reduced leaf growth
rate, nitrate reductase activity and non-structural carbohydrate (NSC) content in both aboveground and below-
ground tissues, but enhanced superoxide dismutase and guaiacol peroxidase (POD) activities and free amino
acids in aboveground tissue. After shade removal, salinity reduction with pre-shading decreased minimum fluo-
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NSC in aboveground tissues of pre-shading plants compared to the control. Furthermore, salinity reduction
with pre-shading even induced effective NSC translocation from belowground to aboveground tissues. Nitrate
enrichment and salinity reduction both increased POD activity in T. hemprichii grown previously in low light.
Therefore, pre-shading increases the vulnerability of T. hemprichii to eutrophication and hyposalinity, which
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must be considered when predicting future responses and effective management of seagrass resources.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Seagrasses are keystone species in many shallow lagoons and estuar-
ies, providing a complex habitat and high rates of primary production for
ecologically and economically important higher consumers (Bloomfield
and Gillanders, 2005). Despite their importance, seagrass beds are rapid-
ly declining due to a variety of natural and human-induced disturbances
(Bjork et al,, 2008; Burkholder et al., 2007; Duarte, 2008; Manzanera et
al,, 1998; Neckles et al., 2005; Waycott et al., 2007). Seagrasses are par-
ticularly sensitive to chronic and temporary light reduction (Biber et
al,, 2009). A small decrease in light intensity can cause significant de-
clines in seagrass growth and distribution (Ralph et al., 2007). Temporar-
y light reduction may occur due to dredging, boating activities, altered
land-use patterns and shoreline hardening (Biber et al., 2009; Ralph et
al,, 2007). Similarly, proliferation of drifting macroalgae also leads to a

Abbreviations: DW, dry weight; FAA, free amino acid; F,, maximum fluorescence; F,
minimum fluorescence; F,/F;, maximum quantum yield; FW, fresh weight; G, leaf
growth rate; G, the growth rate of marked leaves; G, the growth rate of unmarked
leaves; HL, high light; LL, low light; MLL, the length from the leaf base to the punching
mark; NBT, nitro-blue tetrazolium; NE, nitrate enrichment; NE + RS, nitrate enrichment
and salinity reduction; NRA, nitrate reductase activity; NSCs, nonstructural carbohydrates;
POD, guaiacol peroxidase; PS II, photosynthetic system II; PVP, polyvinylpyrrolidone; ROS,
reactive oxygen species; RS, salinity reduction; SOD, superoxide dismutase; tg, the days of
collection; TLL, total leaf length; to, the days of marking.
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temporary decrease in light intensity (Biber et al., 2009; Brun et al.,
2003; Lamote and Dunton, 2006). Many studies have examined the re-
sponse of seagrasses to light reduction (Brun et al.,, 2008; Christianen
etal., 2011; Collier et al., 2009; Serrano et al., 2011) and their subsequent
recovery dynamics (Biber et al., 2009; Bité et al., 2007; Collier et al., 2009;
Longstaff and Dennison, 1999; Longstaff et al., 1999). During periods of
depressed photosynthesis caused by light reduction, seagrasses mobilise
stored non-structural carbohydrates (NSCs) to maintain metabolic pro-
cesses (Alcoverro et al., 2001; Ralph et al., 2007). The decline in NSC in-
duced by shading may change the response of seagrasses to other
environmental stress since NSC reserves play an important role in deter-
mining seagrass growth (Ralph et al., 2007).

In shallow coastal areas, rapidly expanding low-salinity aquacul-
ture activity may discharge low-salinity water with a high concentra-
tion of nutrients (Cao et al.,, 2007; Funge-Smith and Briggs, 1998; Heil,
2000). In addition, climate change has promoted an increase in pulse-
type heavy rainfall events (IPCC, 2007), which often dramatically in-
crease high-nutrient freshwater loads (Faxneld et al., 2010; Waycott
et al,, 2007). Thus, low-salinity water discharge is frequently occurring
in synergy with significant increases in nutrient loads, possibly impos-
ing interactive effects on coastal seagrasses (Waycott et al., 2007).
Freshwater discharge may adversely affect photosynthesis and seagrass
growth by diluting seawater to a lower salinity (Bjork et al., 2008). Such
an extreme event has caused large-scale losses of seagrass habitats in
Eastern Africa (Bandeira and Gell, 2003), Queensland of Australia
(Campbell and McKenzie, 2004) and Venezuela (Chollett et al., 2007).
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Furthermore, under excessive nitrogen conditions, carbon require-
ments for synthesising amino acids may exceed carbon fixation capaci-
ty, causing a decrease in NSC reserves and growth rates (Leoni et al.,
2008). The effects of salinity reduction on seagrasses have been exam-
ined together with nitrogen enrichment (Kahn and Durako, 2006; Van
Katwijk et al., 1999). Nevertheless, salinity reduction and high nutrient
inputs may exert greater impact on seagrasses that have previously
been grown in low light due to a shortage in carbon reserves and energy
from decreased assimilation at low light (Ralph et al., 2007). However,
information on this is not currently available, and it must be considered
for predicting future responses and effective management of seagrass
resources (Biber et al., 2009).

We conducted a sub-acute experiment to examine the effects of
nitrate enrichment and salinity reduction on the tropical seagrass
Thalassia hemprichii previously grown in low light by evaluating carbon
and nitrogen metabolism (nitrate reductase activity (NRA)) and anti-
oxidant defence systems (superoxide dismutase (SOD) and guaiacol
peroxidase (POD)) in the plant. To this aim, we tested the following hy-
potheses: (1) pre-shading promotes sensitivity of T. hemprichii to ni-
trate enrichment and salinity reduction and (2) the responses of the
plant's antioxidant enzyme activities to the combined stresses may be
stronger than those to individual stressors. The results obtained in this
study may help to predict responses of seagrasses to future global
climate change and anthropogenic stress and strengthen the under-
standing needed to improve the management and protection of these
environmentally important marine angiosperms. To the best of our
knowledge, this is the first report on the effects of nitrate enrichment
and salinity reduction on seagrasses previously grown in low light.

2. Materials and methods
2.1. Plant material
Healthy clumps of T. hemprichii were collected from Xincun Bay

(18°24'34"N —18°24’42"N, 109°57'42"E —109°57'58"E) located
southeast of Hainan Island, Southern China. Individual shoots were

250pmol photons m?s™

carefully removed by hand to keep belowground structures intact.
Plants were subsequently transported to the laboratory and cul-
tured with in situ seawater under saturating light conditions (ca.
250 umol photons m~2 s~ 1) at 25 °C for 7 days. Prior to being used
in the experiments, transplant units were standardised so that each
shoot consisted of a single apical shoot with two rhizome internodes
and associated roots.

2.2. Experimental design

The experiment was divided into two phases. The first phase
consisted of the shading pre-culture. After shade removal, the second
phase began to examine the effect of nitrate enrichment and salinity
reduction on T. hemprichii during its recovery from shading (Fig. 1).

At the beginning of the first phase, approximately 450 shoots
of T. hemprichii were randomly reallocated into ten, 40-1 aquaria,
with 45 shoots in each aquarium. They were incubated for 10 days
under two different light intensities. During this pre-culture phase,
5 of the 10 aquaria were covered with neutral density screens
(25 umol photons m~2 s~ '), and the remaining aquaria were not
covered with neutral density screens (250 umol photons m~2 s~ 1).

At the end of the pre-culture phase, approximately 9 shoots of
fresh plants from each shaded and non-shaded aquarium were col-
lected as corresponding replicate samples, which were used to deter-
mine chlorophyll fluorescence, leaf growth rate, NRA, SOD and POD.
Plants were retrieved and separated into root, rhizome and leaves
to determine their non-structural carbohydrates (NSC, sum of soluble
sugars and starch) and free amino acid (FAA) content.

The remaining shaded and non-shaded plants (approximately 360
shoots) were reallocated into 24, 15-1 aquaria for the second phase of
the experiment, with 15 shoots in each aquarium (three replicates for
each treatment). This consisted of eight treatments: two light levels
(25 umol photons m~2s™!, LL; and 250 pmol photons m~2 s~ !,
HL) x two nitrate concentrations (3.0 and 50.0 umol 1-! added as
KNOs3) x two salinity levels (20 and 34). In situ nitrate concentration
and salinity of the seawater in the seagrass bed were approximately

Control

Nitrate enrichment

Sallinity reduction

Thalassia
hemprichii

Nitrate enrichment + Salinity reduction

Control

25umol photons m2s™

Nitrate enrichment

Salinity reduction

Nitrate enrichment + Salinity reduction

The first phase experiment last 10 days. The effect of shading

on T.hemprichii

After shade removal, the second phase experiment last 10—
| days. The effect of nitrate enrichment and salinity reduction
i on T.hemprichii during revocery fromshading

Fig. 1. Experimental set-up of the laboratory treatment. The experiment was divided into two phases, with each phase lasting 10 days. The first phase was the shading pre-culture
phase. After shade removal, the second phase began to examine the effect of nitrate enrichment and salinity reduction on Thalassia hemprichii during recovery from shading.
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3.0 umol 17! and 34, respectively, acting as control levels in the
laboratory experiments.

The medium was carefully renewed daily. Lower salinities were
obtained by diluting seawater with demineralised freshwater
(Torquemada et al., 2005). Salinity was monitored with a dissolved
oxygen/conductivity meter (YSI, model 85, USA). Once the aquaria
were filled with treatment water, they were placed in a larger water-
filled container to keep temperatures as constant as possible during
each experiment. Plants were maintained under these conditions for
another 10 days.

2.3. Plant analysis

2.3.1. Chlorophyll fluorescence analysis

At the end of the first and second phases, plants were dark-adapted
for 20 min before measurement. Chlorophyll fluorescence of leaves was
measured with a MINI-PAM fluorometer (Walz, Effeltrich, Germany).
Fluorescence was determined on the middle of the blades using a
dark-clip (DLC-8, modified to minimise boundary layer restrictions as
described by Beer et al. (1998)) to ensure constant distance between
the optical fibre and leaf. The plant material being measured was
subjected to a pulse of saturating light. Two fluorescence measurements
were made: one before (F,, minimum fluorescence) and one during
(Fm, maximal fluorescence) the pulse. Maximum quantum yield was
calculated as F,/F, (where F, = F,, — F,) using dark-acclimated
leaves, which allows for all of the reaction centres to open and all prima-
ry electron acceptors to be oxidised (Beer et al., 2001). The F,/Fy, ratio
has been applied as an indicator of seagrass stress, with an optimal
range for seagrass of approximately 0.7-0.8 (Ralph, 1999). Therefore,
we used an F,/F, ratio of 0.7 as a lower “stress” threshold in the inter-
pretation of our results (Koch et al., 2007).

2.3.2. Growth analysis

Growth rates were estimated by a modification of the classical
punching method described for seagrasses (Zieman, 1974). Leaves
from apical shoots were marked with fine plastic fibres 1 cm above
the sheath. Apical shoots were marked at the beginning of the first
and second phases of the experiment and collected after 10 days. Leaf
growth rates (G, cm plant~! day~"') were estimated according to the
following equations (Peralta et al., 2000):

G = (X Gy + 2Gm) /L, (1

where G, is the growth rate of unmarked leaves (small and new
leaves)

Gom = TLL(t;)-TLL(t;), @)

where TLL is the total leaf length, and ty and t; are the days of marking
and collection, respectively. Gy, is the growth rate of marked leaves,

Gy = MLL(t;)-MLL(to), (3)
where MLL is the length from the leaf base to the punching mark

t = t-t,. (4)

2.3.3. Biochemical parameter analysis

At the end of the first and second experimental phases, all of the
plants in each aquarium were carefully retrieved and separated into
root, rhizome and leaves. Rhizomes, roots and shoots were oven-dried
(60 °C) until they reached a constant weight. Subsamples of all fractions
were individually powdered with a grinder to pass through an 80-mesh
sieve (the mesh diameter was 0.18 mm) and stored for nutrient content
analysis. The samples (0.1 g) were extracted twice in hot 80% ethanol.
The soluble sugar content was determined by the anthrone-sulfuric

acid method (Yemm and Willis, 1954). The starch content of the
remaining materials was also analysed by the anthrone assay, following
gelatinisation at 100 °C for 15 min and solubilisation in 70% perchloric
acid (Quarmby and Allen, 1989). FAA measurements were performed
by the ninhydrin method (Yemm et al., 1955).

In vivo NRA was assayed in leaves by the method of Srivastava
(1974). The excised leaf tissue (0.5 g) was incubated in a 10-ml reaction
mixture containing 50 mM phosphate buffer (pH, 7.5), 10 mM KNO3
and 0.5% n-propanol (v/v). The samples were vacuum-filtered in a
dessicator and incubated in the dark at 30 °C for 30 min. The mixture
was boiled in a water bath, and the concentration of NO, formed was
estimated by adding 1.0 ml of 1% sulphanilamide in 1 N HCl (w/v)
and 1.0 ml of 0.02% naphthylethylenediamine dihydrochloride (w/v)
to a 1-ml aliquot of the above mixture. After centrifugation for 15 min
(10,000 rpm), the absorbance of the supernatant was read at 540 nm.
NR activity was calculated as umol NO; g~ ' FW h™ 1.

The 0.5-g fresh weight leaves were homogenised in 50 mM cold
sodium phosphate buffer (pH 7.8) including 0.1 mM EDTA and 8.75%
(w/v) polyvinylpyrrolidone (PVP, Mw 10,000) using a pre-chilled mor-
tar and pestle in an ice bath. The homogenate was centrifuged at 10
500 rpm for 30 min at 4 °C and the supernatant was used for the
enzyme assays. SOD activity was assayed on leaves by monitoring the
inhibition of the photochemical reduction of nitro-blue tetrazolium
(NBT) according to the method of Beauchamp and Fridovich (1971).
The 3-ml reaction mixture contained 50 mM potassium phosphate
buffer (pH 7.8), 13 mM methionine, 75 M NBT, 0.1 mM EDTA, 2 pM ri-
boflavin and 0.2 ml of the enzyme extract. The reaction mixtures were
illuminated at an intensity of 4 500 Ix for 20 min. The absorbance of
the supernatant at 560 nm was then measured. One unit of SOD activity
was defined as the amount of enzyme required to cause 50% inhibition
of the reduction of NBT. POD activity in leaves was determined as the
oxidation of guaiacol by H,0, (Upadhyaya et al., 1985). The reaction
mixture consisted of 3 ml of 200 mM potassium phosphate buffer
(pH 6.0), 0.18% (v/v) H0,, 1% guaiacol and 0.5 ml of the enzyme ex-
tract. The oxidation of guaiacol was measured by the increase in absor-
bance at 470 nm every 30 s (extinction coefficient 26.6 mM~! cm™!).
One unit of POD activity was defined as units per min and mg of protein.

2.4. Statistics

The means and standard errors of all variables were calculated for
each factor. Data for the end of phase one (Time 0) was analysed by a
T-test. 2-Way ANOVA was used to analyse the effects of nitrate enrich-
ment and salinity reduction on shaded and non-shaded plants. Fisher's
LSD post hoc analysis was performed when appropriate. Furthermore,
the main effects of pre-shading, nitrate enrichment and salinity reduc-
tion were analysed by a multifactorial ANOVA. The interactions between
pre-shading, nitrate enrichment and salinity reduction were tested in the
following way: (pre-shading) x (nitrate enrichment), (pre-shading) x
(salinity reduction) and (nitrate enrichment) x (salinity reduction).
Treatment means were compared and separated by the least significant
difference (LSD) at p < 0.05. All statistical analyses were carried out
using SPSS for Windows version 10.

3. Results
3.1. Chlorophy!ll fluorescence and growth

At the end of the first phase (Time 0), F, (Fig. 2A), F,, (Fig. 2B) and F,/
Fr, were not markedly affected by shading (p > 0.05). Similarly, at the
end of the second phase, there were no significant effects of pre-
shading, nitrate enrichment and salinity reduction on F,, F,, or F,/Fy,
in T. hemprichii (Table 1). No changes in F,, F,, and F,/F,, were detected
under nitrate enrichment, irrespective of the pre-shading treatment.
However, a negative effect on F, was observed when salinity reduction
was combined with nitrate enrichment and pre-shading. The reduction
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Fig. 2. Effects of pre-shading, nitrate enrichment and salinity reduction on F, (A), Fy, (B)
and F,/F, (C). Error bars represent SE (n = 5). Time 0 denotes seagrass harvested once
the pre-shading phase ended (preculture phase lasted 10 days). C, control; NE, nitrate en-
richment; RS, salinity reduction; NE + RS, nitrate enrichment and salinity reduction; HL,
high light; LL, low light. Asterisk indicates statistical significance (p < 0.05) for the end of
phase one data. Different small and capital letters on columns indicate significant differ-
ences (p < 0.05) for the end of phase two data.

in F, was accompanied by a decline in Fy,, resulting in no change in
Fy/Fm.

At the end of the pre-culture phase (Time 0), shading produced a
significant reduction in the leaf growth rate of T. hemprichii (p < 0.01).
After shading removal, leaf growth rate in T. hemprichii that had been
pre-shaded quickly recovered, and was even higher than that without
shading (Fig. 3, Table 1). Leaf growth rate was unaffected by nitrate en-
richment without pre-shading, but it was reduced by nitrate enrich-
ment with pre-shading. Furthermore, salinity reduction at two light
levels during pre-culture both decreased leaf growth rate, with greater
reduction in shaded pre-cultures of T. hemprichii (p < 0.01, Table 1). In
contrast, salinity reduction caused greater decrease in leaf growth rate
than nitrate enrichment.

3.2. Biochemical content and nitrate reductase activity

Shading significantly decreased NSC in the aboveground (p < 0.01,
Fig. 4A) and belowground (p < 0.05, Fig. 4B) tissues of T. hemprichii.

Similarly, NSC in both tissues of T. hemprichii was depressed by nitrate
enrichment both with and without pre-shading but this depression
was higher in pre-shaded aboveground plant tissues. Nevertheless,
salinity reduction without pre-shading did not change NSC in both
tissues of T. hemprichii. Salinity reduction with a shaded pre-culture
slightly enhanced NSC in aboveground tissues, but diminished NSC
in belowground tissues. Nitrate enrichment combined with salinity
reduction decreased NSC in both tissues, irrespective of the pre-
culture conditions. Overall, pre-shading and nitrate enrichment had
significant effects on NSC in both tissues, whereas salinity reduction
only considerably affected NSC in belowground tissue (Table 1).

Pre-culturing with shading considerably increased the FAA con-
tent in aboveground tissues (p < 0.01, Fig. 5A) of T. hemprichii, but
did not change the FAA content in belowground tissues (p > 0.05,
Fig. 5B, Table 1). Nitrate enrichment, salinity reduction and their com-
bined interaction all increased FAA content in both aboveground and
belowground tissues both with and without pre-shading. The com-
bined effect of nitrate enrichment and salinity reduction resulted in
a greater enhancement in FAA in aboveground tissues than for either
treatment alone. FAA in both tissues was significantly affected by ni-
trate enrichment and salinity reduction (Table 1).

Pre-shading apparently diminished leaf NRA (p <0.05) in T.
hemprichii, but NRA quickly returned to a normal level after shading
was removed (Fig. 6). Nitrate enrichment, salinity reduction and
their combined interaction all markedly enhanced NRA in both pre-
shaded and not pre-shaded plants (Table 1). The highest NRA was
observed for T. hemprichii grown under reduced salinity without
pre-shading.

3.3. Antioxidant enzyme activity

POD (p < 0.05, Fig. 7A) activity in the leaves of T. hemprichii was
considerably enhanced following pre-shading. A shaded pre-culture
did not significantly affect SOD activity (p > 0.05, Fig. 7B), but did
result in greater activity quantitatively. Furthermore, SOD activity
quickly returned to initial values after shading was removed. Nitrate
enrichment, salinity reduction and their combined interaction all
caused positive effects on POD and SOD activities, with a greater en-
hancement in POD activity for pre-shaded T. hemprichii. Pre-shaded
T. hemprichii grown with nitrate enrichment and salinity reduction
showed the highest POD and SOD activities. Nitrate enrichment in-
creased SOD activity to a greater extent than salinity reduction. More-
over, only pre-shading and nitrate enrichment as single stressors
considerably affected POD and SOD activities, respectively (p < 0.01)
(Table 1).

4. Discussions
4.1. Shade-induced responses and recovery

The present results show that chlorophyll fluorescence (F,, Fy, Fy/Fim)
failed to detect the onset of shading mortality in T. hemprichii, which was
in agreement with findings of Biber et al. (2009). However, shading
clearly reduced leaf growth rate, NRA and NSC content in both above-
ground and belowground tissues of T. hemprichii. Such responses suggest
that shading makes it difficult for T. hemprichii to balance its carbon bud-
gets. During shading, the availabilities of light, energy and carbon skele-
tons were insufficient to support nitrate reduction as well, leading to a
decrease in the NRA. In contrast, an increase in FAA in aboveground tis-
sues of T. hemprichii was observed for low light conditions, which could
be explained by the reduced leaf growth rate. Assimilated nitrogen does
not need to be used for growth and was thus stored (Ruiz and Romero,
2001). Peralta et al. (2002) also observed that shading stimulated leaf ni-
trogen content in Zostera noltii Hornem. The results of the present study
showed that shading enhanced SOD and POD activities in the leaves of T.
hemprichii. A mechanism to account for the enhancement in oxidative
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Table 1

Statistical analysis of the effects of pre-shading, nitrate enrichment and salinity reduction
on the properties of T. hemprichii. p < 0.05 (significant); and p < 0.01 (highly significant).
df: degrees of freedom; F: the ratio of among-group variance divided by the within-group
variance.

Variable df F p

1.F,

Pre-shading (L) 1 0.91 0.348
Nitrate enrichment (N) 1 0.11 0.738
Salinity reduction (S) 1 0.86 0.360
LxN 1 0.44 0.513
LxS 1 2.35 0.135
N xS 1 0.61 0.442
LxNxS 1 0.003 0.954
2.Fm

Pre-shading (L) 1 2.99 0.093
Nitrate enrichment (N) 1 0.70 0.409
Salinity reduction (S) 1 1.51 0.228
LxN 1 0.01 0.907
LxS 1 3.80 0.060
N xS 1 0.03 0.871
LxNxS 1 0.002 0.962
3. Fv/Fm

Pre-shading (L) 1 0.27 0.610
Nitrate enrichment (N) 1 1.71 0.200
Salinity reduction (S) 1 0.13 0.723
LxN 1 0.16 0.694
LxS 1 0.03 0.875
N xS 1 0.01 0.937
LxNxS 1 1.51 0.228
4, Leaf growth rate

Pre-shading (L) 1 3.44 0.078
Nitrate enrichment (N) 1 0.75 0.395
Salinity reduction (S) 1 10.63 <0.01
LxN 1 0.59 0.453
LxS 1 293 0.102
N xS 1 0.27 0.610
LxNxS 1 0.93 0.345
5. NSC aboveground

Pre-shading (L) 1 48.67 <0.01
Nitrate enrichment (N) 1 59.69 <0.01
Salinity reduction (S) 1 2.60 0.126
LxN 1 2.68 0.121
LxS 1 5.84 <0.05
N xS 1 0.37 0.553
LxNxS 1 0.003 0.956
6. NSC belowground

Pre-shading (L) 1 135.34 <0.01
Nitrate enrichment (N) 1 15.88 <0.01
Salinity reduction (S) 1 2292 <0.01
LxN 1 3.30 0.088
LxS 1 18.81 <0.01
N xS 1 0.01 0.909
LxNxS 1 2.59 0.127
7. FAA aboveground

Pre-shading (L) 1 506.59 <0.01
Nitrate enrichment (N) 1 171.97 <0.01
Salinity reduction (S) 1 98.78 <0.01
LxN 1 9.70 <0.01
LxS 1 0.77 0.393
N xS 1 3.59 0.076
LxNxS 1 5.69 <0.05
8. FAA belowground

Pre-shading (L) 1 0.23 0.637
Nitrate enrichment (N) 1 19.69 <0.01
Salinity reduction (S) 1 37.30 <0.01
LxN 1 39.57 <0.01
LxS 1 3.71 0.072
N xS 1 123.45 <0.01
LxNxS 1 44.34 <0.01

Table 1 (continued)

Variable df F P

9. NRA

Pre-shading (L) 1 3.03 0.101
Nitrate enrichment (N) 1 22.20 <0.05
Salinity reduction (S) 1 167.52 <0.01
LxN 1 10.09 <0.01
LxS 1 20.77 <0.01
N xS 1 138.03 <0.01
LxNxS 1 0.96 0.342
10. POD

Pre-shading (L) 1 9.80 <0.01
Nitrate enrichment (N) 1 2.38 0.143
Salinity reduction (S) 1 295 0.105
LxN 1 0.22 0.649
LxS 1 0.18 0.682
N xS 1 117 0.296
LxNxS 1 0.09 0.771
11. SOD

Pre-shading (L) 1 0.06 0.804
Nitrate enrichment (N) 1 33.39 <0.01
Salinity reduction (S) 1 1.69 0.212
LxN 1 1.81 0.197
LxS 1 0.20 0.658
N xS 1 2.36 0.144
LxNxS 1 0.97 0.339

stress due to shading might involve the increased imbalance in carbon-
nitrogen metabolism under low light conditions, which favoured the ac-
cumulation of reactive oxygen species (ROS) (Zhang et al., 2010).

Removal of the shade screens induced rapid and detectable re-
sponses in a number of physiological parameters. After 10 days, leaf
growth rate and NRA and SOD activities in the leaves of T. hemprichii
quickly returned to control levels, indicating that T. hemprichii could
quickly recovery from short-term shading. Collier et al. (2009) also
observed that removal of the shade screens induced leaf growth in
Posidonia sinuosa with rates returning to control levels after two
weeks. In contrast, Longstaff and Dennison (1999) reported little re-
covery of seagrasses after light attenuation. Interestingly, the leaf
growth rate of T. hemprichii with pre-shading was even higher than
that without pre-shading after imposed shading. It is possible that
light availability was not limiting seagrass growth due to the removal
of shading, and an increase in tissue nutrient availability (higher leaf
FAA) could lead to an enhancement in seagrass growth (Udy et al.,
1999).

1.2 |
= = 1
- | == HL
= 10 i1 : —
€ | 2 A
K 1 a &
o 0.8 !
i
§ ! :
o 061 # i =
© :
< !
T 04 i
e I
o &
%5 0.2 !
] |
- [
0.0
time 0 C NE RS NE+RS

Fig. 3. Effect of pre-shading, nitrate enrichment and salinity reduction on leaf growth
rate. Error bars represent SE (n = 3). Time O denotes seagrass harvested once the
pre-shading phase ended (preculture phase lasted 10 days). C, control; NE, nitrate en-
richment; RS, salinity reduction; NE + RS, nitrate enrichment and salinity reduction;
HL, high light; LL, low light. Asterisk indicates statistical significance (p < 0.05) for
the end of phase one data. Different small and capital letters on columns indicate sig-
nificant differences (p < 0.05) for the end of phase two data.
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Fig. 4. Effect of pre-shading, nitrate enrichment and salinity reduction on non-structural
carbohydrates (NSC) in aboveground (A) and belowground (B) tissues of Thalassia
hemprichii. Error bars represent SE (n = 3). Time 0 denotes seagrass harvested once the
pre-shading phase ended (preculture phase lasted 10 days). C, control; NE, nitrate enrich-
ment; RS, salinity reduction; NE + RS, nitrate enrichment and salinity reduction; HL, high
light; LL, low light; DW, dry weight. Asterisk indicates statistical significance (p < 0.05) for
the end of phase one data. Different small and capital letters on columns indicate signifi-
cant differences (p < 0.05) for the end of phase two data.

4.2. Effects of nitrate enrichment and salinity reduction on T. hemprichii
previously grown in low light

The data obtained here indicate that both nitrate enrichment and
salinity reduction did not change F, and F,, in pre-shaded plants,
while salinity reduction with pre-shaded plants led to a decrease in F,
and F,, at the two nitrate concentrations. The decline in F, and F,
under hyposaline conditions with pre-shading may be due to changes
in the ionic steady state, compatible solute synthesis or water content
of the leaf tissues (Murphy et al., 2003). A decrease in F, is an indication
of a high-energy dissipation in the minor antenna (Pietrini et al., 2005),
suggesting that non-reversible damage occurred in the leaves of
T. hemprichii. Also, reduction in Fy, reflects a decrease in the ability of
photosystem II (PS II) to reduce the primary quinone acceptor (Mathur
et al., 2011). Thus, salinity reduction caused osmotic shock (Simon et
al., 1999) and elevated energy costs to maintain an internal ionic balance
due to changes in intracellular ionic concentrations (Sibly and Calow,
1989; Torquemada et al., 2005), while the shade-induced decline of
organic solutes (NSC) within the leaf cells could not sustain stable mem-
brane potentials under hyposaline conditions (Murphy et al., 2003),
resulting in much higher degree of damage to PS IL.

Salinity reduction decreased leaf growth rate in T. hemprichii.
Other field and laboratory studies have also supported the adverse
impact of salinity reduction on seagrass shoot production (Doering
and Chamberlain, 2000; Irlandi et al., 2002). Salinity reduction
resulted in mortality of Halophila johnsonii (Kahn and Durako, 2008),
Halophila ovalis (Ralph, 1999) and Thalassia testudinum (Kahn and
Durako, 2006). Thalassia is generally known to be less tolerant to
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Fig. 5. Effect of pre-shading, nitrate enrichment and salinity reduction on free amino acid
(FAA) in aboveground (A) and belowground (B) tissues of Thalassia hemprichii. Error bars
represent SE (n = 3). Time 0 denotes seagrass harvested once the pre-shading phase
ended (preculture phase lasted 10 days). C, control; NE, nitrate enrichment; RS, salinity
reduction; NE + RS, nitrate enrichment and salinity reduction; HL, high light; LL, low
light; DW, dry weight. Asterisk indicates statistical significance (p < 0.05) for the end of
phase one data. Different small and capital letters on columns indicate significant differ-
ences (p < 0.05) for the end of phase two data.

salinity reduction than several other seagrass genera, such as Halodule,
Halophila and Ruppia (Thorhaug et al., 2006). However, the combina-
tion of salinity reduction and nitrate enrichment did not further de-
crease leaf growth rate in T. hemprichii, indicating no additive negative
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Fig. 6. Effect of pre-shading, nitrate enrichment and salinity reduction on NRA in
Thalassia hemprichii. Error bars represent SE (n = 3). Time 0 denotes seagrass
harvested once the pre-shading phase ended (preculture phase lasted 10 days). C, con-
trol; NE, nitrate enrichment; RS, salinity reduction; NE + RS, nitrate enrichment and
salinity reduction; HL, high light; LL, low light; FW, fresh weight. Asterisk indicates sta-
tistical significance (p < 0.05) for the end of phase one data. Different small and capital
letters on columns indicate significant differences (p < 0.05) for the end of phase two
data.
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Fig. 7. Effects of pre-shading, nitrate enrichment and salinity reduction on POD (A) and
SOD (B) activities in Thalassia hemprichii. Error bars represent SE (n = 3). Time 0 de-
notes seagrass harvested once the pre-shading phase ended (preculture phase lasted
10 days). C, control; NE, nitrate enrichment; RS, salinity reduction; NE + RS, nitrate
enrichment and salinity reduction; HL, high light; LL, low light; FW, fresh weight. As-
terisk indicates statistical significance (p < 0.05) for the end of phase one data. Differ-
ent small and capital letters on columns indicate significant differences (p < 0.05) for
the end of phase two data.

effect. Increased levels of ammonium further decreased growth in
T. testudinum in the lower salinity treatment (Kahn and Durako,
2006). However, the temperate seagrass Zostera marina was positively
influenced by high nutrient loads at reduced salinity levels (Van
Katwijk et al., 1999). Such differences might be ascribed in part to differ-
ences in the experimental setup and salinity tolerance of seagrass
species. Moreover, nitrate enrichment with pre-shading decreased
leaf growth rate in T. hemprichii. Salinity reduction alone and combined
with nitrate enrichment both resulted in a greater reduction in leaf
growth rate for plants with pre-shading than those without pre-
shading. Accordingly, the above results indicate that pre-shading
aggravated the adverse influence of nitrate enrichment and salinity re-
duction on leaf growth rate in T. hemprichii. This corroborates our first
hypothesis.

The lower salinities obtained by adding demineralised freshwater
decreased the inorganic carbon content, resulting in less carbon syn-
thesis (Hellblom and Bjork, 1999). But salinity reduction without
pre-shading did not modify NSC in both tissues of T. hemprichii. This
might be due to the conversion of total carbohydrates to soluble car-
bohydrates that was induced for osmoregulation (Murphy et al.,
2003). Furthermore, salinity reduction with pre-shading slightly
enhanced NSC in aboveground tissues, but decreased NSC in below-
ground tissues, indicating an effective translocation of NSC from
belowground to aboveground tissues. Similarly, osmotic stress treat-
ments also decreased soluble carbohydrates in the rhizomes of
T. testudinum (Koch et al., 2007) and Posidonia oceanica (Ruiz et al.,
2009), which mobilised to supply the osmoregulatory demands of epi-
dermal leaf cells. Our data indicate that NSC acted as one of the main
organic solutes to maintain osmotic potential for T. hemprichii under

hyposaline conditions, along with other seagrasses (Touchette, 2007).
Additionally, nitrate enrichment with pre-shading resulted in a greater
reduction of NSC in the aboveground tissues of T. hemprichii than nitrate
enrichment without pre-shading, revealing that nitrate enrichment had
a greater negative effect on NSC in pre-shading. Nitrate enrichment
significantly stimulated leaf NRA and FAA content in aboveground and
belowground tissues of T. hemprichii, indicating that NO3™ absorption,
reduction and assimilation were enhanced (Touchette and Burkholder,
2001). Similarly, the consumption of energy and carbohydrates to as-
similate FAA was high for submersed macrophytes in eutrophic waters
(Zhang et al., 2010). The carbohydrate reserves are thus reallocated to
decrease carbohydrate content and internal carbon-limited conditions
(Invers et al., 2004; Touchette and Burkholder, 2000, 2007). The FAA
content of the aboveground tissues of T. hemprichii was also enhanced
by salinity reduction and further enhanced when salinity reduction
was combined with nitrate enrichment. Such responses suggest that
FAA might be one of the main osmotics for T. hemprichii under salinity
reduction. Increased amino acids at low salinity have been observed in
other plants (Parida and Das, 2005). Rai (2002) also reported that solu-
ble nitrogen containing compounds like other amino acids could protect
plant tissues against osmotic stress. Specifically, NRA increased the most
under salinity reduction, indicating that this stressor might induce
higher nitrogen metabolism in T. hemprichii. Nitrate metabolite deriva-
tives might be utilised in osmotic adjustment (Aslam et al., 1984), and
the maintenance of leaf NSC induced under hyposaline conditions
would supply energy and carbon skeletons to enhance nitrate reductase
activity (Leoni et al., 2008). Therefore, stimulation of leaf NRA by salinity
reduction would be propitious to accumulate FAA to adjust osmosis
pressure.

SOD and POD act on scavenging ROS, and the increase in their activ-
ities is indicative of oxidative stress in plants (Slooten et al., 1995). In
the present study, nitrate enrichment, salinity reduction and their com-
bination all caused a greater POD activity in the leaves of T. hemprichii
previously grown in low light. This suggests that more severe oxidative
stress was triggered by nitrate enrichment and salinity reduction in
pre-shaded plants. The greatest increase in POD and SOD activities
was observed with the combination of nitrate enrichment and salinity
reduction for T. hemprichii cultured previously in low light, which sup-
ports our second hypothesis. Typically, ROS produced by salinity reduc-
tion with pre-shading can ultimately affect the quantum yield of PS II
fluorescence (Rodrigues et al., 2008), resulting in a decline in F, and
Fm. Overall, the greater enhancement of POD and SOD reconfirmed
that pre-shading can amplify the negative effects of nitrate enrichment
and salinity reduction in T. hemprichii.

5. Conclusions

Changes in the abovementioned physiological responses indicate
that pre-shading increases the vulnerability of T. hemprichii to stress
caused by short-term nitrate enrichment and salinity reduction.
Thus, when we examine the recovery dynamics of seagrasses from
temporary shading, we should consider the effects of other environ-
mental stressors encountered during recovery. This is an important
consideration when managing areas to maintain a suitable habitat
for seagrasses.
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