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a b s t r a c t

Seagrasses have declined at a global scale due to light reduction and toxicity events, caused by eutroph-
ication and increased sediment loading. Although several studies have tested effects of light reduction
and toxicants on seagrasses, there is at present no information available on their interacting effects. In a
full-factorial 5-day laboratory experiment, we studied short-term interactive effects of light conditions,
pH and reduced nitrogen (NHx) in the water layer, mimicking pulses of river discharge, on the tropical
early successional species Halodule uninervis and the late successional species Thalassia hemprichii.

In contrast to recent results reported for the temperate species Zostera marina, increased NHx supply
did not affect leaf mortality or photochemical efficiency in H. uninervis and in 7 out of 8 treatments for T.
hemprichii. However, both tropical species demonstrated striking differences in nitrogen accumulation,
free amino acid composition and free NH3 accumulation. The increase in tissue nitrogen content was
two times higher for H. uninervis than for T. hemprichii. Nitrogen stored as free amino acids (especially
asparagine) only increased in H. uninervis. High pH only affected T. hemprichii, but only when not shaded,
by doubling its free NH3 concentrations, concomitantly decreasing its photosynthetic efficiency.

Our results indicate that the early successional H. uninervis has higher tolerance to high NHx loads
as compared to the late successional T. hemprichii. H. uninervis was better able to avoid toxic internal
NHx levels by further assimilating glutamine into asparagine in contrast to T. hemprichii. Moreover, both
tropical species seem to cope much better with high NHx than the temperate Z. marina. The implications
for the distribution and succession of seagrass species under high nutrient loads are discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Seagrasses (marine angiosperms) play an essential role in trop-
ical estuarine and marine ecosystems. They are very sensitive
to changes in the environment and can therefore be used as
early indicators of system change (Orth et al., 2006). A global
decline of seagrasses has been reported in past decades, which
has predominantly been ascribed to light reduction and toxicity
events caused by increased sediment loading or algal overgrowth
following eutrophication (Orth et al., 2006; Short and Wyllie-
Echeverria, 1996). In addition, direct physiological stress caused
by eutrophication-related toxicity of sulfide (Carlson et al., 1994;
Goodman et al., 1995), nitrate (Burkholder et al., 1992), and in par-
ticular ammonium (Van Katwijk et al., 1997; Brun et al., 2002, 2008;

∗ Corresponding author. Tel.: +31 0 24 3652060; fax: +31 0 24 3653030.
E-mail address: m.christianen@science.ru.nl (M.J.A. Christianen).

Van der Heide et al., 2008), has been reported for temperate sea-
grasses. Unraveling the interacting effects of direct toxicity and
light reduction is therefore vital to understand the drastic decline
of seagrass meadows.

This is particularly the case for the tropics, where such studies
are lacking even though the potential for toxicity events increases
dramatically due to ongoing rapid development and change of land
use of coastal zones (Green and Short, 2003). In shallow coastal
areas, river run-off can have a major impact on seagrass (Freeman
et al., 2008). Here, increased sediment and nutrient loading orig-
inates from human activities such as coastal land development
(Coles et al., 2003), terrestrial forestry (Terrados et al., 1998), man-
grove clearing (Jakobsen et al., 2007), mining (Walling, 2006; Yuhi,
2008), aquaculture (Williams, 2007), and dredging (Neckles et al.,
2005; Erftemeijer and Lewis, 2006). Events of high sediment load-
ing strongly decrease light availability in nearby coastal seagrass
meadows (Jakobsen et al., 2007; Freeman et al., 2008). In addition,
the rapidly expanding aquaculture may cause pulses of high con-

0166-445X/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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Fig. 1. Effects of two NHx concentrations (0 !mol l−1 vs. 100 !mol l−1) on Halodule
uninervis and Thalassia hemprichii leaf tissue (mean ± SE), under pH 7.9 vs. 8.9 and
higher (HL) vs. lower light (LL): (a) total nitrogen (N) content, (b) photosynthetic effi-
ciency ((Fm − F0) Fm

−1), (c) free ammonia (NH3) content. Asterisks show the level of
significance of differences between treatments or pairs of treatments connected by
horizontal bars or double horizontal bars respectively; *0.01 ≤ P ≤ 0.05, **0.001 ≤ P ≤
0.01, ***P < 0.001.

centrations of ammonium/ammonia (NHx) in the water column.
Shrimp farming, for example, can result in ammonium concen-
trations up to 440 !mol l−1 (Briggs and Funge-Smith, 1994) or
fluxes up to 182 mmol m−2 d−1 from farm sediments (Burford and
Longmore, 2001).

Based on observations for temperate seagrass species, such NHx
pulses can be expected to have major impact on tropical seagrass
meadows. In Zostera noltii and Z. marina exposure to NHx pulses can
result in leaf mortality, photosynthetic inhibition, oxidative stress
and internal carbon-nitrogen imbalance (Rudolph and Voigt, 1986;
Britto and Kronzucker, 2002; Cao et al., 2004; Burkholder et al.,
2007). These negative effects of high NHx loading can be aggra-
vated by light deficiency (Brun et al., 2002, 2008) and high pH
due to the increasing NH3-NH4

+ ratio (pH 9; Van der Heide et al.,
2008). The actual physiological response to NHx may vary between
species when they have contrasting growth strategies. Compared to
late successional species, early successional species have relatively
higher nitrogen tissue contents, and higher production rates, which
might result in faster nitrogen uptake rates and a faster recov-
ery after disturbances (Duarte, 1991; Vermaat et al., 1995; Rollon
et al., 1998). Whether NHx pulses also have major impact on tropi-
cal seagrass species with possible differences regarding contrasting
growth strategies remains to be tested.

The aim of this study was twofold. Firstly, we assessed short-
term effects of elevated NHx, and the combined effects of NHx,
pH and light for two tropical seagrass species, Halodule uninervis
(Forsskal) Ascherson, and Thalassia hemprichii (Ehrenberg) Ascher-
son. Low light conditions were used to mimic the main effect of
high turbidity events, and high pH to simulate effects of high pho-
tosynthetic rates in dense seagrass beds or shallow pools (Suzuki
et al., 1998; Beer et al., 2006; Semesi et al., 2009). Secondly, we com-
pared the response to NHx, pH and light between the two species,
H. uninervis and T. hemprichii. These species were selected because
they: (a) represent an early-successional (H. uninervis) and late suc-
cessional (T. hemprichii) species (Birch and Birch, 1984), (b) are two
of the most common species along the coast of the Indo-Pacific
(Mukai, 1993), and (c) often grow together in multispecies mead-
ows (Verheij and Erftemeijer, 1993). The experiment was carried
out as a controlled 5-day, full factorial laboratory experiment. We
monitored leaf tissue survival, leaf tissue nitrogen accumulation
and free amino-acid accumulation, which are known indicators for
NHx-toxicity. In addition, we measured photosynthetic yield as a
sub-lethal indicator for leaf fitness (Prange and Dennison, 2000).

2. Materials and methods

2.1. Plant material and culture conditions

Apical shoots of Halodule uninervis (HU, Ehrenberg, Ascherson)
and Thalassia hemprichii (TH, Forsskal, Ascherson) were collected
in Banten Bay, Indonesia (58◦60′20′′S, 106◦09′07′′E). Plants were
directly transported to the laboratory in the Netherlands in dark,
cooled boxes. The plants were acclimatized for 2 days in 100 L glass
containers that were placed in a climate-controlled room at 25 ◦C.
Light intensity was 200 !mol m−2 s−1, with a 12:12 h day:night
cycle. The photosynthetic efficiency (Fv Fm

−1) measured 0.80 ± 0.03
indicating high vitality. The culture medium for acclimatization,
culture and experiments had a salinity of 32 PSU (similar to
field conditions) and was composed of Classic synthetic sea salt
(Tropic Marin, Wartenberg Germany, background NH4+ < 1 !mol)
and deionized water. During culture, pH (8.2 ± 0.2), temperature
(25 ± 3 ◦C), water level and ammonia concentration (<1 !mol l−1)
were monitored twice daily, and corrected if necessary.

2.2. Treatment

To test the short-term effect of NHx, pH, light level and their
interactions on physiological responses, leaf survival and photosyn-
thetic performance, we conducted a 5-day experiment under con-
trolled conditions in glass containers (height:diameter = 45:16 cm).
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To allow for a general comparison to temperate species, we used a
similar experimental set-up, the same laboratory, and similar NHx
concentrations (NH4Cl) as Van der Heide et al. (2008), who tested
the effects of NH4

+ and pH on the temperate species Z. marina. Per
container, one experimental unit was attached to a stainless steel
nut to keep shoots vertically in the water column (cf. Van der Heide
et al., 2008). Similar to Van der Heide et al. (2008) plants could be
maintained without sediment due to the short experimental period
(e.g., Thursby and Harlin, 1982; Rubio et al., 2007). To correct for the
differences in leaf biomass between the two species, experimental
units of T. hemprichii and H. uninervis consisted of one shoot with
3 cm of rhizome, and a rhizome fragment with five shoots including
the apical one, respectively. We selected plants with at least two
healthy leaves without any tissue damage.

The experiment consisted of five replicates for eight treatments:
two NHx concentrations (0 and 100 !mol−l added as NH4Cl) × two
light levels (200 !mol m−2 s−1, HL; and 50 !mol m−2 s−1, LL) (Van
der Heide et al., 2008) × two pH levels (7.9 and 8.9). A shading
screen above and around the containers was used to create low light
conditions of 50 !mol m−2 s−1. pH was monitored twice a day and
adjusted to either 7.9 or 8.9 using HCl and NaOH. The medium was
carefully renewed daily. The concentration of NHx in the medium
was determined daily just before replenishment.

2.3. Leaf tissue fitness and photosynthetic performance

Leaf mortality was measured at the end of the 5-day experi-
ment by counting leaves that had been discarded from the shoot
or showed brown discoloration of more than 30% of its total sur-
face (Van Katwijk et al., 1997). To check if high NHx levels lowered
photosynthetic performance, fluorescence measurements using a
diving PAM (Walz Co., Effeltrich, Germany) were performed on
all plants on the 3rd and last day of the experiment. We used a
fixed distance of 1 cm, perpendicular to the apical side of the mid-
dle of the youngest full-grown leaf. Plants were adapted to dark
conditions for 30 min before the saturating pulse was given after
which the maximum photochemical efficiency of PS II was cal-
culated (Fv Fm

−1 or photochemical quantum yield) (Kitajima and
Butler, 1975; Genty et al., 1989).

2.4. Nutrient and free amino acid analysis

Directly after photosynthetic performance measurements on
the 5th day of the experiment, we separated leaves from roots
and stored the plants at −20 ◦C. Free amino acids in the youngest
mature leaves were extracted according to Van Dijk and Roelofs
(1988). Free amino acid and free NH3 concentrations from this
extract were measured after pre-column derivatisation with
9-fluorenylmethyl-chloroformate (FMOC-CI) using high-pressure
liquid chromatography (HPLC) (Tomassen et al., 2003). Total con-
tents of carbon and nitrogen of the same sample were determined
in freeze-dried leaf tissue using a CNS analyzer (type NA1500; Carlo
Erba Instruments, Italy). Water NHx concentrations were measured
colorimetrically, using salicylate (Lamers et al., 1998).

2.5. Statistics

A multifactorial ANOVA (SPSS 11, 2002, Chicago IL) was used to
test main effects and interactions of NHx, pH, light, and species (H.
uninervis vs. T. hemprichii). Prior to analysis, data were checked for
normality (Shapiro–Wilk test), homogeneity of variance (Levene’s
test), and transformed using a method that fitted the type of skew-
ness. For positively skewed data we used Log (x) transformations
and for negative skewed data we used the square root of the max-
imum of x minus x (Field, 2005) (Table 1; type of transformation
used). No outliers were detected. For post hoc tests we used inde-

pendent t-tests. For both seagrass species we evaluated the effect
of NHx in all pH and light treatments (12 tests per species). For
interspecific comparison we evaluated the effect of species on all
treatments (8 tests). Type I error in the testing procedures was con-
trolled using the false discovery rate method (P* = 0.05) (Benjamini
and Hochberg, 1995; Verhoeven et al., 2005).

3. Results

3.1. Leaf tissue nutrient content

Several physiological effects were detected as a result of the
treatments. NHx addition increased total nitrogen content and
decreased C:N ratio significantly in leaf tissue of both H. uninervis
and T. hemprichii (Fig. 1a, Table 1, P < 0.001). Effects of NHx treat-
ment were highly significant (Table 1). Multi-comparison post hoc
tests on NHx effect in all pH and light treatments for nitrogen con-
tent and C:N were significant in 10 out of 16 cases. These included
the pH 7.9 treatments for T. hemprichii, and the low light (LL)—pH
7.9 and pH 8.9 treatments for H. uninervis.

Between species, total nitrogen content was significantly higher
for T. hemprichii (Table 2) and ranged from 2.5 ± 0.07% (control)
to 3.5 ± 0.08% (100 !mol l−1 NHx – HL – pH 8.9 treatment). Total
N content in H. uninervis ranged from 2.0 ± 0.05% (control) to
3.0 ± 0.06% (100 !mol l−1 NHx – HL – pH 8.9 treatment). NHx addi-
tion had a stronger effect on H. uninervis than on T. hemprichii;
nitrogen contents increased with 39.9% (± 0.3) and 21.2% (± 0.2),
respectively, as compared to their respective controls (Table 2,
P < 0.001). There was, however, no effect of light availability and
pH on this nitrogen response in the NHx treatment for both
species. A doubling in free ammonia (NH3) levels in plant tissue
to 0.12 ± 0.02% was observed in one out of eight treatments for
T. hemprichii, namely 100 !mol NHx – HL – pH 8.9 (Fig. 1c). Free
ammonia levels were two times higher on average for T. hemprichii
than for H. uninervis.

Neither carbon nor phosphate contents were affected by any of
the treatments, nor did they differ between species (P < 0.05). Aver-
age carbon contents amounted to 33.16 ± 0.29% and 38.83 ± 0.2%
for H. uninervis and T. hemprichii, respectively, and phosphate con-
tents were 0.22% and 0.21% for T. hemprichii and H. uninervis,
respectively. When compared with literature values these nutri-
ent values are above the suggested levels of N- and P-limitation in
seagrass species (1.8% N and 0.2% P, Duarte, 1990).

3.2. Free amino acid content

H. uninervis took up two times more nitrogen than T. hemprichii
at 100 !mol NHx addition (Fig. 1a, Table 2, P < 0.001), and was the
only species that showed a significant increase of nitrogen in free
amino acids relative to total %N (Table 1).

There was a clear difference between species with respect to
the type of amino acid produced when metabolizing their excess
nitrogen. In H. uninervis the percentage of nitrogen stored in free
amino acids relative to total %N increased from 12.1 ± 1.6% in the
control to 19.8 ± 1.8% in the NHx-treatment, with asparagine being
the dominant free amino acid (Fig. 2a). In T. hemprichii, however,
this value was much lower (5.2 ± 0.5%) and had not increased
significantly in the NHx treatment as compared to the control. Pro-
portions of the three free amino acids glutamine, asparagine and
proline also differed between the NHx treatment and the control
(Table 1). Both species significantly increased the amount of nitro-
gen stored as glutamine (Table 1, Fig. 2b), but only H. uninervis
stored excess nitrogen as asparagine proportionately to the NHx
treatment (Table 1, Fig. 2c). In the control treatment, proline was
the dominant amino acid in both species (Fig. 2a). There was no
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Table 1
Results of the multi-factor ANOVAs on all relevant variables for Halodule uninervis and Thalassia hemprichii separately. For data that was not normally distributed, the type of
transformation is given. F values and significance levels are shown for all main effects and their interactions *0.01 ≤ P ≤ 0.05, **0.001 ≤ P ≤ 0.01, ***P < 0001, ns: not significant.

NHx pH L (light) L × NHx L × pH NHx × pH L × pH × NHx Transformation

Halodule uninervis
Leaf mortality (%) 0.0 ns 0.0 ns 0.1 ns 0.0 ns 0.0 ns 0.1 ns 0.1 ns
Photosynthetic efficiency (Fv Fm

−1) 0.1 ns 0.3 ns 74.5*** 1.7 ns 0.1 ns 0.5 ns 0.5 ns
Total N (%) 24.9*** 0.0 ns 0.0 ns 0.2 ns 2.1 ns 0.5 ns 0.0 ns
Total C (%) 0.5 ns 1.1 ns 3.7 ns 0.0 ns 0.8 ns 0.4 ns 0.2 ns
C:N (g:g) 43.3*** 0.1 ns 0.7 ns 0.3 ns 1.8 ns 1.6 ns 0.2 ns
Free NH3 (%) 18.9** 23.2 ns 7.2 ns 0.1 ns 6.8** 9.5* 0.0 ns
Free amino acid N of tot. N (%) 10.7** 2.7 ns 4.2 ns 0.2 ns 4.8 ns 5.1 ns 3.5 ns log (x)
Glutamine N of tot. amino acids N (%) 203.7*** 5.9 ns 5.0 ns 2.0 ns 2.2 ns 4.5 ns 2.4 ns
Asparagine N of tot. amino acids N (%) 103.4*** 0.1 ns 5.2 ns 3.4 ns 0.0 ns 0.0 ns 2.9 ns log (x)
Proline N of tot. amino acids N (%) 171.6*** 0.5 ns 0.6 ns 0.3 ns 0.2 ns 1.4 ns 0.4 ns log (x)
Pheline N of tot. amino acids N (%) 53.7*** 0.0 ns 0.1 ns 0.5 ns 0.5 ns 0.1 ns 1.0 ns
Thalassia hemprichii
Leaf mortality (%) 0.0 ns 0.1 ns 0.1 ns 0.1 ns 0.1 ns 0.0 ns 0.2 ns
Photosynthetic efficiency (Fv Fm

−1) 9.4** 20.8*** 125.7*** 2.0 ns 2.7 ns 2.4 ns 10.3**
Total N (%) 28.9*** 0.4 ns 10.7** 0.1 ns 1.7 ns 3.5 ns 1.4 ns
Total C (%) 0.0 ns 0.1 ns 4.2* 0.2 ns 0.0 ns 0.0 ns 0.0 ns
C:N (g:g) 45.6*** 2.1 ns 13.0** 1.8 ns 4.5 ns 8.1** 4.4*
Free NH3 (%) 11.2*** 3.3*** 14.1* 4.1* 1.8 ns 6.8*** 3.7 ns
Free amino acid N of tot. N (%) 0.7 ns 2.6 ns 1.4 ns 0.0 ns 0.0 ns 0.2 ns 0.1 ns log (x)
Glutamine N of tot. amino acids N (%) 139.3*** 3.6 ns 1.0 ns 0.3 ns 0.2 ns 0.6 ns 0.0 ns
Asparagine N of tot. amino acids N (%) 32.5*** 0.1 ns 0.1 ns 1.0 ns 0.9 ns 0.0 ns 1.8 ns log (x)
Proline N of tot. amino acids N (%) 10.4** 0.7 ns 1.2 ns 0.7 ns 0.9 ns 1.0 ns 0.8 ns log (x)
Pheline N of tot. amino acids N (%) 25.8*** 3.5 ns 0.2 ns 2.8 ns 0.0 ns 0.0 ns 2.7 ns

Fig. 2. Effects of two NHx concentrations (0 !mol l−1 vs. 100 !mol l−1) on Halodule uninervis and Thalassia hemprichii leaf tissue (mean ± SE), under pH 7.9 vs. 8.9 and higher
(HL) vs. lower light (LL): (a) free amino acid nitrogen relative to total nitrogen (N) content for all treatments, (b) glutamine (GLN) nitrogen relative to total nitrogen content
in free amino acids (FAA), and (c) asparagine (ASN) nitrogen relative to total nitrogen content in free amino acids; *0.01 ≤ P ≤ 0.05, **0.001 ≤ P ≤ 0.01, ***P < 0.001.
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significant effect of light availability and pH on the accumulation
of free amino acids in both species (Table 1). The responses of total
free amino acid content and asparagine content after NHx addition
were significantly different between both species (Table 2, Fig. 2c).

3.3. Leaf survival and photosynthesis

Surprisingly, none of the seagrass species showed any visual
signs of toxicity. Leaf survival of both T. hemprichii and H. unin-
ervis did not differ between treatments and averaged around 91
(± 0.9) and 90% (± 0.9), respectively (Table 3). No discoloration
of leaves was observed in either species. Both species showed a
slight increase in photosynthetic efficiency under low light (LL)
conditions (Table 1, Fig. 1b). Post-hoc tests showed that a signif-
icant decrease in photosynthetic efficiency (Fv Fm

−1) to 0.6 ± 0.04
was only observed in one out of eight treatments for T. hemprichii,
namely 100 !mol NHx – HL – pH 8.9 (P < 0.0001). It was noted that
in this particular treatment, also the free ammonia (NH3) was sig-
nificantly increased in comparison to all other treatments (Fig. 1c).

4. Discussion

Our study on the short-term effects of reduced nitrogen (NHx)
pulses, and their interactive effects with increased pH (mimick-
ing high production in dense shallow seagrass or algal stands) and
reduced light (mimicking high riverine sediment loads) showed
that while (1) nitrogen was taken up by both species, (2) leaf
mortality and photochemical efficiency were largely unaffected.
Furthermore, (3) effects of pH and light were not significant in
most cases in contrast to earlier studies in temperate seagrass
species (Van Katwijk et al., 1997; Van der Heide et al., 2008),
and (4) the early successional species Halodule uninervis was well
able to regulate its NHx levels through the synthesis of free amino
acids glutamine and asparagine in contrast to the late successional
species Thalassia hemprichii. The latter had lower nitrogen accu-
mulation rates and synthesized surplus nitrogen predominantly
into glutamine, but also showed significantly decreased photosyn-
thetic efficiency in the high light, high pH treatment. This coincided
with the accumulation of free ammonia, which indicates a higher
sensitivity to NHx pulses as compared to H. uninervis. These find-
ings are important, as anthropogenic pressure along tropical coasts
has recently increased dramatically (e.g. as a result of fertilizer
use, deforestation, shrimp farming; Green and Short, 2003). To our
knowledge, the present study is the first to address the effects of
NHx pulses on tropical seagrass plants, and to examine possible
interactions with pH and light, which are environmentally relevant.

4.1. Halodule uninervis

The relative amount of nitrogen stored as free amino acids in
H. uninervis was about two times higher in the NHx treatments
compared to controls, except for the low light–low pH treatment.
Storage of nitrogen in free amino acids is a well-known mechanism
to prevent ammonia (NH3) toxicity (Smolders et al., 1996; Udy and
Dennison, 1997; Britto and Kronzucker, 2002). The plant assimi-
lates ammonium (NH4

+) rapidly into free amino acids. Synthesis
of glutamine is the first essential step (Märschner, 1995), because
all other amino acids are synthesized from glutamine. H. uninervis
showed elevated glutamine, but also increased asparagine levels.
The latter compound was probably formed to prevent glutamine
accumulation. The substantial increase in free amino acids for H.
uninervis after only 5 days could, however, imply increasing toxicity
after long-term exposure to increased NHx.
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Table 3
Comparison of responses after addition of 100 !mol l−1 NHx for three seagrass species; Halodule uninervis, Thalassia hemprichii, Zostera marina. ±: no change, −: decrease, +:
increase, ++: strong increase, nm: not measured.

Leaf tissue
survival (%)

Photosynthetic
efficiency
(Fv Fm

−1)

N
accumulation

FAA increase
(%FAA-N of
total %N)

Increase
glutamine (%N
of FAA-N)

Increase
asparagine (%N
of FAA-N)

H. uninervis Tropical Early
successional

± ± ++ ++ ++ ++

T. hemprichii Tropical Late
successional

± − + + ++ +

Z. marinaa Temperate Intermediate − nm + + ++ +

a Van der Heide et al. (2008).

4.2. Thallasia hemprichii

In contrast to H. uninervis, T. hemprichii did not substantially
increase nitrogen stored in free amino acids after NHx addition.
This species increased absolute glutamine concentrations but did
not process glutamine further into other amino acids. Although
effects of light treatment and pH were not significant in most cases,
T. hemprichii showed a decreased photosynthetic efficiency and
accumulation of free NH3 in the high NHx – pH 8.9 – high light
treatment. A high light intensity generally results in higher pho-
tosynthetic rates, which has been found to increase NH3 toxicity
in several higher plants including seagrasses (Pulich, 1986; Britto
and Kronzucker, 2002; Guo et al., 2007; Brun et al., 2008). A possible
explanation could be an increase of intracellular NHx concentration
due to NH4

+ being released in the conversion of glycine to serine
during photorespiration (Pulich, 1986; Guo et al., 2007). A second
explanation could be that increased photosynthesis at high light
would lead to even higher pH at the leafs boundary layer due to
enhanced OH− efflux related to HCO3

− uptake (Beer et al., 2002),
an idea that is supported by our observation of white CaCO3 or
MgCO3 precipitation on some of the leaf surfaces during the exper-
iments. A higher pH pushes the equilibrium between NH4

+ and NH3
towards the more toxic NH3 (Johansson and Wedborg, 1980). At
high concentrations, NH3 can diffuse rapidly across the outer mem-
branes of chloroplasts (Heber et al., 1974; Britto and Kronzucker,
2002), where it may cause uncoupling of photophosphorylation
(Märschner, 1995). As a result, photosynthetic efficiency is reduced,
which negatively affects amino acid synthesis and NHx detoxifica-
tion.

Finally, it should be noted that the observed decreased pho-
tosynthetic efficiency did not suggest lethal effects because it
dropped by only 20% (from 0.76 to 0.61 Fv Fm

−1). A field study on
T. hemprichii (Lan et al., 2005) described photosynthetic recovery
even from a value of 0.45 Fv Fm

−1 after 1.5 h of air exposure. This
indicates that the photosynthetic performance of this species can
be expected to be resilient to a five-day exposure to high NHx. How-
ever, a longer term exposure to NHx, particularly at high pH can be
expected to result in toxicity due to decreased photosynthetic per-
formance and the accumulation of free NH3 (Smolders et al., 1996;
Britto and Kronzucker, 2002; Van der Heide et al., 2008).

4.3. Differential sensitivities among seagrass species

Although total nitrogen content were found to increase in both
species, only H. uninervis showed increased nitrogen assimilation
into free amino acids in the NHx treatments. The relative con-
tributions of different free amino acids to NHx detoxification are
strikingly different among species. T. hemprichii (this study), Zostera
capricorna (Udy and Dennison, 1997) and Z. marina (Van der Heide
et al., 2008) showed only glutamine accumulation and therefore
seem to be unable to process NH4

+ further into other amino acids.
H. uninervis, in contrast, seemed better equipped to regulate its
NHx levels further through the glutamate synthase-glutamine syn-

thetase route assimilating glutamine into asparagine. This suggests
that the latter species seems better able to avoid internal NHx tox-
icity by the synthesis of N-rich amino acids. This hypothesis is
supported by the fact that reduced photosynthetic performance of
T. hemprichii was already detectable after five days, in contrast to
H. uninervis, which implies that T. hemprichii is more vulnerable to
NHx pulses.

4.4. Ecological implications

We speculate here that differences in growth strategies could
explain the differences in nitrogen uptake and metabolism. H. unin-
ervis is an early successional species that is characterized by a
higher production, and thus a higher nutrient metabolism than late
successional species such as T. hemprichii (Fourqurean et al., 1995;
Uku et al., 2005), therefore possibly allowing the former species
to colonize disturbed areas more successfully compared to late
successional species.

The moderate toxicity effects found for both tropical species are
in strong contrast to earlier findings on the effect of high NHx con-
centrations on temperate seagrass species Z. marina tested in an
equal setup (Van der Heide et al., 2008), and other studies on Z.
marina and Z. noltii (Van Katwijk et al., 1997, 1999; Brun et al., 2002,
2008). Where Z. marina showed tissue damage and high leaf mortal-
ity, the two tropical species did not show any visual signs of toxicity.
T. hemprichii only decreased its photosynthetic efficiency under
high pH and light, and H. uninervis effectively detoxified high NHx
inputs by the synthesis of free amino acids. This could suggest that
tropical species might be able to cope better with high NHx loads
than temperate species, although a greater range of species from
both climate regions, spanning the range of successional stages,
should still be tested.
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