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ABSTRACT: The present study assessed the effect of seawater ammonium enrichment on survival
and growth of the seagrass Zostera noltii Hornem. Ammonium enrichment had an inhibitory effect
on shoot, rhizome and root elongation rates, as well as on primary production. The inhibitory effect
was partially alleviated by phosphate addition. The frequency of ammonium pulses also affected
growth negatively, with a maximum effect at both low and high pulse frequencies. Similar results
were obtained when the experiment was run in the field during a winter trial. However, when the
field experiment was repeated in spring at higher mean temperature and irradiance levels, opposite
results were obtained, with ammonium enrichment causing a substantial increase in growth rates
and productivity. These responses were related to the internal balance of non-structural carbo-
hydrates (especially sucrose) with respect to C and N cell metabolism. Thus, there was a mobilisation
of sucrose in both above- and belowground tissues to meet C increased demands arising from am-
monium assimilation in winter, with sucrose concentrations reaching critical levels in relation to the
total internal C pool. In contrast, sucrose accumulated in the tissues when ammonium pulses were
applied in spring, indicating an enhanced C turnover that was able to meet the increased demands
arising from ammonium assimilation into organic N compounds.
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INTRODUCTION

In coastal and estuarine waters worldwide, sea-
grasses are declining as a result of natural and human-
induced disturbances (Short & Wyllie-Echevarria
1996), including eutrophication (Short et al. 1995).
The increase in nutrient content in coastal waters
has led to the proliferation of masses of green algae
(Hernéndez et al. 1997, Valiela et al. 1997), heavy epi-
phyte loads (Neckles et al. 1993), and a decrease in the
underlying seagrasses (Valiela et al. 1997, Mann 2000).
Increased nitrogen loading has often been pointed
out as one of the main causes that lead to the decline
of seagrass populations (van Katwijk et al. 1997,
Touchette & Burkholder 2000a). An increase in nitro-

*E-mail: fernando.brun@uca.es

© Inter-Research 2002 - www.int-res.com

gen loading can reduce seagrass productivity by stim-
ulating competition for available light due to the out-
break of fast-growing algae (e.g. phytoplankton, epi-
phytic algae or various species of free-floating algae)
(Williams & Ruckelshaus 1993), which may result in
substantial seagrass losses (Short et al. 1995, Valiela et
al. 1997). In addition, mesocosm experiments have
shown direct nitrate (Burkholder et al. 1992) and
ammonium toxicity (van Katwijk et al. 1997) in Zostera
marina L. This species takes up inorganic nitrogen
through the leaves and roots (Short & McRoy 1984, Ris-
gaard-Petersen et al. 1998) and ammonium usually
seems to be a more important source of nitrogen than
nitrate (Zimmerman et al. 1987).

The harmful effect of ammonium on seagrasses has
only been tested in Zostera marina (van Katwijk et al.
1997), in which the ammonium toxicity seems to be
strongest when irradiance is low but temperature is
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high. Physiologically, the main toxic effect of ammo-
nium is thought to lie in the uncoupling of ATP synthe-
sis from photosynthetic electron transport (Marschner
1995).

Along the southern coast of Spain, marked declines
in Zostera noltii populations have been reported
(Carreira et al. 1995, Hernandez et al. 1997). These
declines have mainly been attributed to increasing
eutrophication. In some coastal zones of this area, such
as the Palmones river estuary, ammonium pulses with
concentrations up to 200 pM have been measured at
low tide, and concentrations are overall high enough to
suggest no nitrogen limitation (Herndndez et al. 1997).

The aim of this work was to assess the toxicity of
ammonium in Zostera noltii. We tested the effect of
periodic ammonium and/or phosphate addition, as
well as the effect of ammonium pulses of different
frequency, under both laboratory and field conditions.
The effect of ammonium enrichment was examined
by monitoring the dynamic response of the plant, i.e.
growth rates, production of both above- and below-
ground tissues, plastochron interval and leaf-loss time.
Also, the elemental C:N:P composition, and non-struc-
tural carbohydrates (sucrose and starch) were exam-
ined to analyse the response to ammonium enrich-
ment.
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Fig. 1. Sampling and field experimental site in Los Torunos, a salt marsh in the

Cadiz Bay Natural Park

MATERIALS AND METHODS

Sampling site and plant collection. Plants of Zostera
noltii were collected in winter (1998/99) and spring
(1999) from intertidal muddy beds at Los Torunos, a
salt-marsh ecosystem of 773 ha situated in the Cadiz
Bay Natural Park (Fig. 1). The area is surrounded by a
spit, 12 km in length and with a maximum depth of
4 m. The system can be considered as meso-eutrophic,
with nutrient concentrations in the sampling site vary-
ing broadly throughout the year and as a function of
tidal state. Maximum nutrient concentrations usually
occur in winter, with values up to 1.4 pM NO,~, 12 uM
NO;s~, 25 pM NH,* and 1.5 uM PO,*" (Gonzélez-
Gordillo 1999, Tovar et al. 2000). (For further informa-
tion on physical and chemical variables at the sam-
pling site see Tovar et al. 2000).

Apical shoots (those exhibiting the apical dominance
of a large, branched plant) of Zostera noltii were
selected from the field. Immediately after collection,
the shoots were transported to the laboratory (10 min
from the sampling site) in an ice-chest. Upon arrival,
and before experimental set up, they were rinsed in
seawater and visible epiphytes were removed by gen-
tle scraping. Shoot length was measured and marked
at 1 cm above the bundle sheath to estimate growth
rates by the punching method (Zieman
1974 as modified by Peralta et al.
2000a). The plants were then allocated
to the respective experimental set up
(see next subsection), where they
remained overnight at 15°C. The
experiments started the following day.

Laboratory experiments. For stan-
dardisation, 4 winter plants consisting
of 1 apical shoot (4 to 5 leaves) with 2
rhizome internodes, and correspond-
ing roots were ftransplanted in an
agar-solidified substratum in a glass
crystallyzer (Peralta et al. 2000b). The
substratum consisted of an agar-solidi-
fied root-rhizome layer (2 % agar w/v).
Unenriched artificial seawater (marine
culture medium without nitrate and
phosphate; Woelkerling et al. 1983)
was used as a solvent. The crystallyzer
with the plants was placed in a
methacrylate jar (900 ml) filled with
filtered (Whatman GF/C) natural sea-
water. This water had previously con-
tained healthy Ulva spp. thalli for 3 d
to decrease the nutrient concentration.
The the jars were then placed in a
401 aquarium filled with distilled water
and connected to a temperature-
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controlled (18.5°C) thermostatic bath by a closed
circuit. Light was supplied on a 12:12 light:dark cycle;
cool fluorescent lights (Phillips TL20W/54RS) provided
about 210 pmol photons m™2 s~! at the base of the plants,
as measured by a LI-193SA spherical quantum sensor.

The first experiment was designed to study the effect
of an increased nutrient loading on the growth of
Zostera noltii. The experiment consisted of 4 different
treatments: +P (seawater enriched with 1 pM PO,%7),
+N (seawater enriched with 16 pM NH,*), +N +P (both
nutrients added), and a control without nutrient en-
richment. Jars (n = 2) were randomly placed in the
aquarium. Each jar was replenished every 2 d from its
own stock container. The jars were gently air bubbled
to ensure complete mixing. After 16 d culture, the
plants were harvested for plant analyses (see 'Plant
analysis' below).

Once the ammonium toxic effect had been estab-
lished, another experiment was performed to assess
the effect of different pulses (frequencies) of ammo-
nium addition on the survival and growth rates of
Zostera noltii. The experimental set up was similar to
that described above, except for nutrient enrichment.
In this case a final dose of ammonium (200 pM) was
added to all the jars. Four treatments were run in
duplicate: 1 pulse (seawater enriched with 200 pM
NH,* at the beginning of the experiment), 2 pulses of
100 pM NH,* (Days 0 and 8), 4 pulses of 50 pM NH,*
(Days 0, 4, 8 and 12), and 8 pulses of 25 ptM
NH,*, (1 every 2 d). In each case, 0.5 pM phos-
phate was added to the jars every 2 d to pre-
vent phosphorus limitation. Four apical shoots
were cultured per jar. After 16 d culture, the
plants were removed and measured (see ‘Plant
analysis’ below).

Field experiments. On 2 occasions, winter
(December 1998) and spring (April 1999),
additional experiments were carried out to
study the effect of ammonium pulses on the
survival and growth rates of Zostera noltii in
the field, to complement the results obtained
in the laboratory. We manipulated the ammo-
nium supply to a selected intertidal plot in Los
Torunos by fertilising an experimental Z. noltii
bed, as in previous field enrichment designs
(see Foreman et al. 1995, Pedersen & Borum
1996). The selected experimental bed (150 m?)
was in a shallow intertidal lagoon (30 cm
depth at low tide), where the water flow was
low at high tide. The tide is semidiurnal, with
a mean range of 2.5 m (Gémez-Parra 1978),
although unpredictable fluctuations in water
level can be caused by the wind. The experi-
mental design is shown in Fig. 2. Fourteen
uncapped Eppendorf® vials (1.5 ml) were filled

with a 5 M NH,* agar-solidified solution, and a small
hole was made at the bottom to allow ammonium dif-
fusion. The vial was then hermetically seated in a 5 ml
plastic bottle filled with the enriched agar-solidified
solution. Finally, the plastic bottle was capped. A hole
was also punched into this cap to allow gentle diffusion
of the ammonium into the experimental Z. noltii plot,
with the Eppendorf® vial operating inside as an addi-
tional ammonium reservoir. The suitability of this
design (i.e. ammonium diffusion into seawater) had
previously been tested in the laboratory. In the field,
the ammonium containers (Eppendorf® vial plus plas-
tic bottle) were placed in a plastic net surrounding the
crystallyzer and the plants. Five apical shoots were
placed in the agar-solidified substratum as above. The
crystallyzer with the plants was placed on the sedi-
ment, and the ammonium containers were gently
pushed into the sediment. Finally, a methacrylate core
(16 cm in diameter, 7 cm high) was placed around the
whole unit to promote high ammonium conditions
around the plants and encourage vertical diffusion of
the nutrient. As in the laboratory experiment, the same
ammonium dose (14 containers of 5 M NH,*) was
applied at different frequencies: 1 pulse (14 containers
added at the beginning of the experiment); 2 pulses
(7 containers at Days 0 and 8); 4 pulses (4 containers at
Days 0 and 8, and 3 containers at Days 4 and 12);
7 pulses (2 containers, at Days 0, 3, 5, 8, 10, 12 and 14);

Fig. 2. Experimental design to simulate different pulses of ammonium
amendment in the field. The same ammonium dose (14 containers of
5 M NH,*) was added at different frequencies during the experiment
to mimic pulses of the nutrient enrichment. a: capped plastic bottle,
filled with ammonium agar-solidified solution and containing an
Eppendorf® vial; b: methacrylate core enabling high ammonium
conditions and encouraging vertical diffusion around the plants (n =
4 to 5); c: glass crystallyzer with apical shoots transplanted in agar-

solidified substratum
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and a control (no ammonium enrichment). A total dose
of 0.35 mol ammonium was applied during the experi-
ment. The different treatments were placed apart and
uniformly to assure no interference between them.
Each treatment was run in duplicate. After 16 d under
these conditions, the plants were removed and mea-
sured (see next subsection).

Plant analysis. After each experiment, the plants
were harvested and those parts that had grown since
marking were separated from those present at the time
of marking to estimate shoot- (cm d~! plant™!), rhizome-
(cm d! plant™!) and root-elongation rates (cm d!
plant™!). The plastochron interval (time between the
formation of 2 consecutive leaves from the same meri-
stem) and the leaf-loss time (time elapsed before the
oldest leaf was lost) were calculated by the punched
holes method, as modified by Peralta et al. (2000a).
Shoot losses (i.e. those found floating free in the jars
during the experiments) were expressed as cm d!
plant™!. Any new tissue produced (leaves, rhizomes or
roots) was dried at 60°C for 24 h to estimate dry weight.
Primary production was expressed as mg dry wt
plant™! d-!. The tissue nutrient concentration was mea-
sured in pooled samples of ground dry tissue (above-
and belowground parts). The initial and final concen-
trations of internal P were quantified by the per-
sulphate digestion method (APHA 1992). Other sub-
samples of tissue were used to determine C and N
concentrations, using a CHN elemental analyser
(Perkin-Elmer 240 C). Non-structural carbohydrates
(sucrose and starch) were measured following
Alcoverro et al. (1999).

Biostatistical analyses. Differences between treat-
ments were tested by a hierarchical (nested) analysis
of variance (ANOVA). The levels of variability were
the jars in every treatment (n = 2) and the plants within
each jar (n = 4 to 5). The experimental units (jars) did
not differ significantly during each treatment. Homo-
geneity of variances had been previously tested (Zar
1984), and multiple post-hoc comparisons between
means were assessed by the Tukey procedure (Zar
1984). In all cases, the significance level was set at 5%
probability.

RESULTS
Plant response

Ammonium, and to a much less extent phosphate,
addition significantly influenced Zostera noltii Hornem
growth. Plants enriched exclusively with ammonium
showed significantly lower shoot-, rhizome- and root-
elongation rates than the control (Fig. 3). However,
phosphate addition, even together with ammonium

enrichment, affected only the root-elongation rate sig-
nificantly (Fig. 3C), with no effect on shoot- or rhi-
zome-elongation rates. Leaf-loss rate was also signifi-
cantly influenced by ammonium alone (Fig. 3A), while
phosphorus enrichment had no significant effect.

As a result, primary production of Zostera noltii was
also affected by ammonium addition (Fig. 4). Plants
enriched with ammonium alone showed the lowest
total production (1.6 mg dry wt plant™' d™!; above- and
belowground tissues). This negative effect was par-
tially alleviated (although production was still signifi-
cantly lower than control values) in the cultures receiv-
ing both P and N. No significant effect was observed
when cultures were enriched with phosphate alone.
The major effect of ammonium addition was on root
production, which ceased almost completely, followed
by rhizome production; leaf production was less
affected. Ammonium enrichment also significantly
increased the plastochron interval and decreased the
leaf-loss time (Fig. 4B). Neither effect was observed
in the cultures receiving phosphate, either alone or
combined with ammonium.

The toxic effect of ammonium was further investi-
gated with different frequencies (pulses) of enrich-
ment. When all the ammonium had been added at the
beginning (1 pulse) or was evenly spread throughout
the experiment (8 pulses), the negative effect was most
evident (Fig. 5). Shoot-elongation rate was not affected
significantly by 2 or 4 pulses of ammonium (Fig. 5A).
The lowest shoot-elongation rate (0.5 cm d! plant™?)
was recorded when high ammonium conditions were
constant throughout cultivation (8 pulses of 25 nM).
The toxic effect of ammonium enrichment was evident
in leaf-loss rates, which were always affected signifi-
cantly (Fig. 5A). These rates were similar to those
observed after 16 pM NH,* enrichment (see above
experiment). Similarly, rhizome- and root-elongation
rates were significantly lower than the control
(Fig. 5B,C). The lowest toxic effect was observed with
2 ammonium pulses of 100 pM. Again, elongation rates
of above- and belowground tissues under different
pulses were similar to those observed previously when
plants were enriched with ammonium, either alone or
with phosphate.

The toxic effect was also evident in the significantly
lower production (above- and belowground tissues) of
Zostera noltii with ammonium pulses compared to the
control. The lowest effect was recorded for 2 pulses of
100 pM (Fig. 6A). Ammonium toxicity induces a larger
plastochrone interval (Fig. 6B), especially after a high
initial pulse of 200 pM and in cultures with a more
constant, chronic ammonium enrichment (8 pulses).
Ammonium enrichment also decreased leaf-loss time
significantly in all treatments, down to values half
those of control plants (Fig. 6B).
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Fig. 3. Zostera noltii. Effect of ammonium and phosphate
enrichment on elongation rates of (A) shoots, (B) rhizomes
and (C) roots in the laboratory. Shaded bars in (A) represent
gross growth rates and open bars leaf-loss rates; numbers
within the graph denote net growth rates. Different letters
above bars indicate significant differences (p < 0.05) among
means. Data are means of 6 to 8 separate plants; bars
represent SE

The results obtained in the laboratory experiments
were corroborated in the field. In the winter trial,
ammonium enrichment had a significantly toxic effect
on shoot-elongation and leaf-loss rates (Fig. 7A), and
thus on gross production. In addition, toxicity was
evident with a high ammonium dose (1 pulse) or with
frequent ammonium addition (7 pulses). Unfortun-
ately, the cultivation period was not long enough to

give accurate estimates of rhizome- or root-elonga-
tion rates. Toxicity was shown more clearly in the
leaf-loss rates, which were always significantly
greater than the control. As in the laboratory, ammo-
nium enrichment in the field significantly increased
the plastochron interval when 1 or 7 pulses were
applied (Fig. 7B). In these 2 treatments, significantly
shorter leaf-loss times were observed compared to
the control.

However, this pattern was different when the field
experiment was repeated in spring, with higher mean
temperatures and irradiance levels. Here, ammonium
enrichment caused a significant increase in shoot-,
rhizome- or root-elongation rates, especially with 1
and 2 ammonium pulses (Fig. 8), suggesting a stimu-
lating rather than a toxic effect. No significant differ-
ences were found in leaf-loss rates between the control
and any ammonium-enrichment treatment. As a result
total primary production increased significantly with
ammonium enrichment (Fig. 9A). The ammonium
pulses also significantly decreased the plastochron
interval and increased the leaf-loss time compared to
the control (Fig. 9B).
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ground tissues in the laboratory, and (B) plastochron inter-
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Fig. 3. Data are means of 6 to 8 separate plants; bars
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enrichment with different pulses of a similar final dose

(200 pM) in the laboratory on elongation rates of (A) shoots,

(B) rhizomes and (C) roots. Ammonium pulses were applied

as 1 pulse (1 x 200 pM), 2 pulses (2 x 100 pM), 4 pulses (4 x

50 pM) and 8 pulses (8 x 25 nM). Further details as in Fig. 3
legend

Internal composition

The internal C:N:P composition and the non-struc-
tural carbohydrate content were affected by nutrient
enrichment. Data on internal composition in response
to different nutrient combinations (N and P) are
shown in Table 1. Internal N content decreased from
initial values in all treatments. However, ammonium
enrichment resulted in a higher N content compared
to the other treatments. Thus, C:N ratios increased in

the control and all treatments. The N:P ratios
decreased in aboveground tissues, except with ammo-
nium addition. Within the non-structural carbohy-
drates, starch content was approximately 1 order of
magnitude lower than sucrose content, and did not
show a clear response to nutrient addition. In contrast,
sucrose was strongly affected by nutrient regimes.
There was a strong decline in sucrose content in
response to ammonium addition in aboveground and,
especially, belowground tissues. In contrast, sucrose
accumulated in both these tissues in the control. With
P enrichment, sucrose accumulated in leaves, but
decreased in belowground tissues, whereas it showed
no great variation with the combined N and P enrich-
ment. The proportion of sucrose-C within the C pool
was strongly influenced by nutrient regime, reaching
its lowest values with ammonium addition (11.4 % in
above- and 8.3% in belowground tissues) compared
to 24.4 and 31.9%, respectively, for control tissues
with no nutrient supply. In the other treatments, this C
mobilisation was not as strong as with ammonium
enrichment.
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Fig. 6. Zostera noltii. Effect of the frequency of ammonium
enrichment with different pulses of a similar final dose
(200 pM) in the laboratory on (A) primary production of
above- and belowground tissues; (B) plastochron interval (PI)
and leaf-loss time (LT). Ammonium pulses were added as
described for Fig. 5. Letters above bars as in Fig. 3. Data are
means of 6-8 separate plants; bars represent SE
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The data on internal composition for the pulse ex-
periments carried out in the laboratory (using winter
plants) and in the field (spring; April 1999) are shown
in Table 2. Unfortunately, there are no data from the
winter fiels trial, because of the low plant biomass
recovered from the field. In the laboratory experiment,
ammonium pulses induced a slight increase in internal
N in both above- and belowground tissues. As a result,
C:N ratios remained low and the N:P ratio unchanged.
Among the non-structural carbohydrates, sucrose con-
tent decreased as a result of ammonium addition, as in
the previous experiment (Table 1), while starch was
little affected, even increasing in concentration. As a
result of sucrose mobilisation, sucrose-C was at a very
low, critical level in relation to total C pool (4.2% in
above- and 9.3 % in belowground tissues).

In the spring trial, the internal composition re-
sponded differently. The high growth rates measured
in the field (in both the above- and belowground tis-
sues) with ammonium enrichment resulted in a dilu-
tion effect, whereby the tissue N content of the plants
decreased to values similar to those of the control. The
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Fig. 7. Zostera noltii. Effect of the frequency of ammonium

enrichment (winter trial) with different ammonium pulses

added in the field on (A) gross growth rates (shaded bars) and

leaf-loss rates (open bars) (numbers inside graph denote net

growth rates); and (B) plastochron interval (PI) and leaf-loss

time (LT). Letters above bars as in Fig. 3. Data are means of
8 to 10 separate plants; bars represent SE
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added in the field on elongation rates of (A) shoots, (B) rhi-
zomes and (C) roots. Further details as in Fig. 3 legend

lower tissue N content following ammonium enrich-
ment resulted in slightly higher C:N ratios, as the C
content of the plants was not influenced by ammonium
additions (data not shown). On the other hand, both
above- and belowground tissues exhibited greater loss
of tissue P than of tissue N (data not shown). As a
result, tissue N:P increased with ammonium enrich-
ment. Among the non-structural carbohydrates, starch
was little affected by ammonium addition; sucrose was
not mobilised, but accumulated in above- and below-
ground tissues, reaching concentrations higher than
those in the control without ammonium supply. Thus,
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sucrose-C represented a higher proportion of the total
C pool than in the previous experiments (16.7% in
above- and 20 % in belowground tissues).

Table 1. Zostera noltii. Internal N content, C:N and N:P atomic ratios, sucrose,
starch content, and sucrose:C ratio in the laboratory experiment using different

nutrient enrichments

DISCUSSION

The results show that ammonium has an inhibitory
effect on growth and survival of the seagrass Zostera
noltii. In a recent review of nitrogen and phosphorus
metabolism in seagrasses, Touchette & Burkholder
(2000a) reported a variety of seagrass responses to
nutrient enrichment. One response was a negative
physiological response and inhibition of growth as a
result of nitrogen enrichment. Although it is well
established that eutrophication stimulates algal over-
growth, causing light reduction and decline in sea-
grass biomass (Valiela et al. 1997), both nitrate (Burk-
holder et al. 1992, 1994) and ammonium (van Katwijk
et al. 1997) can also have a direct inhibitory effect on
Zostera marina. While the nitrate effect is thought to
arise from internal C limitation, ammonium toxicity is
thought to be a consequence of the uncoupling of ATP
synthesis during photosynthesis (Touchette & Burk-
holder 2000a).

Toxicity of ammonium depended on the time of year.
Whereas a toxic effect was found in winter, in both the
laboratory and the field, growth rates and primary pro-
duction were both enhanced in spring during the field
experiments. The main variable involved in this differ-
ential response seems to be sucrose, which is the main
storage carbohydrate in most seagrasses (Pirc 1989,
Touchette & Burkholder 2000b). While there was a
drop in sucrose content down to very low, critical lev-
els in response to ammonium enrichment in winter,
this metabolite was not mobilised, but was instead
accumulated in the tissues in spring. Fig. 10 presents
the primary production (as % of control without nutri-
ent addition) as a function of the degree of sucrose
mobilisation (negative values, %) or accumulation
(positive values, %) in above- and belowground
tissues. Several trends are apparent:
(1) repression of growth as a result
of nutrient addition was always ac-
companied by sucrose mobilisation,
whereas sucrose accumulation oc-

curred in controls with no nutrient

N C:N N:P Sucrose Starch
(%DW) (mg g~' DW) (mg g~' DW)

Aboveground tissues
Initial 3.34 12.2 404 108.0 3.83
Control 1.51 22.5 33.9 168.7 4.34
+N 2.17 16.4 42.7 82.7 5.07
+P 1.44 234 33.0 220.1 4.83
+N+P 1.78 19.5 37.6 122.7 6.30
Belowground tissues
Initial 2.02 15.0 13.8 205.8 10.96
Control 0.71 48.8 14.8 224.8 11.84
+N 1.70 20.4 20.3 58.3 8.65
+P 0.74 42.2 30.2 84.6 8.49
+N+P 0.95 36.2 19.6 180.6 9.81

Sucrose:C

(% C) addition. (2) Spring patterns differed
from winter patterns in that spring
growth was stimulated by ammonium

13.1 enrichment, and there was an accu-

24.4 . .

114 mulation of sucrose in aboveground

32.0 tissues whereas, despite increased

17.3 growth, sucrose levels remained fairly
constant in belowground tissues. Sim-

33.2 ilar results were recorded for Zostera
3;2 noltii overgrown by Ulva spp. mats

13.3 (triangles in Fig. 10, from Brun 1999):
258 here too, repression of growth was
accompanied by sucrose mobilisation.
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Table 2. Zostera noltii. Internal N content, C:N, and N:P atomic ratios, sucrose, starch content, and sucrose:C ratio in the
laboratory experiment and in the spring trial using different ammonium pulses

N C:N N:P Sucrose Starch Sucrose:C

(%DW) (mgg'DW)  (mgg'DW) (% C)
Laboratory experiment (winter)
Aboveground tissues
Initial 3.45 12.3 63.9 63.1 4.08 7.3
NH,* pulses (mean) 3.60 12.0 55.2 30.8 5.06 4.2
Belowground tissues
Initial 1.55 23.8 19.2 99.4 3.81 13.2
NH,* pulses (mean) 2.20 15.3 24.7 62.4 5.87 9.3
Field experiment (spring trial)
Aboveground tissues
Initial 3.46 12.2 16.2 53.9 1.83 6.3
Control 2.56 14.2 26.8 73.9 3.90 10.0
NH,* pulses (mean) 2.50 15.6 32.9 132.0 4.29 16.7
Belowground tissues
Initial 1.75 20.5 10.2 132.3 8.18 18.1
Control 1.43 22.8 12.6 95.3 5.18 14.4
NH,* pulses (mean) 1.41 254 18.9 145.3 7.12 20.0

On a seasonal basis, sucrose content was minimal in
winter and spring (accompanied by Ulva spp. over-
growth) and maximal in summer and autumn, correlat-
ing fairly well with in situ growth and primary produc-
tion (Brun et al. unpubl. data). The present results and
those of Brun et al. suggest N-induced internal C limi-
tation in winter, as already described for microalgae

(Turpin 1991), macroalgae (Vergara et al. 1995,
1997), and seagrasses (Touchette & Burkholder
2000a). In spring, with higher light and tem-
perature levels, the photosynthetic C flux is
higher, and seems sufficient to meet increased
internal C demands arising from N assimila-
tion, thus alleviating the toxic effect. The ratio
sucrose:C is indicative of carbon partitioning
between different metabolic pathways (e.g.
Vergara et al. 1995). The sucrose:C ratio
reached lowest levels when the toxic effect was
highest. In such cases, the major inhibitory
effect was on root and rhizome production,
indicating the lack of belowground C reserves
to sustain growth of meristematic tissues in
this species.

In regard to phosphate addition, this nutrient
did not cause a significant reduction in growth.
In addition to lacking a negative effect, phos-
phate alleviated ammonium toxicity. Phospho-
rus limitation can depress photosynthesis, as
the P limitation can affect the rate of synthesis
and regeneration of substrates in the Calvin-
Benson cycle (Dietz & Foyer 1986, Woodrow &
Berry 1988). In addition, phosphorus is impor-
tant in metabolic energy transfer (Stitt 1997).

Primary production (% control)

Thus, when C turnover increases as a result of N
assimilation, phosphorus demands would be expected
to increase also (Touchette & Burkholder 1999). One
interesting result that deserves future investigation is
the accumulation of sucrose in leaves accompanied by
its mobilisation in belowground tissues after phosphate
addition. This resulted in more sucrose in the leaves

350

300+

250+

spring
200

150+

100+

T T T T T
-50 0 50 100 150 200
Sucrose mobilisation or accumulation (%)

250

Fig. 10. Zostera noltii. Primary production (% of control without
nutrient addition) as a function of the degree of mobilisation
(negative values) or accumulation (positive values) of sucrose in
above- (open symbols) and belowground tissues (solid symbols).
The degree of sucrose mobilisation/accumulation was calculated
as the difference between final and initial concentrations divided
by the initial content. (0,@) All data from the experiments
described in this study; encircled data points correspond to the
spring experiment; (A,A) shading experiment with Ulva spp. mats
(from Brun 1999)
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than in the rhizomes, which is unusual (Touchette &
Burkholder 2000b). Most photosynthetic products are
exported from the chloroplast as triose phosphates in
exchange for inorganic phosphate (Lambers et al.
1999). Thus, increased availability of phosphate will
enhance the export of carbohydrates. In our study,
phosphate addition seemed to enhance the transport
of sucrose from below- to aboveground tissues.

Ammonium toxicity was affected by the frequency of
the ammonium pulses in both the laboratory and the
field. The major inhibitory effect was observed at low
(1 pulse of high magnitude) and high frequencies
(8 pulses of low magnitude), with a lower toxic effect at
intermediate frequencies (2 and 4 pulses). It seems that
continuous exposure to ammonium negatively affected
growth through a continuous supply of nitrogen that
increased carbon demands and thus drained the
carbon pool. Ammonium transport has an important
passive component, which is not regulated (Touchette
& Burkholder 2000a), and this ammonium must be
assimilated into amino acids to avoid negative effects
on photosynthesis. Thus, a continuous ammonium-
induced stress (pulse every 2 d) has a stronger effect
than more widely spaced pulses. At the other extreme,
an initial high dose of ammonium can exceed the
capacity of the seagrass to assimilate nitrogen into
carbon skeletons, causing a high transitory drop in
carbon (Turpin 1991), which may enhance the negative
effect of ammonium on photosynthesis. This depen-
dence on pulse frequency merits closer examination in
the future.

In our study, ammonium was supplied to the leaves,
while a high proportion of sucrose reserves were
allocated to belowground tissues. Rhizomes and roots
were anchored to an agar-solidified substratum, which
obviously lacked nutrients. Thus, when ammonium
was added, C transport from roots and rhizomes to the
leaves was necessary, and/or nutrients had to be trans-
ported from the leaves to belowground tissues. Data on
internal composition indicated a higher belowground
N content and a lower belowground sucrose content
than in the control in response to ammonium enrich-
ment (Tables 1 & 2). Moreover, the decrease in below-
ground tissue N in plants with no ammonium enrich-
ment (Table 1) suggests an important contribution of
belowground tissues to support the total N demand,
since these plants grew in an unenriched substratum.

In conclusion, ammonium has a toxic effect on
survival and growth of Zostera noltii depending on the
internal C balance (photosynthesis and sucrose
reserves) to sustain N assimilation. Phosphate allevi-
ates this toxicity which, depending on the frequency
(low or high) of ammonium addition, can be chronic
(frequent, low magnitude) or acute (infrequent, high
magnitude).
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