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Abstract

The seasonal cycle of biomass and tissue composition of Ulva rigida C. Agardh, in relation to
nitrogen availability in the water column, was studied in 1991—-1992 in the Sacca di Goro, a highly
eutrophic lagoon in the Po River Delta (Italy). Nitrate uptake rates and storage capacity were also
determined in laboratory experiments. The seasonal growth of U. rigida was related to the seasonal
trend of nitrogen concentration in the water column. U. rigida biomass increased exponentially
during spring and attained peaks of about 300—400 g dry mass (DM) m ~ 2 in June. As biomass
increased, U. rigida depleted nitrate in the water column. Thallus nitrate reserves also declined from
100 pmol N (g DM) ~ ' to almost undetectable levels, and total thallus nitrogen declined from 4% to
2.5% DM and 1.25% DM in 1991 and 1992, respectively. During summer, U. rigida decomposition
increased, and organic nitrogen concentrations in the water column increased. The uptake
experiments demonstrated an inverse relationship between thallus nitrate content and nitrate uptake
rates. A modified Michaelis—Menten equation that accounts for thallus nitrate fit the uptake data
well. U. rigida can accumulate up to about 400—500 pmol nitrate (g DM) ~ ' in cellular reserves. U.
rigida in the Sacca di Goro has higher K, and lower V,,.,/K, ratios for nitrate uptake than other
chlorophycean species, indicating a low efficiency of uptake at low nitrate concentrations. This low
uptake efficiency, and the ability to exploit N availability by storing cellular nitrate pools in excess of
immediate growth needs, may represent a physiological response to an eutrophic environment where
nitrate is in large supply for most of the year. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In many temperate coastal systems, the anthropogenic increase in nutrients, especially
nitrogen (N), has led to periodic and massive blooms of ephemeral seaweeds such as
Ulva, Cladophora, Enteromorpha and Chaetomorpha. These seaweeds often replace the
original rooted phanerogam and perennial seaweed communities (Duarte, 1995; Borum
and Sand-Jensen, 1996; Valiela et al., 1997). In Northern Europe, the development of
dense green macroalgal mats has been recorded in bays, estuaries and lagoons along the
Atlantic coasts of France and the coasts of the North Sea (e.g. Ménesguen and Piriou,
1995; Fletcher, 1996; Nienhuis, 1996; Wallentinus, 1996). In coastal systems of the
Mediterranean Sea, many of these “green tides” are due to blooms of Ulva rigida C.
Agardh. Mediterranean coastal lagoons are generally eutrophic, due to the high nutrient
loading coming from the surrounding land, their morphological and hydrodynamic
characteristics (shallow and semi-enclosed systems, with low water exchange) and to
climatic conditions (Bellan, 1987). In recent years, U. rigida blooms have become even
more frequent. In the French Etang du Prévost (Viaroli et al., 1996a), and in the Italian
Venice lagoon (Sfriso et al.,, 1992) and Po River Delta lagoons (Viaroli et al., 1993)
dense mats of this macroalga develop in spring. The decomposition of the large U.
rigida standing stocks (500—2000 g dry mass m ~ ) in summer causes oxygen depletion
in the water column, and often dystrophic crises, characterized by anaerobic processes
and strongly reducing conditions that last several days (Sfriso et al., 1992; Viaroli et al,,
1993).

Species of the genus Ulva have been described as opportunistic due to their thallus
morphology (thin, undifferentiated thalli), fast growth rates and rapid uptake of inorganic
nutrients (Littler and Littler, 1980). Efficient nitrogen uptake even at low substrate
concentrations has been reported for these species (Wallentinus, 1984; Smith and Horne,
1988; Fujita et al., 1989; Hein et al., 1995; Pedersen and Borum, 1997). In addition, the
capacity to store N in cellular reserves is used to exploit periodic episodes of high N
availability (““pulses’), which occur in many coastal environments (Rosenberg et al., 1984;
Fong et al., 1994). Growth of Ulva and other chlorophycean species can be sustained by N
accumulated over such periods of excess availability (Hanisak, 1979; Rosenberg and
Ramus, 1982; Asare and Harlin, 1983; Fujita, 1985; Pedersen and Borum, 1996). However,
most of these studies of chlorophycean species concern ammonium uptake. Uptake kinetics
and storage of nitrate, which is often the dominant inorganic N source in coastal waters,
have been well studied in Phacophyceae and Rhodophyceae (e.g. Chapman and Craigie,
1977; Bird et al., 1982; Thomas and Harrison, 1985; Thomas et al., 1987), but more
sparsely studied in Chlorophyceae (Hanisak and Harlin, 1978; Wallentinus, 1984; O’Brien
and Wheeler, 1987; Lavery and McComb, 1991; McGlathery et al., 1996; Pedersen and
Borum, 1997).

The present work aimed to investigate some aspects of the nitrate metabolism of U.
rigida in a highly eutrophic lagoon of the Po River Delta by conducting both field and
laboratory studies. The seasonal trends in standing stocks of U. rigida were studied in
relation to nutrient availability in the lagoon. Laboratory experiments were designed to test
U. rigida efficiency at nitrate uptake and its capacity to store nitrate in cellular reserves, in
relation to substrate concentration and thallus nitrate content.
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2. Materials and methods
2.1. Study area

The Po River (Northern Italy) drains a wide, intensively cultivated and populated plain,
and discharges considerable amounts of nutrients in its deltaic lagoons and the Northern
Adriatic Sea. The present research was carried out in one of the brackish shallow-water
embayments of the the Po River Delta, locally called a “sacca’. The Sacca di Goro (Fig.
1) has an area of 26 km?, an average depth of about 1.5 m, and is connected to the sea by a
1.5-km wide mouth. The bottom is flat and the sediment is composed of alluvial muds,
with a high-sand content near to the southern shoreline. Nutrient-rich freshwater flows into
the lagoon from the Po di Goro, the Po’s southernmost deltaic branch, and the Po di
Volano, a highly polluted canal. In 1992, the Po di Volano discharged about 1200 tons of
total nitrogen, which correspond to an areal loading of 3 mol N m ~ ? year ~ ' (Alvisi et al.,
1993). The eastern part of the Sacca di Goro, the Valle di Gorino, accounts for about half
of the total surface area and is isolated from the sea by a long sand bank. The Valle di
Gorino is shallow (average depth of about 0.8 m) and sheltered and has a slow water
renewal (about 20 days in summer months). In this area, extensive spring blooms of U.
rigida have been observed since 1987. During summer, the algal mats often undergo fast
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Fig. 1. Map of the Sacca di Goro (Po River Delta, Italy), showing the location of the sampling station (station 8).
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decomposition, causing oxygen depletion over vast areas of the Valle di Gorino and even
prolonged anoxic crises (Viaroli et al., 1993).

2.2. Water sampling and analysis

From February 1991 to December 1992, one water sample was collected approximately
once per month from a fixed station in the Valle di Gorino (station 8) at a depth of about
0.5 m with a Ruttner bottle. After filtration (Whatman GF/C), the sample was analyzed in
duplicates for nitrogen (N) and phosphorus (P). Nitrite was determined spectrophoto-
metrically after diazotation; nitrate was measured as nitrite following cadmium reduction
(A.PH.A. et al.,, 1975); ammonium was determined by the indophenol-blue method
(Koroleft, 1970). We consider dissolved inorganic nitrogen (DIN) as the sum of nitrate,
nitrite and ammonium. Total dissolved nitrogen (TDN) was determined by persulphate
oxidation (Valderrama, 1981) and dissolved organic nitrogen (DON) was obtained by
subtraction of DIN from TDN. Particulate organic nitrogen (PON) was determined on
filters by persulphate oxidation. Soluble reactive phosphorus (SRP) was determined by the
ascorbic acid method (Valderrama, 1977).

2.3. U. rigida sampling and tissue analyses

Along with water sampling, U. rigida samples were collected around station 8 within a
0.5-km® area. U. rigida biomass was harvested with a rake-like device over an area
ranging from 2 to 20 m? depending on biomass density. Two or three samples were
collected on each date. Thalli were cleaned by hand to remove visible epiphytes, rinsed
briefly with tap water to remove salt, and oven-dried at 70 °C to determine the dry mass
(DM). U. rigida biomass was then expressed as g DM m ~ 2. Coefficient of variation for
biomass estimates ranged from 34% to 57%.

Total nitrogen (TN) and phosphorus (TP) and extractable nitrate content were
determined on triplicate subsamples of dried, powdered thalli. TN was determined by
CHN analysis (LECO 600). For TP | g subsamples were ignited overnight at 550 °C in a
muffle furnace and TP content was determined spectrophotometrically after acid extraction
of the ash (Isaac, 1990). Extractable nitrate content was determined according to Corzo
and Niell (1992), by shaking 100 mg subsamples in 50 ml of distilled water for 2 h. Nitrate
and nitrite were then determined on the filtered extract as previously described. Coef-
ficients of variation for TN, TP and nitrate analysis were < 10%.

2.4. Nitrate uptake experiments

Nitrate uptake kinetics were studied over a wide range of tissue nitrate contents. In May
1992, we conducted three uptake experiments with U. rigida collected at station 8. Prior to
the experiments, U. rigida discs (d=17 mm) were maintained for 7—10 days in the
laboratory, at ambient light and temperature conditions, under three different regimes:
filtered lagoon water with very low nitrogen (DIN <2 pM) and phosphorus (SRP=0.1 uM)
and no nitrogen and phosphorus additions (— N — P), with only P (as KH,PO,4; 6 uM P
day = ") (= N+P), and with both N (as KNO5; 71 pM N day ~ ') and P (+ N +P). Uptake
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rates were then determined for each set of preconditioned thalli, with a combination of the
multiple flask and the perturbation methods. For each experiment, we incubated 50—100 U.
rigida discs, corresponding to 0.4—0.8 g of dry algal mass, in glass jars with 1 liter of
filtered lagoon water enriched to four KNO; concentrations over the range 9—-60 uM, each
in triplicate; KH,PO, was added at the non-limiting concentration of 16 uM. The cultures
were illuminated by cool white fluorescent tubes (Philips TLD 16W/840) at 160 pE m ~ 2
s~ ' and mixed by bubbling air through an air-stone. At the beginning of the incubation (z,),
thallus nitrate content was determined on a subsample as described previously. Water nitrate
concentrations were determined at 7, and after 30 (f30), 60 (ts0), 120 (¢120) min; in the
+ N+ P cultures nitrate concentrations were determined also after 180 min (¢;g().

With the same experimental set up, in 1995 we conducted three uptake experiments
without preconditioning. Freshly collected thalli very rich in nitrate were maintained in the
laboratory for less than 48 h, at ambient light and temperature conditions, in filtered
lagoon water (100 pM N) changed daily. We tested uptake at five nitrate concentrations
over the range 7—83 pM. Water nitrate was determined at #,, #39 and 4.

Uptake rates were calculated from changes in substrate concentration during each
sampling interval, normalized for time and biomass; uptake rates are thus reported in pmol
N (gDM) ~'h ' In a preliminary experiment conducted without U. rigida no significant
decrease of water nitrate concentration was observed during the incubation. Observed
uptake rates (V) for each time interval and the corresponding initial substrate concen-
trations (S) were fit to a modified Michaelis—Menten function with the Marquardt method
for non-linear regression, using the NLIN procedure of SAS statistical package for
computations (SAS Institute, 1985). An additional parameter, the threshold substrate
concentration S, was introduced in the Michaelis—Menten function

V= Vmax(S_ST) (1)
K + (S — St)

where V.. is the theoretical maximum uptake rate, K, is the half-saturation constant for

uptake, and St is the value of S below which no uptake is observed, and removes forcing

of the fitted curve through the origin. The Student’s t-test was used to compare the

parameters estimated in the various experiments (Sokal and Rohlf, 1981).

2.5. Nitrate storage experiments

The storage capacity of U. rigida for nitrate was tested in the laboratory with
experimental designs similar to those described for uptake. A 12-h experiment was con-
ducted in 1991 with freshly collected thalli cut into discs. Two 24-h experiments (16:8 light/
dark cycle) were performed in 1992 with thallus discs maintained in the laboratory at
ambient light and temperature, under two conditions: with nitrate (as KNO3; 100 uM N
day ") for 7 days or without nitrate addition for 14 days. These two different precondi-
tioning periods were necessary to obtain thalli with, respectively, very high and undetect-
able cellular nitrate pools. For each experiment, 0.1-0.5 g DM of U. rigida discs were
incubated in glass jars with 1 1 of filtered lagoon water enriched to four concentrations of
KNOs; in the range 33-580 pM, each in triplicate. KH,PO, was added in various
concentrations to ensure that nitrogen was always the potential limiting nutrient. Water
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nitrate concentrations were determined at ¢y, and at the end (¢#) of the incubation. Thallus
nitrate content was determined, as described above, on a subsample taken at ¢, and at .

3. Results
3.1. Field data

The seasonal trends of nitrogen and phosphorus concentrations in the water column in
Sacca di Goro (station 8) are shown in Fig. 2. Nitrate generally contributed more than 90%
of DIN (Fig. 2a), and we measured the highest nitrate concentrations in late autumn (162
and 38 uM in 1991 and 1992, respectively). The nitrate concentrations decreased rapidly
in spring, and DIN was almost depleted from May—June through September. DON and
PON concentrations were usually higher than 30 and 2 pM, respectively (Fig. 2b), and
increased during dystrophic events, which occurred in mid-July 1991 and from the end of
July through early August 1992. During dystrophic crises SRP also increased sharply, with
peaks of 5.3 uM in 1991 and 4.9 pM in 1992 (Fig. 2c¢).

A strong seasonal pattern was shown in the nitrate and TN content of U. rigida thalli
(Fig. 2d) and in U. rigida biomass, that increased exponentially during spring and attained
peaks of about 300 and 400 g DM m ~ ? in June 1991 and 1992, respectively (Fig. 2¢). In
both years, the difference in U. rigida biomass from March to April was significant
(P<0.05). In the following months, the average biomass incrased, but, due to the higher
variability of the estimates, the differences were not statistically significant. After June, U.
rigida biomass crashed (P <0.05). The increase in U. rigida biomass was correlated with a
decrease in tissue TN content, which was more pronounced in 1992 than in 1991 (Fig. 2d).
TN values were around 4% of DM in winter and fell to 2.5% of DM in June 1991 and to
1.25% of DM in June 1992 (P <0.05 in both years). The nitrate content of thalli (Fig. 2d)
decreased from about 100 pmol N (g DM) ~ ' in March to almost undetectable levels in
June/July, concomitant with the biomass peaks. All differences in nitrate content were
significant (P <0.05) or highly significant (P <0.01), except from May to June 1992 and
from June to July 1992. The atomic ratio between TN and TP content (N:P) of thalli also
varied seasonally (Fig. 2e), with winter—spring values greater than 40:1, decreasing
significantly (P <0.05) to 19:1 and 13:1 in July 1991 and 1992, respectively.

3.2. Nitrate uptake experiments

U. rigida thalli maintained in the cultures without nitrogen addition (— N —P; — N+P)
contained less than 2 pmol N (g DM) ~ !, while thalli preconditioned with nitrate (+ N + P)
maintained the nitrate content they had immediately after collection (14 pmol N (g
DM) ~ !). The difference in nitrate content influenced the uptake kinetics of nitrate. Thus,

Fig. 2. Seasonal trends of water column nutrient concentrations, U. rigida biomass and elemental composition in
Sacca di Goro (station 8) in 1991 and 1992: (a) concentrations of nitrate and dissolved inorganic nitrogen (DIN);
(b) concentrations of dissolved organic nitrogen (DON) and particulate organic nitrogen (PON); (c) concentrations
of soluble reactive phosphorus; (d) nitrate and total nitrogen (TN) contents of U. rigida thalli (mean values + SD,
n=3); (e) U. rigida biomass and N:P atomic ratio of U. rigida thalli (mean values + SD, n=3).
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the uptake rates determined on thalli preconditioned without nitrate addition could be fit to
the Michaelis—Menten function in all time intervals, although the uptake capacity of U.
rigida was not saturated (Fig. 3). Preconditioning with P had no effect on V},,,c and K,,,. The
threshold value St was 6.92 pM N in the — N — P cultures and 0 in the — N+ P cultures,
but this difference was not significant. Since the results for the —N—P and —N+P
experiments were not significantly different, we fit the pooled data for the corresponding
time intervals to the Michaelis—Menten equation (Table 1). During #y_30 Vinax Was 69 pmol
N (gDM) 'h~ ', K,, was 38 uM N and St was 3.56 uM N. Nitrate depletion was linear
with time (data not shown), and therefore the parameters did not differ significantly
between time intervals.

U. rigida maintained with nitrate (+ N+ P) showed highly variable uptake rates during
to_3o (Fig. 3). Data from the three subsequent time intervals were better fit by the
Michaelis—Menten function (Table 1). V. values were 50% lower than the —N
treatments (Table 1), and the differences were significant (P <0.05). In contrast, K,
and St did not differ significantly between treatments, and, overall, ranged from 12 to 46
and from 2.6 to 6.1 pM N, respectively (Table 1).

Nitrate content of U. rigida used for the 1995 experiments was very high (83—181
pmol N (g DM) ~ ') compared to those determined in 1992, and the nitrate uptake kinetics
were very different. Nitrate-rich thalli showed either low net uptake or even a net release of
nitrate and showed no clear relationship with substrate concentration (Fig. 4). The data
shown in Fig. 4 indicate that uptake decreases dramatically as thallus nitrate increases. We
described this relationship by introducing an exponential term, that accounts for thallus
nitrate content, in Eq. (1), which is rewritten in the form

_ V(S = 81) e 2)
Kn + (S —St1)

where Ny, is the nitrate content of thallus (in pmol N (g DM) ~ ') and ¢ is a parameter to be
estimated by the above mentioned non-linear fitting procedure.

Table 1
Parameters of the Michaelis—Menten function estimated by non-linear fitting of data from the three uptake
experiments conducted with U. rigida previously maintained in the laboratory with and without nitrate addition

Exp. Time interval Vinax (umol N g =1 h~ 1) K (@M N) St (UM N) R
—N 0-30 68.61 (16.72) 38.04 (22.04) 3.56 (3.20) 0.89
30-60 59.89 (9.45) 28.11 (9.81) 6.06 (1.00) 0.93
60-120 71.50 (23.26) 45.90 (25.76) 4.60 (1.24) 0.92
+N+P 0-30 68.16 (125.72) 87.03 (266.97) 0.00 (13.39) 0.61
30-60 27.06 (9.43) 14.34 (15.15) 4.65 (2.96) 0.71
60-120 24.41 (4.50) 11.82 (6.43) 4.89 (1.05) 0.89
120-180 35.33 (12.95) 30.80 (22.24) 2.61 (1.31) 0.95

— N: pooled data from the — N — P (without either nitrogen or phosphorus) and — N +P (with only phosphorus)
treatments (these two treatments were pooled because the results were not significantly different); +N+P: thalli
maintained with both nutrients. For each incubation time interval (in min), the estimated Vpax, K, ST (threshold
substrate concentration, see text) and their standard error (in parenthesis), as well as coefficient of determination
(R?) of fitting, are reported (n=24 for —N fittings, n=12 for +N+P fittings). Underlined values differ
significantly between treatments in the corresponding time intervals.
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Pooled uptake rates from the six experiments, determined in the #3y_go time interval,
Versus 73 substrate concentrations and thallus nitrate content are well described by Eq. (2)
(R*=0.83; P<0.01; n=72); parameters are: V.=62 pmol N (g DM) ' h~'!
(SE=+13); K,y=27 pM N (SE==+13); St=6 pM N (SE=+1); ¢=0.0372 h '
(SE= = 0.0063). These values are similar to those determined during #3y_go in the — N
experiments with U. rigida of low thallus nitrate content (Table 1). The shape of the
function with these parameter values is represented in Fig. 5.

3.3. Nitrate storage experiments

The three long-term incubations of U. rigida thalli at increasing nitrate concentrations
demonstrate that the macroalga can accumulate large cellular nitrate pools. Highest nitrate
accumulation was observed for thalli with no detectable initial thallus nitrate. After 24-h

Fig. 4. Nitrate uptake rates of U. rigida with different initial (¢y) thallus nitrate content. Uptake rates during the
30-60 min incubation period (#39_¢o) are plotted vs. substrate concentration at the beginning of the same
incubation period. Black symbols are data from the 1992 experiments with U. rigida preconditioned with

different nutrient regimes (see Fig. 3), open symbols are data from the 1995 experiments without preconditioning
treatments.



76 M. Naldi, P. Viaroli / J. Exp. Mar. Biol. Ecol. 269 (2002) 65-83

incubation at water nitrate concentrations higher than 800 pmol N (g DM) ~ !, thallus
nitrate increased on average to 391 pmol N (g DM) ~ ' (SE= + 25, n=12) (Fig. 6). Fitting
of the data to a hyperbolic function, with the non-linear fitting procedure described
previously, results in a asymptotic nitrate content of 448 pmol N (g DM) ~ ' (SE= + 64),
which may represent the maximum pool size possible.

Thallus nitrate content was 83 pmol N (g DM) ' at the beginning of the 12-h
experiment, and it increased to 130—180 pmol N (g DM) ~ ! in thalli cultured over a wide
range of substrate concentrations (Fig. 6). For the second 24-h experiment, we used U.
rigida thalli with an initial nitrate content of 167 pmol N (g DM) ~ '. At the end of the
incubation, cellular nitrate increased to 209—270 pmol N (g DM) ~ ' in thalli exposed to
water nitrate concentrations higher than 280 pmol N (g DM) ~ !, while all others depleted
the available substrate (Fig. 6).

Based on the initial nitrate content of thalli and the depletion of dissolved nitrate in the
media (uptake), we could estimate an “expected” final thallus nitrate content. In most
cases, the expected content was greater than the observed values, suggesting that nitrate
was assimilated into organic N over the 12 or 24 h. Release of organic N could also
contribute to the differences, however, assuming that they are due to assimilation only,
thalli with no initial nitrate reserves assimilated 636 pmol N (g DM) ~' (SE=+ 223,

600
. o e thallusNO, atto= 0 pmol Ng' DM
g o thallus NO, atty= 83 umol N g DM
- 500 - + thallus NO, at to = 167 umol N g”' DM
2 .
g 400 . .
=5
-t ¢ ® ° °
®
= 300 °
(o) +
= +
8
"o 200 * o
o o ©
% 08; o ° °
= 100 .
(0]
g |8
0 ) ) ) ) ) )
0 600 1200 1800 2400 3000 3600 4200

Water nitrate concentration at t, (umol N g’ DM)

Fig. 6. Nitrate storage experiments with U. rigida of different initial thallus nitrate content. Nitrate concentration
in the culture medium at the beginning of the experiment (7) is represented on the x-axis as nitrate “available” to
the macroalgal biomass of each culture (i.e. nitrate concentration in the water has been converted from pM to
pmol N (g DM) ~ ! of each bottle). Thallus nitrate contents at the end (#) of the 24-h (black symbols) and 12-h
(open symbols) incubations are represented on the y-axis.
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n=10) in 24 h. Assimilation was 151 pmol N (g DM) ~ ! (SE=+25, n=11) in the 12 h
experiment, and 207 pmol N (g DM) ~ ' (SE=+ 22, n=9) in the second 24 h experiment.

4. Discussion
4.1. U. rigida growth and N cycling in the Sacca di Goro

In eutrophic systems the amounts of nutrients stored as seaweed biomass are important
at the level of the ecosystem (Valiela et al., 1997). In the Sacca di Goro the seasonal
growth of U. rigida is related to the seasonal trend of nitrate concentration in the water
column. U. rigida thalli have maximum TN and nitrate levels in winter and early spring,
when biomass is low and nitrate availability in the water is high. Winter DIN concen-
trations in 1993—1997 ranged from 50 to 150 pM (Viaroli et al., 1996b and unpublished
data). As biomass increases U. rigida depletes DIN in the water as well as its own cellular
nitrate reserves, and in summer thallus TN levels decline to about one third to one half of
the winter values. However, we show in Fig. 7 that, due to the high standing stocks, large
amounts of N are immobilized in the macroalgal biomass at the beginning of summer.
During the spring growth phases, as U. rigida standing stock increases, the amount of TN
stored in the macroalga biomass, on an areal basis, increses 10-fold, and largely exceeds
the amount of TN in the water column (Fig. 7). After June U. rigida biomass crashes
resulting in intense decomposition and anoxic conditions in the water mass for several
days (Viaroli et al., 1993). When U. rigida decomposition takes over, organic N
concentrations increase in the water column, particularly PON in 1992, possibly due to
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Fig. 7. Comparison between amounts of TN (DIN + DON + PON) in the water column and TN immobilized in U.
rigida biomass at different algal densities during the spring growth phase (April—June 1991, March—June 1992).
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the fragmentation of thalli. The observed organic nitrogen increases account for about 10%
of the potential release from U. rigida biomasses. Since we measured nitrogen concen-
trations on a single water sample on each date, we cannot estimate the statistical
significance of the differences. For example, in 1991 the DON concentrations following
U. rigida decomposition are similar to the winter concentrations. However, winter
concentrations are more likely due to high freshwater input. On the contrary, we believe
that the summer increase of DON and PON concentrations is more likely of macroalgal
origin, because freshwater inputs are low in the summer months, and because inorganic
nitrogen increases only slightly (Fig. 2). In fact, at this time of the year inorganic nitrogen
reserves in U. rigida thalli are depleted, and the very low oxygen concentrations in the
water column do not allow a fast remineralization of DON.

Similar seasonal relationships between seaweed biomass, DIN, and tissue TN content,
have been described in several European coastal systems (Sfriso et al., 1992; Ménesguen
and Piriou, 1995; Pedersen and Borum, 1996; Hernandez et al., 1997; Malta and
Verschuure, 1997), while seasonal trends of cellular nitrate reserves have been described
in Ulva sp. for other environments by Rosenberg and Ramus (1982), and for other
macroalgal species by Asare and Harlin (1983). The seasonal development in tissue N
suggests that U. rigida may become N-limited during summer, when thallus TN falls near
to, or below, 2.4% DM. Fujita et al. (1989) reported that the critical N content (sensu
Hanisak, 1979) for U. rigida grown on nitrate is < 2.4% DM. Summer N:P ratios lower
than 20:1 also suggest N limitation (Atkinson and Smith, 1983; Bjornsiter and Wheeler,
1990).

4.2. Nitrate uptake and storage

The observed V.« values for U. rigida are in the range reported for Ulva and other
chlorophycean species (Table 2). In our experiments, we used only four to five initial
nitrate concentrations, mostly below the asymptotic region of uptake. This could affect the
calculation of a precise V.« (Conway et al., 1976; Harrison et al., 1989; Pedersen, 1994),
however the estimated values seem adequate to support growth in the Sacca di Goro. In
spring, at nitrate concentrations of about 30 pM, thalli with a TN of 2.5% DM could
sustain a 10—20% daily growth rate with 6—12 h of uptake. In contrast, the estimated K,
is much higher than those earlier reported for Chlorophyceae, resulting in low V. /K,

Table 2
Kinetic parameters Vpa (pmol N (g DM) ' h 1), K., (1M N) and affinity for uptake at low concentrations
(Vimax/Km», Healey, 1980) for nitrate uptake in U. rigida and other chlorophycean species

Species Vinax K., Venax/Km Reference

Ulva rigida 68.61 38.04 1.80 this study

U. rigida 58.57-85.21 17.86-33.50 2.54-3.28 Lavery and McComb, 1991
U. lactuca 20 5 4.5 Pedersen and Borum, 1997
Cladophora glomerata 69.50-161.93 1.10-12.93 11.24-63.18 Wallentinus, 1984

Codium fragile 2.80—10.93 1.93-7.64 1.25-1.59 Hanisak and Harlin, 1978
Enteromorpha spp. 129.43 16.57 7.81 Harlin, 1978

E. ahlneriana 27.79 1.73 16.07 Wallentinus, 1984

E. prolifera 75-169 2.31-13.30 12.7-32.6 O’Brien and Wheeler, 1987
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values (Table 2). The ratio V,./K is the slope of the Michaelis—Menten equation at
lowest substrate concentrations, and quantifies the uptake efficiency at low substrate
concentrations (Healey, 1980). High ratios can indicate a competitive advantage at nutrient
procurement under low nutrient availability (Hein et al., 1995). A potential overestimation
of K, can arise from the type of experimental approach that we employed. In fact, several
authors (e.g. Probyn and Chapman, 1982; Rosenberg et al., 1984) have found that uptake
under continuous N addition is more efficient than in batch-type experiments. Our estimate
of Vinax/Km 1s, however, similar to that determined by Lavery and McComb (1991) in U.
rigida from the eutrophic Peel estuary in Australia. Low uptake efficiency may represent a
local adaptation to N-rich environments, as several authors have shown that uptake
kinetics for a given algal species are plastic, and can vary under different environmental
conditions (Wallentinus, 1984; Thomas et al., 1987; Lavery and McComb, 1991; Fong et
al., 1994).

We introduced the threshold term St in the Michaelis—Menten equation because the
graphic representations of uptake rates vs. nitrate concentrations generally had a positive
intercept with the x-axis. This phenomenon has also been reported by O’Brien and
Wheeler (1987), Stapel et al. (1996), and O’Neill et al. (1989), who suggested substitution
of the substrate term S with (S — S,;,), where S,,;, corresponds to our St. Fitting of our
data to the equation without St did not affect the derived V., but K, increased by three
to four times, or in some cases the fitting procedure failed to converge.

Preconditioning of thalli with nitrate greatly reduced nitrate uptake, which appears thus
to be regulated, in the short term, by cellular nitrate pools, as also found by McGlathery et
al. (1996) for Chaetomorpha linum. We quantified this effect of thallus nitrate content on
uptake kinetics using Eq. (2), with an exponential term that accounts for nitrate content at
to. Whatever mechanism is responsible for reducing uptake, it is unlikely that it affects the
enzymatic affinity for nitrate. On the other hand, thallus nitrate content does affect uptake
rates and Vax. In Eq. (2), Vinax has a different meaning than in Eq. (1), since it represents
the potential maximum uptake rate, at saturating nitrate concentrations, when cellular
nitrate approaches zero. Eq. (2) can be applied only in short incubations, however it can
explain uptake curves that depart from typical Michelis—Menten kinetics, and allows
calculation of a more realistic V... We suggest, therefore, that tissue nitrate content
should be determined prior to nitrate uptake experiments, because it will likely affect
uptake rates.

Low uptake by nitrate-rich thalli may be the result of a feed-back inhibition, either by
nitrate pool itself, or by ammonium or amino acid pools. Some authors have suggested,
and modeled, a regulatory control of uptake by the TN content of macroalgaec and
macrophytes (Rosenberg et al., 1984; Fujita, 1985; O’Brien and Wheeler, 1987; Zimmer-
man et al., 1987; Duke et al., 1989). Pedersen (1994), however, showed that the transient
nature of ammonium uptake rates by Ulva lactuca appeared to be related to rapid changes
in small cellular pools of inorganic N or amino acids, rather than to changes in TN content.
An inverse correlation between both ammonium and nitrate uptake and cellular inorganic
N pools has also been reported in Porphyra perforata (Thomas and Harrison, 1985) and C.
linum (McGlathery et al., 1996). It is probable that large nitrate pools can only persist in
N-sufficient algae, in which TN content exceeds growth needs. In this condition, reactions
that reduce nitrate to ammonium and assimilate it into organic molecules could proceed at
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a slower rate, thus delaying the depletion of the inorganic pool, and causing slower uptake.
For example, a lag phase in N uptake by N-rich thalli, due to slow nitrate reductase
activity, has been described in P. perforata (Thomas and Harrison, 1985). Our results
strongly support the hypothesis that nitrate pool size, rather than TN, directly affects
nitrate uptake, since a small increase in nitrate content, from 2 to 14 umol N (g DM) ',
caused a pronounced decrease of uptake rates.

The nitrate storage experiments showed that the inhibitory effect of thallus nitrate
content on nitrate uptake was less significant than in the short term uptake experiments. In
fact, U. rigida thalli with different nitrate contents at ¢, accumulated comparable nitrate
pools over 12—24 h periods. U. rigida can accumulate nitrate up to 400—500 pmol N (g
DM) ~ ! (15% of TN), and it can probably assimilate another 200—600 pmol N (g DM) ~ !
d ! in organic N pools. Cellular nitrate pools of similar size have been reported in Ulva
species (Lopez-Figueroa and Riidiger, 1991; Duke et al., 1986; Naldi and Wheeler, 1999)
and in C. linum (McGlathery et al., 1996). Chapman and Craigie (1977) showed an
important reserve role for nitrate in Laminaria longicruris (30% of TN), while Rosenberg
and Ramus (1982) and Bird et al. (1982) did not consider nitrate a reserve for Gracilaria
species, since it accounted for less than 10% of TN. U. rigida is a fast growing species,
and a nitrate pool of 100—150 umol N (g DM) ~ !, as observed in the field samples, can
sustain 10—15% day ~ ' growth rates for only 1 day, given a critical TN content of 2.4% of
DM. Nitrate, therefore, represents a short term reserve. Amino acids and proteins are likely
larger N storage pools (Rosenberg and Ramus, 1982; McGlathery et al., 1996) and could
sustain growth for longer periods. Cellular nitrate pools, however, influence nitrate uptake
kinetics, and as U. rigida nitrate reserves decrease in spring, uptake rates will be faster,
thus accelerating nitrate depletion from the water column.

In summary, the seasonal cycle of biomass and tissue composition of U. rigida was
correlated with the N cycle in the Sacca di Goro. The macroalga attained high standing
stocks in late spring, due to elevated nitrate availability in the previous months. The
growth phase with its high demand for N, in turn, influenced the seasonal dynamics of N
cycle, causing nitrate depletion from the water column. Laboratory experiments demon-
strated that U. rigida has low V,,./K,, ratios for nitrate uptake, and that thallus nitrate
content strongly influences nitrate uptake rates. The low uptake efficiency, and the ability
to exploit N availability by storing excess nitrate in cellular pools, may represent a
physiological response to an eutrophic environment where nitrate is in large supply for
most of the year. When U. rigida biomass declines in summer, large amounts of DON are
released to the water column, thus contributing to N recycling, and sustaining the highly
eutrophic nature of this ecosystem.
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