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ABSTRACT 

During the last decade, the Palmones River estualy has 
undergone severe eutrophication followed by a green tide 
episode; two species ofUlva, rotundata Blid. and Ulva 
curvata (Kutz.) De Toni, were the main macroalgae re- 
sponsible for this bloom. From November 1993 to December 
1994, we followed the biomass, the growth dynamics, and 
tissue elemental composition (C:N:P) of Ulva species, as 
well as some physicochemical variables in the estualy. Max- 
imum biomass (up to 375 g dly wt.m-2 in  some spots, 
corresponding to a thallus area index of nearly 17 m2 
Ulva m-2 sediment) were observed in June and December. 
However, the biomass vaned among the sampling stations. 
Water nitrate, ammonia, and phosphate showed high con- 
centrations throughout the year, with extremely high tran- 
sient pulses, sustaining the high growth rates obseroed. 
Growth rates were estimated directly i n  the field. The rates 
were generally higher i n  Ulva discs maintained in  net cag- 
es than those estimated by changes in biomass standing 
stock between two consecutive samplings. The dqerence be- 
tween both estimates was used to quantijj the importance 
of the processes causing loss of biomass, which were attrib 
utable to grazing, exported biomass, and thallus decom- 
position under anaerobic conditions resulting from extreme 
selfshading. Maximum chlor@hyll content was found in 
winter, whereas the minimum was in  spring. Atomic N:P 
ratios were generally higher in the algae than in the water, 
However, the absolute concentrations of tissue N and P 
were always higher than the cn'tical h e l s  for maximum 
growth, which suggests that growth was not limited by in- 
organic N or P availability. The results suggested that the 
increase in nutrient loading in the river may have triggered 
the massive development of green algae and that light lim- 
itation and temperature stress in  summer seem to be the 
main factors controlling the abundance of Ulva in the es- 
tualy. In  addition to light availability and thermal stress, 
the different loss processes may have a decisive role in the 
dynamics of Ulva biomass. 
K q  index words: eutrophication; growth; primaly p r e  
duction; Ulva 

Local proliferations of masses of green algae are 
often found in estuaries and coastal waters of areas 
undergoing eutrophication (Geertz-Hansen et al. 
1993, Kamermans and Nienhuis 1995, Anderson et 

Received 2 December 1996. Accepted 30 May 1997. 
Author for reprint requests; e-mail ignacio.hernandez@uca.es. 

al. 1996). Usually, these accumulations are com- 
prised of species of the order Ulvales (mainly Ulva 
and Enterommpha) . These algae are characterized by 
a doublecelled, simple, sheet-like thallus (Ulva) or 
a single-celled, hollow thallus (Enteromorpha), with a 
high surface : volume ratio (Rosenberg and Ramus 
1984). Because of this morphology, these species re- 
spond rapidly to nutrient inputs with high rates of 
nutrient uptake and growth (Duke et al. 1987, Mar- 
kager and Sand-Jensen 1994). 

Green tides produce changes in ecosystem struc- 
ture and biodiversity (Rivers and Peckol 1995, Short 
et al. 1995). The thick mats of algae affect estuarine 
communities dominated by seagrasses, mainly by 
shading (Den Hartog 1994, Short et al. 1995). Fur- 
thermore, decomposition of the algal biomass pro- 
duces underlying anoxic conditions, which may re- 
duce the invertebrate fauna (Ferrari et al. 1993). 
Green tides may also influence local fisheries and 
contribute to aesthetically displeasing, noxious- 
smelling deposits of drift weed on shorelines. The 
ecological and economic problems derived from 
these large crops of macroalgae make further re- 
search necessary on the relationships between de- 
velopment of opportunistic algae and environmen- 
tal factors. 

Recent laboratory studies have established the ef- 
fect of light, temperature, and nutrient concentra- 
tions for optimum growth in Ulva (e.g. Levavasseur 
et al. 1991, Henley et al. 1992, Markager 1993, PC- 
rez-Llorens et al. 1996). However, the occurrence of 
algal biomass depletion in nature is triggered by 
abrupt changes of physicochemical variables (Nilsen 
and Nordby 1975)) which are smoothed under con- 
ditions of cultivation (Israel et al. 1995). Field ex- 
periments are essential to relate the impact of single 
or multiple stresses on the growth dynamics of ma- 
croalgal populations (Davison and Pearson 1996). 
Thus, both field and laboratory studies are necessary 
to gain insight into the dynamics of ulvacean p o p  
ulations in eutrophic areas (Perez-LlorCns et al. 
1996). 

The estuary of the Palmones River in southern 
Spain is an example of a coastal system dramatically 
affected by an eutrophication process. The construc- 
tion of a dam in the headwaters of the river in 1986, 
the sewage discharge in the estuary, and the pro- 
longed drought between 1991 and 1995 caused an 

764 



GROWTH AND BIOMASS OF ULVA 765 

enhanced concentration of nutrients, in the water 
and sediment (Niell et al. 1996). The intertidal eco- 
system was formerly covered by late successional spe- 
cies, such as the rhodophyte Grucilaria bursu-pastm's 
(S. G. Gmelin) Silva and, particularly, the aquatic 
angiosperm Zosteru noltii Hornem. (Perez-LlorCns 
and Niell 1993). The seagrass beds have been re- 
placed by a community dominated by Ulva species, 
mainly U. curvatu (Kiitz.) De Toni and U. rotundata 
Bliding (PCrez-Llorens et al. 1996). Furthermore, 
the benthic infauna, essentially the polychaete Nerds 
diversicolor 0. F. Muller, practically disappeared 
(Carreira et al. 1995). 

The aim of this study was to monitor the seasonal 
trends of biomass, growth rate, and elemental nu- 
trient composition of Ulva spp. in the Palmones es- 
tuary and to assess the role of environmental con- 
ditions in the dynamics of the population. Light 
within the Ulva canopies and seasonal changes in 
photosynthesis of the two Ulva species existing at the 
estuary have also been thoroughly studied (Vergara 
et al. 1997), whereas the effect of Ulva biomass on 
the disappearance of Zostera noltii beds is at present 
under study. 

MATERIALS AND METHODS 

The study was carried out from November 1993 to December 
1994 in the Palmones River estuary (36"ll' N, 5"27' W). This 
shallow estuary can be regarded as eutrophic, with great energy 
input and high productivity (Perez-LlorCns and Niell 1989). The 
maximum tidal amplitude of 1 m exposes extensive areas of mud 
at low tide twice daily. These mudflats are covered by green algae 
(primarily Ulvales) and formerly, by meadows of the seagrass Zos- 
t m  noltii (Pirez-Llorins and Niell 1993). 

Three locations were selected for sampling (Fig. l ) ,  represent- 
ing an inner (station I ) ,  a central (station 2),  and an outer (sta- 
tion 3 )  part of the estuary. Two main species of Ulva were found. 
Ulva rotun,data grows as compact sheets on the sediment at the 
inner and central parts of the estuary. UZva cunlata accompanies 
the former species, especially at station 3.  Thalli were found an- 
chored to shells from March to July, in shallow pools and in the 
main flume. 

Water samples were collected fortnightly at spring low tides and 
stored in an ice chest. Water samples were filtered (1.2 Pm glass 
fiber filter, Whatmann GF/C) and analyzed for nutrients. Inor- 
ganic nutrients (nitrate, nitrite, ammonium, and orthophos- 
phate) were analyzed in a continuous flow autoanalyzer 
(Bran+Luebbe Traacs-800). The nutrients were measured as 
shown in Grashoff et al. (1983). Salinity was measured with a 
hand refractometer (Atago). Air temperatures from the sampling 
site and global daily surface irradiance data were kindly provided 
by the Meteorological Institute of Andalucia. 

Independent biomass samples were collected from each sta- 
tion. A 20 cm X 20 cm metallic frame (minimum representative 
area) was randomly thrown three times in each sampling station. 
A11 the algal biomass was transported to the laboratory in poly- 
ethylene bags. Samples were carefully rinsed with tap water to 
remove mud and invertebrates. The Ulva biomass was separated 
from other green algae that grew sporadically at the sampling 
stations (see Results), and was oven dried at 60" C to express 
biomass as g dry wt.m-* sediment. Percentage cover was estimated 
by a modification of the linear transect method (Hernandez et 
al. 1993). Thallus area index (TAI), the total Ulua thalli surface 
area per unit of sediment area (a concept analogous to the leaf 
area index for vascular plant sporophytes), was estimated in the 
laboratory using an Ulva arrangement resembling that in the 
field. The slope of the regression line biomass (g dry wt) vs. num- 
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estuary, southern Spain. 
FIG. 1. Sampling stations (stations 1-3) in the Palmones River 

ber of UZvu layers covering a surface of 0.04 m2 yielded a biomass 
per Ulua layer of 20 g dry wtm-2 sediment (P = 0.98). The TAI 
can be computed as B/20, where B is the biomass estimation at 
each sampling date. The index was considered a rough estima- 
tion, as in some cases, UZva thalli were not evenly distributed on 
the sediment, especially at low biomass densities (less than 40 g 
dry wtm-*). 

Growth rates were estimated in the field as the area increase 
of UZva discs, punched from free specimens with a sharpened 
steel tube, maintained in cages (two replicates) and as changes 
of Ulva biomass between two sampling dates. In the first case, 10 
discs of 12 mm diameter were left in mesh cylindrical cages (7  
cm diameter X 15 cm height) for 2 weeks (two replicates). The 
cages attenuated less than 10% of the incident light. The cages 
were then placed over the sediment and linked by a cord (1 m 
long) to large plastic rods that were sunk into the mud. This 
placement prevented the cages from being covered by large free- 
floating Ulua during the experiment because of the partial free 
movement of the cages during the ebb and flow of the tide. Pre- 
liminary studies showed that cages that were attached directly to 
a rod offered more resistance to the tidal currents, causing the 
cages to be covered by drifting UZva. To avoid possible fouling, 
the cages were replaced every sampling day. 

Growth rates ( J L ~ )  were calculated assuming exponential 
growth: 

I J . ~  = (In A, - In &)/ t  
where A, is the initial and A, the final surface areas of the discs 
after t days of incubation. The discs were recovered, and those 
that were heavily damaged were discarded. In any case, the per- 
centage of recovery was usually higher than 80%. A, was comput- 
ed according to the final diameter of the discs, assuming isodia- 
metric growth, because the final shape of the discs stayed almost 
circular. Grazing was considered insignificant, because the mesh 
size ( 1  mm) prevented the main UUQ consumers (isopods and 
amphipods) from entering the cages (occasionally, few individu- 
als were encountered). 

Ulua growth rates were also estimated by the biomass standing 
stock variation between successive sampling days. 

PB = (In Bl+l - In B,)/t 
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FIG. 2. Seasonal variation of A) daily integral irradiance in the 
estuary and B) daily mean temperature in air (solid line) and 
daily maximal and minimal temperatures (dashed lines). Data are 
the means of five consecutive days. 

Where Bt+ and B, are the CJlvn biomass in the sampling stations 
at time t + 1 and t, and t is the interval between two consecutive 
samplings. 

Total chlorophyll was quantified from field material. Three 
discs of 12 mm diameter were punched from specimens in the 
field with a sharpened steel tube. Chlorophyll was extracted in 
acetonr (24 h, 4" C in darkness), and concentration was estimated 
according to Jeffrey and Humphrey (1975). Tissue C and N were 
determined in triplicate on samples of dry ground tissue using a 
Perkin-Elmer 240 CNH elemental analyzer. Total P was analyzed 
by acid digestion in triplicate samples of dry ground tissue (Som- 
mer and Nelson 1972). 

Net production throughout the study period was estimated as 
the product of the growth rate estimated in cages and the biomass 
abundance (k5  X B). These values were expressed on the basis 
of tissue C according to the tissue nutrient composition on each 
sampling day. 

Linear correlation between variables was tested by the Pearson 
correlation coefficient (Zar 1984). The null hypothesis was re- 
jected at the 5% significance level. 

RESULTS 

Physicochemical variables. The daily irradiance (Fig. 
2A) displayed an obvious bell-shaped seasonal pattern. 
The maximum daily irradiance (33 MJm-'.day-') was 
found at the end of June, and the minimum was 
found in December (8 MJm-'.day-'). Figure 2B 
shows the air temperature at the sampling site. Maxi- 

mal temperatures were observed at the beginning of 
July (37" C, mean of maximum temperatures during 
5 days). Mean temperatures during winter 1994 were 
always greater than 11" C. At low tide, salinity was usu- 
ally about 33%0 (data not shown). However, after 
heavy sporadic rains in winter and spring, values lower 
than 10%0 were recorded. Only on one occasion (July, 
station 1) was salinity greater than 36%0 (43%0, when 
the maximum temperature was recorded). 

Nutrient analyses revealed high concentrations at 
spring low tides throughout the study (Fig. 3) .  Over- 
all, dissolved inorganic nitrogen showed decreasing 
concentrations toward the mouth of the estuary. 
There were sporadic pulses of nitrate in spring and 
autumn (up to 18 p M  in June, station 1) and lower 
values during the summer. Nitrite (Fig. 3B) was high 
in winter and spring, whereas the concentrations 
were close to the detection limit in summer (0.2 
pM) . A considerable concentration of ammonium 
was found throughout the year (about 15 pM in the 
inner station, 10 p M  in the other stations) (Fig. 3C), 
with extremely high concentrations in winter and at 
the beginning of the spring (pulses greater than 
0.18 mM at station 3). Orthophosphate concentra- 
tion was also high during most of the year (Fig. 3D), 
with the greatest levels recorded in July and pulses 
greater than 5 pM recorded in winter. Water N:P 
ranged from 50 to 1 (Fig. 4) .  Maxima were recorded 
in February, when the highest ammonium concen- 
trations occurred, and in September, as a conse- 
quence of a low orthophosphate level. During the 
rest of the year N:P averaged 9.4 (SD = 7.8). 

Biomass and growth rates. Biomass showed a clear 
seasonal trend during the study period (Fig. 5). A 
bimodal pattern was evident at stations 1 and 3. 
Maximal densities were recorded in June and De- 
cember (ca. 200 g dry wt.m-2), which corresponded 
to an approximate TAI of 9-10. Algal biomass was 
negligible in February and at the end of the sum- 
mer; however, at station 2, the highest biomass was 
reached in January (250 g dry wtsm-') and in Oc- 
tober (375 g dry wt-m-'), yielding an approximate 
TAI of 17. At this station, biomass was always greater 
than 50 g dry wt-m-'. The percentage cover did not 
influence significantly the shape of the biomass 
curve (data not shown). Other ephemeral green al- 
gae (Enteromorpha sp., Rhizoclonium sp.) were impor- 
tant in spring and summer, reaching densities up to 
100 g dry wt.m-2, an abundance similar or greater 
than that of Ulva. 

Growth rates estimated in cages were greater than 
those computed by biomass changes (Fig. 6). A sig- 
nificant correlation between the two estimates was 
found only at station 1 ( P  < 0.01). The growth rates 
computed in cages reached the greatest values in 
September-October (0.25 day-'). Station 2 showed 
the highest annual average (0.128 day-' 2 0.069; 
mean 2 SD), whereas the lowest rate was found at 
the outer station (0.08 day-' +- 0.063). Growth rates 
(in cages) at stations 2 and 3 were correlated signif- 
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FIG. 3. Seasonal variation of A) nitrate, B) nitrite, C) ammonium, and D) phosphate in water samples collected at spring low tide 
from the inner (station 1). central (station 2) ,  and outer (station 3) sampling sites. 

icantly ( P  < 0.01). Either no discs or severely dam- 
aged discs were found at some sampling dates (e.g. 
August), which was attributable to sporulation. 
When the growth rates were estimated from biomass 
changes, a similar trend was noticed in the three 
stations. Positive rates were observed in spring and 
autumn, with a maximum of 0.1 day-’, and negative 
growth rates (i.e. a net loss of biomass) usually oc- 
curred in winter and summer. 

Total chlorophyll showed a similar seasonal pat- 
tern in the three stations (Fig. 7). Minimal values 
occurred during July and maximal pigment content 
was observed in the winter, with values about 120 
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FIG. 4. Seasonal variation of N:P in water samples collected 
from the three sampling stations at spring low tide. 

mg. (m thallus) -2. A second maximum was evident 
during August. At the three stations, an inverse cor- 
relation between total chlorophyll and global irra- 
diance was observed ( P  < 0.005, n = 20). Pigment 
content was also positively correlated with tissue N 
( P  < 0.02, n = 19). 

Tissue nutrient composition. The tissue composition 
is shown in Figure 8. No clear pattern was observed 
for internal carbon content. Mean C values were 
about 30% dry wt. Overall, the C concentration was 
minimal in April (27%) and September (23%, sta- 
tion Z ) ,  reaching higher levels at the onset of the 
summer (36%, station 1). Tissue nitrogen, by con- 
trast, showed a clear seasonal pattern (Fig. 8B). The 
maximum tissue N was found during the winter (up 
to 5% dry wt of N) and the minimum at the end of 
the spring (1.9%, stations 2 and 3). Tissue phospho- 
rus was highest in January and decreased toward the 
spring (Fig. 8C) . The lowest values were found in 
June, but no clear profiles were observed at any of 
the three stations. 

Tissue C:N showed a clear increase during the 
spring (Fig. 9A), with values near 20 at stations 2 
and 3. However, a less obvious pattern was recorded 
in the inner station, where tissue N content was fair- 
ly stable in summer. The rest of the year the ratio 
remained stable (ca. 9). The C:P ratio was greatest 
at the end of the spring (up to 800, Fig. 9B). The 
N:P did not show a clear pattern, although it in- 
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FIG. 5 .  Seasonal variation of UZva and other green algae bio- 
mass at the three sampling stations. Data are means of three rep- 
licates and bars represent SE. 

creased during the autumn (Fig. 9C). The ratio var- 
ied throughout the year between 25 (June, station 
3) and 75 (November, station l ) ,  averaging 45. Tis- 
sue N:P was usually higher than water N:P. 

Net production. Table 1 shows the mean values of 
net production for each season calculated from bio- 
mass, %C, and disc growth rates. The highest mean 
value was achieved at station 2 during the summer 
and autumn, when high biomass and high growth 
rates were observed. At station 1, the mean net pro- 
duction was highest during the spring, whereas sta- 
tion 3 showed the highest production in autumn. 
Values were usually higher at the inner station than 
at the outer station. 

DISCUSSION 

Biomass and growth rate. Recent efforts in several 
European countries have been devoted to studying 
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FIG. 6.  Seasonal variation of Ulva growth rates estimated from 

the increase of area of at  least 10 Ulua discs maintained in mesh 
cages and from biomass variation during two consecutive sam- 
plings. Crosses represent days on which no discs were found. Data 
are means of 10-20 replicates. SE (6% of mean) are omitted for 
clarity. 
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FIG. 7. Seasonal variation of total chlorophyll concentration 

in UZua from the three sampling stations. Data are means of three 
replicates. SE (15% of mean) are omitted for clarity. 
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the mass development of fast-growing green algae 
(Kamermans and Nienhuis 1995, Schramm and 
Nienhuis 1996), but specific studies to understand 
the complex mechanisms that trigger the appear- 
ance of the so-called green tides are scarce (Kamer- 
mans 1995). In the Palmones River estuary, Ulva bio- 
mass reached densities lower than those estimated 
in the Venice lagoon (higher than 2 kg dry wtsm-', 
Sfriso and Pavoni 1994), but higher than, or similar 
to, the standing crops of other coastal zones where 
green tide episodes have been reported (e.g. Viaroli 
et al. 1993, Malta et al. 1995). The abundance of 
Ulva declined in winter and summer in most sites 
of the estuary (Fig. 5) and this pattern has been 
observed again during 1996 (our pers. observ.). 

2 0 1 , .  . . . . . . . . . . .  L 
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FIG. 9. Seasonal variation of A) C:N, B) C:P, and C) N:P ratios 
in Ulna from the three sampling stations. 

However, the trend of station 2 was different. There 
are several possible explanations. The first is that the 
flat topography and low hydrodynamic energy input 
of station 2 favors biomass accumulation in this 
zone. Second, given the high biomass observed at 

TABLE 1. Mean seasonal net production ofUlva (v. curvata and U. 
rotundata) in Palmones River estualy. Values were calculated from bi~+ 
mass, %C, and Ulva disc growth rates (Fig. 5, 6, 8A) and are means 
2 SO; number of estimations (n) in parentheses. 

Net production (g C,m-L.dq I )  

Season Station 1 Station 2 Station 3 

Winter - 4.4 ? 2.0 (3) 0.5 5 0.1 (3) 
Spring 4.6 5 2.6 ( 6 )  3.4 2 3.9 (6) 1.9 5 2.5 ( 6 )  
Summer 2.7 +- 2.6 (4) 11.1 2 4.0 ( 5 )  1.2 +- 1.2 (5) 
Autumn 3.6 2 2.6 (3) 10.1 ? 3.1 (4) 4.2 5 5.6 (2) 
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this station, an upper Ulva layer can prevent the low- 
er ones from desiccation by maintenance of humid- 
ity during emersion (Beer and Eshel 1983) and thus 
alleviate the summer dieback. At station 2, a pale, 
thin-textured Ulva layer covered the underlying bio- 
mass during the summer. Finally, the influence of 
other factors such as grazing pressure, thallus dis- 
integration by release of zoospores and gametes, or 
competition between Ulva species may also be im- 
portant (Ramus and Venable 1987, kvers and Peck- 
01 1995). Sporulation can be induced by abrupt 
physicochemical changes (Nilsen and Nordby 
1975). In fact, a considerable amount of biomass is 
allocated monthly to reproduction in Ulva (from 
20% to SO%, Niesembaum 1988). 

A summer decline in Ulva biomass has been re- 
ported often (Sfriso and Pavoni 1994, Kamermans 
and Nienhuis 1995, Rivers and Peckol 1995), but in 
contrast to other studies (Rivers and Peckol 1995), 
the tissue nutrient content of Ulva in the Palmones 
estuary did not reach critical levels during this sea- 
son (Fig. 8),  and therefore, other factors seem to 
control biomass abundance. Temperature and light 
have been suggested as the main physical stresses 
leading to dieback of UZva in summer (Kamermans 
and Nienhuis 1995). Although Ulvu is able to with- 
stand high temperatures for prolonged time periods 
(Einav et al. 1995), the extremely high temperatures 
reached during the first week in July (Fig. 2B) were 
correlated with a biomass die-off at the three sam- 
pling stations (Fig. 5 )  and a decrease in growth rate 
(Fig. 6). Besides thermal effects, photosynthetic per- 
formance of the two Ulva species reached a mini- 
mum in spring and summer (Vergara et al. 1997). 
Henley et al. (1992) demonstrated that high tem- 
peratures and photon irradiances have a synergetic 
effect, decreasing photosynthetic activity. 

The growth rates showed marked differences 
when estimated per change in area or per biomass 
variations. Such differences, previously noted by 
Sfriso and Pavoni (1994), can be attributed to the 
processes causing loss that act on Ulva under these 
two different biomass estimations. In our study, 
three main loss processes are suggested: grazing 
pressure, the export of biomass out of the estuary, 
and thallus decomposition in the lower layers due 
to anoxic conditions. These three processes do not 
affect the algal discs growing within the cages. We 
assumed that other loss processes, such as thallus 
decomposition due to release of zoospores affect 
both growth rate estimations similarly. Geertz-Han- 
sen et al. (1993) showed the importance of grazing 
by invertebrates on the control of an Ulna popula- 
tion. In addition, different bird species (Anus platyr- 
ynchos L., A. clrpeatu L.) are abundant in the estuary 
and can also be active Ulva consumers. On the other 
hand, significant movements of free-floating thalli 
toward the mouth of the estuary were observed at 
high tide. The effects of floods after a storm event 
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FIG. 10. Seasonal variation of the production loss index in 
Ulva from the three sanipling stations. The two lines delimit the 
production losses extended between 0% and 100%. Gaps in the 
figure are due to a lack of either biomass and/or in situ growth 
rate estimations. 

or the prevailing winds accentuate the loss process 
and also redistribute biomass within the estuary. 

Based on these assumptions, a loss index is pro- 
posed as: 

where Ilc,ss represents the percentage of net produc- 
tion lost, pLs is the growth rate estimated from the 
increase of area of discs maintained in cages, and 
pB is the growth rate estimated from the changes in 
biomass. 

Losses of the net U2va production were important 
throughout the year (Fig. lo) ,  occasionally reaching 
values greater than 100% meaning that not only all 
the biomass produced, but some remaining bio- 
mass, was either consumed, degraded, or exported. 
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The loss processes are less important at station 3 
(mean IIOE\ = 67 2 132). By contrast, some net ac- 
cumulations of UZva from other parts of the estuary 
were noticeable (IloFF < 0), either in spring (station 
2) or autumn (station 3). Further research in prog- 
ress will try to elucidate the significance of these loss 
processes and the growth rate of the two Ulvu spe- 
cies at different parts of the estuary. 

Net production. Different methods have been pro- 
posed to estimate algae primary production, making 
comparison among values difficult. In this study, 
Ulva net production was estimated from growth 
rates (computed from the increase in area within 
cages), avoiding most of the biomass loss processes 
(see above). We assumed that all the biomass was 
growing at the same rate, but this assumption may 
be certain only for the algae growing in the first 
layers of the canopy (Vergara et al. 1997). Mean net 
production was highest at station 2 (Table l ) ,  far 
from the maximum values reported by Sfriso et a]. 
(1988) and Sfriso and Pavoni (1994). These authors 
estimated UZva net production at up to 33 g 
C.m-2-day-' in the central Venice lagoon based on 
changes in biomass. However, the net production 
found in the Palmones River estuary is similar to 
values reported in other studies. Starting with an a p  
proximate stocking density of 200 g.rn-, of U. lac- 
tuca, Israel et al. (1995) reported yields of biomass 
production at -14 g C.m-2-day-' in outdoor tanks 
(assuming 20% dry wt per fresh wt and 30% dry wt 
of C), whereas Sand-Jensen (1988), also working 
with U. Zactuca, reported a maximum photosynthesis 
of 600 nmol 0,.cm-2-h-1. This value yielded a p  
proximately 2.9 g C.m-2.day-1 (assuming a 12 h LD 
cycle, a photosynthetic quotient of 1.2 (O,/CO,) 
and a mean TAI of 4). Finally, in a recent laboratory 
study (Pkrez-Llorkns et al. 1996), U. curuatu and U. 
rotundata showed a significant correlation between 
observed growth rates and those estimated from 
photosynthesis, reaching rates of 0.2 day-'. These 
rates are in accordance with the estimated produc- 
tion values observed in the field. 

Tissue nutrient content. In contrast to other studies 
(Wheeler and Bjornsater 1992, Rivers and Peckol 
1995), Ulva did not exhibit broad changes in N or 
P concentrations during the study period. The mean 
N and P contents were usually higher than the mean 
values given by Duarte (1992) for macroalgae as well 
as those found in other studies of UZva spp. (Faga- 
neli et al. 1986, Le Bozec, unpubl.). Only values at 
the end of the spring might suggest a temporal N 
limitation, based on the critical 2% N level suggest- 
ed by Hanisak (1983). However, nutrient availability 
was always very high (Fig. 4).  

Water N:P and tissue N and P decreased during 
the spring (Fig. 8B). However, an increase of bio- 
mass (Fig. 5 )  was still observed. Therefore, nutrient 
limitation is unlikely. The decrease in tissue N and 
P content observed in the spring seems to be a di- 
lution effect caused by a high growth rate during 

this period (Figs. 6, 8). This decrease could also 
have originated from the decomposition of biomass 
due to high temperatures and anaerobic conditions 
under the lower layers (Viaroli et al. 1992), which 
may explain the peak of orthophosphate at the be- 
ginning of July (Fig. 3). Previous work with U. rotun- 
data and U. curuata (Pkrez-Llorkns et al. 1996) sug- 
gested that incipient N limitation may occur under 
high light conditions. However, the limitation may 
not be due to an external N depletion. Rather, the 
rate-limiting step appears to be the conversion of 
internal NH,+ into soluble N compounds and pro- 
teins at high growth rates. 

Ultimately, light and thermal stress seem to be the 
main factors controlling Ulva growth in intertidal 
mudflats at the estuary. Ulva curuata and U. rotun- 
data have a compensation point for growth of 2 
p,mol.m-2.s-' (P6rez-Llorens et al. 1996). However, 
from the chlorophyll data (Fig. 7) and TAI values, 
it can be deduced that a few Ulva layers yield total 
chlorophyll greater than 300 mg-m-'. These con- 
centrations are enough to absorb practically all the 
incident light (Margalef 1986), thus leaving the low- 
er layers in severe light limitation. Light quality also 
was affected, as the light crossing 2-3 Ulva layers 
became enriched in the green region of the spec- 
trum (Vergara et al. 1997). Thermal stress, especial- 
ly due to high summer temperatures, may be con- 
sidered as a forcing function, leading to massive die- 
off and contributing to the observed changes in bio- 
mass. 
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