133

Occurrence of microcystins along the Guadiana estuary
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ABSTRACT

Blooms of toxic cyanobacteria develop regularly during summer and early autumn in the Guadiana River (South of Iberian
Peninsula). Microcystis aeruginosa, Aphanizomenon flos-aquae, Oscillatoria spp. and Anabaena spp. have been identified in
previous studies as the main toxic cyanobacteria present.

With the closure of the Alqueva dam and its new policy of water retention, the present project focused on the effect of these
new hydrological conditions to toxic cyanobacteria bloom formations in the Guadiana estuary.

This article shows data collected from three sampling stations located along the estuary during the spring of 2002. Physical
and chemical parameters (temperature, salinity, turbidity and nutrients (dissolved nitrate, silicate and phosphate)) and biologi-
cal characteristics of the water (chlorophyll a and phytoplankton composition) were evaluated, as well as microcystin (MC)
content in particulate material using HPLC-PDA.

Microcystis sp. was the dominant toxic cyanobacteria in the collected water samples. Results suggest the existence of a longi-
tudinal gradient in toxin content directly related to the development of temperature, salinity and nutritional ratio gradients
along the estuary, and indirectly related to the turbidity of the water. At least five MC variants were observed and quantified as
MC-LR equivalents (MC-LR Equiv.). The total MC concentrations in particulate material varied from 0.0 to above 1.0 ug MC-
LR Equiv."L-!, with higher values always observed at the freshwater station.

Finally, higher dissolved silica concentrations were found in the water column when compared to results from previous years.
These differences reflect changes in the Guadiana ecohydrological status which are probably related to the Alqueva dam cons-
truction.
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RESUMEN

La formacion de blooms de cianobacterias toxicas se produce regularmente durante los meses de verano y principios del otorio
en el Rio Guadiana (Sur de la Peninsula Ibérica). Entre las diferentes cianobacterias potencialmente toxicas estudios previos
han identificado a especies como Microcystis aeruginosa, Aphanizomenon flos-aquae, Oscillatoria spp. y Anabaena spp.

Con la puesta en funcionamiento de la presa de Alqueva y su nueva politica de retencion de aguas, se elaboré el presente pro-
yecto enfocado hacia el estudio del efecto de las nuevas condiciones hidrologicas sobre la formacion de blooms de cianobac-
terias toxicas en el estuario del Guadiana.

Este articulo muestra los datos obtenidos en tres estaciones de muestreo localizadas a lo largo del estuario del Guadiana
durante la primavera del aiio 2002. Se analizaron pardmetros fisico-quimicos (temperatura, salinidad, turbidez y nutrientes
(nitrato, silicato y fosfato disueltos)) y caracteristicas biologicas del agua (clorofila a y composicion fitoplanctonica), asi
como el contenido de microcistina (MC) en el material particulado cuantificado por HPLC-PDA, en tres estaciones de mues-
treo situadas a lo largo del estuario.

Microcystis sp. fite la cianobacteria toxica predominante en las muestras de agua analizadas. Los resultados sugieren la exis-
tencia de un gradiente longitudinal en el contenido de toxinas directamente relacionado con el desarrollo de gradientes longi-
tudinales de temperatura, salinidad y cocientes nutricionales a lo largo del estuario, e indirectamente relacionado con la tur-
bidez del agua. Se observaron al menos cinco variantes de MC que se cuantificaron como equivalentes de MC-LR (Equiv.
MC-LR). La concentracion total de MC en material particulado varié de 0.0 a mas de 1.0 g Equiv. MC-LR-L™!, observindo-
se siempre los valores superiores en la estacion de agua dulce.

Finalmente, fueron encontradas concentraciones de silicato disuelto en la columna de agua superiores a las de arios anterio-
res. Estas diferencias reflejan cambios en el estado ecohidrologico del Guadiana probablemente relacionados con la cons-
truccion de la presa de Alqueva.
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INTRODUCTION

Nowadays, the alterations derived from the
human economic and social development
constitutes one of the main ecological pro-
blems for river systems. There is a progressive
tendency in decreasing water quality from
water basins due to an increase in nutrient
input (EEA, 2000) and large dam construction
has proven to be one of the primary destroyers
of aquatic habitats (Rosenberg, 2000). An
increase in nutrient content results in higher
phytoplankton production that can occasio-
nally promote blooms of microalgae resulting
in noxious water. Moreover, changes in
nutrient composition, including those caused
by the hydrological alterations, can influence
phytoplankton composition (Officer & Ryther,
1980; Rosemberg, 2000 and references the-
rein), affecting simultaneously the food web
(Ryther & Officer, 1981).

The Guadiana River is located in the south-
western Iberian Peninsula, being the fourth lar-
gest drainage basin of Iberian rivers (67840
km?). The total river length is 810 km, of
which 68% belongs to Spanish territory and
32% to Portuguese territory, with a section of
110 km serving as the border between both
countries. The study of physico-chemical para-
meters, as well as the biological status of the
Guadiana River, is of particular importance
due to the recent construction of the Alqueva
dam, one of the biggest dams in the Iberian
Peninsula and the largest artificial lake in
Europe. This study is probably the first to mea-
sure physical chemical and biological parame-
ters in the Guadiana estuary after the regula-
tion of water flow began in February 2002.

Cyanobacteria blooms have occurred regularly
in the Guadiana River (Cabecadas & Brogueira,
1981; Oliveira, 1985; Vasconcelos et al., 1996;
Rocha et al., 2002) and evidence exists which
shows an increase in the occurrence of toxic blo-
oms since the 1980s to the end of the 90s
(Oliveira, 1985; Vasconcelos et al., 1996; INTE-
RREG-II, 2000). It is well known that cyanobac-
terial toxic blooms constitute a risk for health

since they are accompanied by the production
and release of toxins, responsible for animal and
human intoxications (Billings, 1981; Carmichael,
1981; Codd and Poon, 1988). Among the toxic
genera, Microcystis is the most frequently obser-
ved in the Guadiana River (Vasconcelos et al.,
1996; Rocha et al., 2002) and MC-LR one of the
most common toxins found in these water sam-
ples (Vasconcelos et al., 1996).

The understanding of the ecological causes
that promote bloom formation in estuarine
systems is particularly complicated due to their
heterogeneous conditions, which exhibit strong
gradients between their freshwater and marine
zones. The turbidity produced by high suspen-
ded particulate matter concentrations, fre-
quently limits primary productivity to surface
waters and the salinity gradient can stress
phytoplankton and bacterioplankton transpor-
ted down the river (Goosen et al., 1999;
Herman & Heip, 1999). Freshwater cyanobac-
teria are not generally associated with estuarine
environments because of their limited tolerance
to salinity (Kirst, 1990). They can be adversely
affected by high salinities during summer and
autumn (Kurup et al., 1998), while lower water
temperatures and light intensities, as well as
higher freshwater flow rates during winter and
spring, make the conditions sub-optimal for
growing. In most of the estuaries higher densi-
ties have been linked to rainfall events transpor-
ting cyanobacteria from adjoining wetlands into
the estuary, rather than to growth within the
estuary (John, 1994). Conversely, toxic cyano-
bacteria in the Guadiana estuary are almost
continuously present throughout the year
(INTERREG-II, 2000; Rocha et al., 2002).

This work shows the results obtained in a
study focused on the monitoring of physical and
chemical and biological characteristics of the
Guadiana estuary during the spring of 2002 and
the new ongoing water control program. The
main goals of the study were to assess their
effects on MC concentrations along the estuary
and to determine their levels in the environment
in order to help the prevention of possible ani-
mal and human health problems.
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MATERIAL AND METHODS
Sampling design

Sampling stations were established along a lon-
gitudinal transect covering an area from South
to North between Foz de Odeleite, Alcoutim
(Sanlucar de Guadiana in Spanish territory) and
Meértola (Fig. 1). Alcoutim corresponds to the
limit of the salt intrusion zone (35 Km from the
mouth in Vila Real de Santo Antonio) and
Meértola to the limit of the tidal influx (60 Km
from the mouth). Samples were taken approxi-
mately every 15 days from March to May 2002
during neap tide periods. Field surveys were
performed during high tide conditions (£2 h).
The aim was to collect samples when tidal velo-
cities were lower, thus reducing the possibility
of sample streaming, but with the highest level
of salt intrusion for these tidal conditions.

Field measurements

Temperature, transparency of the water (turbi-
dity) and salinity were measured in sifu during
field surveys. Temperature at the surface was
determined with a WTW dissolved oxygen tem-
perature meter Oxi 197 connected to a 40 m
length WTW TA 197 sensor.

Salinity was determined with a refractometer
and measured in practical salinity units (PSU).

Turbidity was determined by a Secchi disk
and light extinction coefficient was calculated
as recommended by Parsons et al. (1984) where
k= 1.4/Ds, being K’ the extinction coefficient
and Ds the depth of disk disappearance.

Laboratory analysis

Five L of cooled surface water samples were
maintained in the dark during transportation to
the laboratory (approximately 2 h).

Water samples for nutrient quantification
were filtered with 0.45 uym Whatman acetate
cellulose filters and frozen until analysis.
Determinations for dissolved silica and ortho-
phosphate concentrations in water were made
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Figure 1. Location of Guadiana River and sampling stations
in the Guadiana estuary. Mértola station is located upriver
corresponding to the limit of tidal influx (60 Km from the
mouth), followed from North to South for Alcoutim station,
and finally Odeleite station. Alcoutim corresponds to the limit
of salt intrusion zone (35 Km from the mouth in Vila Real de
Santo Antonio). Localizacion del Rio Guadiana y de las esta-
ciones de muestreo en el estuario del Guadiana. La estacion
de Mértola esta situada rio arriba y se corresponde con el
limite de influencia de las mareas (60 Km de distancia desde
la desembocadura), seguida de Norte a Sur por la estacion de
Alcoutim, y finalmente la estacion de Odeleite. Alcoutim se
corresponde con el limite de influencia salina (35 Km desde la
desembocadura en Vila Real de Santo Antonio).

spectrophotometrically following Parsons et al.
(1984) protocols in triplicate. Nitrate analyses
were made following the method of Granshoff
(1983a,b), and at least in duplicate.

For chlorophyll a determination 250 mL of
water were filtered through Whatman GF/F fil-
ters. The filters were then submerged in acetone
90% and maintained in the dark at least over-
night at —20°C. After centrifugation the superna-
tant was measured spectrophotometrically in the
respective wavelengths according to the equa-
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tions of Parsons ef al. (1984). Analyses were
performed at least in duplicate.

Water samples for the enumeration of
picophytoplankton and nanophytoplankton cells
were preserved with glutaraldehyde 25% (2%
final concentration) and maintained in the dark
at 4°C until staining with proflavine. Stained
samples were filtered through 0.45 um Micron
Separations Inc. dark policarbonate filters dis-
posed on 0.2 pum Whatman cellulose acetate fil-
ters. Policarbonate filters were mounted on
glass slides with immersion oil (Cargille type
A). All preparations were made within 24 h after
sampling and stored at -10°C to minimize the
loss of autofluorescence. A minimum of 20 ran-
dom fields were counted at 600 to 1250 x mag-
nification with a Leica DM-LB epifluorescence
microscope equipped with blue light illumina-
tion (Haas, 1982). Samples for the enumeration
of micro-sized (>20 wm) diatoms and dinoflage-
llates were preserved with acid Lugol solution,
sedimented in sedimentation chambers for 24 to
48 h, and observed with a Wild inverted micros-
cope (Utermohl, 1958). More than 100 cells of
the most common taxa were counted. It is to be
noted that the presence of large amounts of par-
ticulate matter in the samples interfered with
phytoplankton cell counts.

The chromatographic analysis (HPLC) of MCs
were performed in a Dionex® Summit™ equip-
ment with photodiode array detector (PDA) and
Chromeleon 6.3 software, using an Acclaim C18
column (3 pm, 120 A, 4.6 x 150 mm, Dionex®)
kept at 40°C. Acetronitrile and Milli-Q water plus
0.05% (v/v) TFA (trifluoroacetic acid) were used
as mobile phase, starting at 25:75 and changing
in a linear gradient to 55:45 final proportion after
30 min. Chromatograms were monitored between
180 and 900 nm, with main detection at 238 nm.
Purified MC-LR (Sigma®) was used as standard,
so the results were expressed in MC-LR equiva-
lents (MC-LR Equiv.) per volume of sample.

For each case 1.5 to 2 L water sample were
filtered through Whatman GF/F filters. The
filters were frozen until extraction with 20 mL
80% (v/v) methanol. As the particulate mate-
rial bigger than 0.7 um was retained on the fil-
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Figure 2. (A) Temperature (°C), (B) salinity (PSU), and (C)
turbidity (k’, light coefficient extinction) values measured in
situ during sampling surveys in 2002. Water discharge (m3-s-1)
values were provided by SNIRH (Sistema Nacional de
Informagao de Recursos Hidricos de Ministerio do Ambiente)
and dotted line was obtained from linear regression. M:
Meértola station; A: Alcoutim station; O: Odeleite station.
Valores de (A) temperatura (°C), (B) salinidad (PSU), y (C)
turbidez (k’, coeficiente de extincion de luz) medidos in situ
durante las camparias de muestreo realizadas en el ario 2002.
Los valores de caudal (m3-s!) fueron cedidos por el SNIRH
(Sistema Nacional de Informacion de los Recursos Hidricos
del Ministerio de Ambiente) y la linea punteada fue obtenida a
partir de una regresion lineal. M: Estacion de Mértola; A:
Estacion de Alcoutim; O: Estacion de Odeleite.
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ter, the toxins extracted were those correspon-
ding to the intracellular content plus those
adsorbed to the matter in suspension. Extracts
were then concentrated by rotatory evapora-
tion, resuspended in 450 pL 100% methanol
and subsequently analyzed by HPLC.

RESULTS

The water temperature increased from March to
late May as expected. In March lowest values
were 14°C and in May the highest was 24°C (Fig.
2.A). While in late winter water temperature was
colder from upriver to downriver, during spring
the opposite occurred due to the effect of coastal
waters. Water in Mértola showed higher tempe-
ratures than in Alcoutim, which in turn was hig-
her than in Odeleite, creating a longitudinal tem-
perature gradient during this season.

Salt intrusion was negligible in late winter in
the reported stations but increased with the
decrease in water discharge from March to the
end of May, although never affecting the station
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at Mértola. As expected, maximum values were
found in Odeleite (6.0 PSU) while Alcoutim
showed an intermediate position with maximum
values of 1.0 PSU (Fig 2.B).

The pattern of light penetration in the water
column is shown in figure 2.C. The water in the
selected stations showed high turbidity with Ds
values between 20 and 105 cm. The light coeftfi-
cient extinction parameter (k) changed, as well as
the other measured parameters, from late winter to
spring. Turbidity was higher in March, and in
Meértola than in Alcoutim, which was in turn hig-
her than in Odeleite, probably due to the high
freshwater discharge of winter months. Light pene-
tration in the water column increased at Mértola
station with the development of the spring season,
and was deeper in Mértola than in Alcoutim, which
was deeper than in Odeleite station, changing the
whole longitudinal gradient (Fig. 2.C).

Table 1 shows dissolved nitrate, silicate and
phosphorus concentrations and N:P, Si:N and
Si:P molar ratios at the three sampling stations.
For all the nutrients, values in March were higher
upriver in Mértola than in Alcoutim and this was

Table 1. Dissolved nitrate (N), phosphate (P) and silicate (Si) concentrations (uM) and N:P, Si:N and Si:P ratios found at selected sampling
stations (Mértola, Alcoutim, Foz de Odeleite) during survey period. Results show the average + standard deviation. Concentraciones de nitra-
to (N), fosfato (P) y silicato (Si) disuelto (UM) y cocientes N:P, Si:N y Si:P encontrados en las estaciones seleccionadas (Mértola, Alcoutim,
Odeleite) durante las campaiias de muestreo. Los resultados muestran la media + desviacion estandar.

N P Si N:P Si:N Si:P
Meértola
19 March 453+£1.6 5.3+0.0 150.7+ 4.6 8.6 33 28.5
04 April 295+£0.7 33+£0.0 79.7+3.9 9.0 2.7 24.3
19 April 61.5+33 4.7+0.8 87.6+15.3 13.2 1.4 18.8
06 May 344+14 3.6+0.3 16.0+1.3 9.6 0.5 4.5
20 May 28.1+£0.7 3.6+0.1 428 +54 7.8 1.5 11.9
Alcoutim
19 March 355+04 3.5£0.0 103.7+2.9 10.1 2.9 29.4
04 April 42.7+£03 4.0+ 0.0 143.6+£10.4 10.6 34 35.7
19 April 468 £1.1 52+04 749 £4.8 9.0 1.6 14.4
06 May 545+19 43+0.1 172.6 £ 0.9 12.7 3.2 40.3
20 May 35.8+0.9 4.0+0.1 133.9+23 9.0 3.7 33.7
Odeleite
19 March 42.5+0.6 2.6+ 0.0 67.8+£53 16.4 1.6 26.2
04 April 46.3£0.5 6.6+ 0.0 144.1+ 8.5 7.1 3.1 22.0
19 April 29.0+1.8 4.1+0.1 54.7+5.5 7.1 1.9 13.5
06 May 7.7+0.7 33+0.0 161.1+1.3 2.3 21.0 48.6
20 May 327+14 4.1+0.1 151.5+1.8 7.9 4.6 36.7
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Figure 3. Chlorophyll a content (ug-L-!) from water samples
collected during sampling surveys. M: M¢értola station; A:
Alcoutim station; O: Odeleite station. Contenido de clorofila a
(ug-L!) de las muestras de agua recogidas durante las campa-
nas de muestreo. M: Estacion de Mértola; A: Estacion de
Alcoutim; O: Estacion de Odeleite.

higher than in Odeleite. For silica concentrations,
this gradient changed until the end of May decre-
asing progressively in Mértola station and ten-
ding to increase with similar patterns in Alcoutim
and Odeleite. Dissolved silica concentrations
were quite high with values between 172 and 16
uM, (10648 uM). Nitrate and phosphorus con-
centrations did not show marked differences bet-
ween the stations. Molar ratios showed that nitra-
te was the limiting nutrient in almost all the
stations for the whole of the sampling period
(Table 1). Si:N and Si:P molar ratios tended to
increase from upriver to downriver in late spring
while N:P ratio tended to decrease (Table 1).

Chlorophyll a concentration did not follow a
general pattern with varying maximum values
depending on the station. However, concentra-
tions were higher in the beginning of April and
at the end of May with maximum values close to
13 and 14 pg L, respectively (Fig 3).

The abundance and distribution of the main
phytoplankton groups in the Guadiana estuary are
shown in Fig. 4 (A, B, C). The cyanobacteria was
the predominant group in Mértola station, almost
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Figure 4. Abundance (cell-L-!) of diatoms, chlorophytes and
cyanobacteria in water samples collected during sampling sur-
veys. A) Mértola station; B) Alcoutim station; C) Odeleite sta-
tion. Abundancia (cel-L"!) de diatomeas, clorofitas y ciano-
bacterias en las muestras de agua recogidas durante las
camparias de muestreo. A) Estacion de Mértola; B) Estacion
de Alcoutim,; C) Estacion de Odeleite.

for the whole sampling period. The maximum
value of 1.92-10% cell'mL-! was found at the end
of May (Fig. 4.A). Alcoutim and Odeleite stations
showed a different pattern, although similar bet-
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ween them, with chlorophytes being the more
abundant group during winter time followed by
diatoms. Chlorophyte and diatom abundance in
these stations decreased during spring with incre-
asing numbers of cyanophytes observed in late
spring (Fig. 4 B, C). Microcystis was the more
frequent and more abundant cyanobacteria in all
three stations. Oscillatoria in winter samples and
Gomphosphaeria in late spring were also obser-
ved in Mértola and Alcoutim stations. Between
the chlorophyte genera, Scenedesmus, Pediastrum
and Coelastrum were the most frequently obser-
ved, and between diatoms Cyclotella, Melosira
and Coscinodiscus predominated.

In contrast to chlorophyll a concentrations in
the water column, the distribution of MC-LR
content in the particulate material along the
river presented a well defined longitudinal gra-
dient with maximum values upriver in Mértola
station, followed by values observed in
Alcoutim station and finally those from the
Odeleite station (Fig. 5). A relationship between
chlorophyll values and MC content was not
found. MC-LR content in the particulate mate-
rial reached a maximum of 1.01 ug MC-LR
Equiv.-L-! during the beginning of May. Several
peaks, which had a similar spectrum of absorp-
tion of MCs at 238 nm, were observed at the
HPLC chromatograms from Guadiana samples;
at least five different variants were observed
(including the variant MC-LR at some samples).

DISCUSSION

Results obtained in this study showed the deve-
lopment of a longitudinal gradient in MC content
in particulate material along the Guadiana estuary
during spring of 2002. This gradient was related
to the existence of temperature, turbidity, salinity
and nutritional longitudinal gradients which regu-
lated the growth of toxic cyanobacteria.

Although behavior of different cyanobacterial
taxa in nature is not homogeneous due to their
different ecophysiological properties, it is well
established that in general, they attain maximum
growth rates at temperatures higher than for
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Figure 5. Microcystin-LR equivalents (ug-L-!) content in par-
ticulate material obtained from water samples collected during
sampling surveys. M: Mértola station; A: Alcoutim station; O:
Odeleite station. Contenido de equivalentes de microcistina-
LR (ug-L!) en material particulado obtenidos a partir de las
muestras de agua recogidas durante las campariias de mues-
treo. M: Estacion de Mértola; A: Estacion de Alcoutim; O:
Estacion de Odeleite.

green algae and diatoms (Chorus & Bartram,
1999). This fact could explain why in most tem-
perate and boreal water bodies cyanobacteria
bloom during summer. Moreover, optimum tem-
perature for hepatotoxin production by
Microcystis aeruginosa, one of the dominant
toxic species in the Guadiana river (Vasconcelos
et al., 1996) and Oscillatoria agardhii varies
from 18° C to 25° C (Watanabe & Oishi, 1985;
Codd & Poon, 1988; Sivonen, 1990). In the
Guadiana estuary the high temperatures obser-
ved at Mértola station followed by those obser-
ved in Alcoutim and finally Odeleite station, are
progressively closer to these favorable condi-
tions promoting the development of the gradient
in MC concentrations (Fig 1.A).

Salinity has been found to be another impor-
tant factor influencing the production of cyano-
toxins (Blackburn et al., 1996; Hobson et al.,
1999), although many species are also capable
of growth and bloom over a wide range of sali-
nities (Reed & Stewart, 1988) from freshwater,
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in lakes and rivers, transitional brackish envi-
ronments, such as estuaries, to oceanic waters
and even in hypersaline lakes (Fay, 1983).
Analysis of natural and cultured M. aeruginosa
samples collected at different salinities in the
Patos Lagoon (salinity varying from 0 to 10
PSU) demonstrated that growth rate, glutamine
synthetase activity, photosynthetic rate and
intracellular MC concentration decreased as
salinity increased (Salomon et al., 2001).
Furthermore, recent results based on a three
dimensional modeling of a Microcystis bloom
event in a western Australian estuary provided
evidence that salinity and temperature were the
primary factors controlling the growth of
Microcystis during the period of interest
(Robson & Hamilton, 2002). Our results are in
good agreement with those previous studies
(Salomon et al., 2001; Robson & Hamilton,
2002) that the inhibitory role of salinity on the
MC content can be also responsible for the MC
gradient observed in the Guadiana estuary.

The study of the effect of light intensity on
toxin production has resulted in several conclu-
sions. Codd & Poon (1988) noticed that light had
no, or only slight, effect on toxicity of M. aerugi-
nosa. Conversely, Watanabe & Oishi (1985) and
Utkilen & Gjelme (1992) observed a change in
toxin production by the same species induced by
light intensity. Other species such as Oscillatoria
agardhii produced the highest toxin levels at
low light intensities (12-24 pmol'm2-s-1;
Sivonen, 1990) while the effect of light on three
different strains of Nodularia did not produce
significant differences on nodularin production
(Lehtiméki ef al., 1994). However, independent
to the effects of light on toxin production, cya-
nobacteria need light for growth and one of the
characteristics that provide a significant advan-
tage to gas-vacuolate cyanobacteria, such as
Microcystis, Anabaena, or Aphanizomenon,
over other microalgae is the buoyancy and the
capability for its regulation (Oliver & Ganf,
2000). In turbid waters, such as in the Guadiana
estuary, the depth of light penetration is low
(Fig 2.C), so light collection for photosynthesis
is limited to a few centimeters at the surface.

Furthermore, this same capability decreases
cyanobacteria sinking rates comparing with
other phytoplanktonic groups. They can also
develop large aggregates (colonies) of coccoid
cells or filaments which are not homogeneously
distributed over the water body. Differences in
densities between colonies and water, and
colony size allow the cell aggregates to regulate
buoyancy in the water column to obtain optimal
conditions for growth. However a prerequisite is
that the water body is not too turbulent (Chorus
& Bartram, 1999). As it could be expected,
highly turbid stations such as Alcoutim and
Odeleite stations could give advantage to gas-
vacuolated cyanobacteria over other microalgae
compared with less turbid waters in Mértola.
However, water in Alcoutim is commonly quite
turbulent, probably due to the physical and che-
mical mechanisms derived from the transition
between seawater and freshwater (INTERREG-
I, 2000; Herman and Heip, 1999) and water
in Odeleite was affected by salinity intru-
sion, negatively regulating growth of MC pro-
ducers such as Microcystis spp.

Recent studies, before the Alqueva dam cons-
truction, have demonstrated that the availability
of dissolved nutrients in the medium played an
essential role in phytoplankton bloom succes-
sion throughout the year in the Guadiana
estuary, being the silica limitation one of the
principal factors responsible for the develop-
ment of cyanobacteria blooms (Rocha et al.,
2002). The high winter loads of nitrogen and
phosphorus lead to the depletion of silicate
(<0.2 uM) during an early spring diatom
bloom. Then, low monthly discharge rates
during spring and summer provided an environ-
ment with low Si:N and N:P relatively availabi-
lity, which coupled with the high water column
temperature (> 21° C) seemed to favour the
dominance of cyanobacteria over chlorophytes
during summer (Rocha et al., 2002).

During late winter and spring of 2002 no dia-
tom bloom was observed (Fig. 4). Phytoplankton
composition was dominated by cyanobacteria in
the freshwater station (Fig. 4.A) and by chlo-
rophytes during late winter, followed by cyano-
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bacteria in late spring downriver in Alcoutim and
Odeleite stations (Fig. 4.B,C). However, the pre-
dominance of cyanobacteria is also related with
the presence of low N:P ratios (Table 1). Taking
as reference the standard molar ratios between
N, Si and P for marine diatom biomass growth
(Si:N:P= 16:16:1, Redfield et al., 1963;
Brzezinski, 1985), relative availability of nitrate
was limiting for growth during the sampling
period. Previous results have reported that fres-
hwater cyanobacteria and chlorophytes have
relatively low P requirements (K, = 0.03-1.89
puM, Tilman et al., 1982), and phosphorus was
available above these concentrations during the
sampling period. However, chlorophytes have
been described as the poorest N competitors
although they dominate cyanobacteria in P com-
petition (Sommer, 1999).

Silica concentration data from 2002 are extre-
mely high compared with those obtained in
1997 (Rocha et al., 2002). Moreover, values do
not seem to follow the expected pattern with
marked peaks at all stations during winter flus-
hing of the estuary by freshwater discharge and
with low concentrations (< 5 uM) during
spring-fall period. On the other hand, MC con-
centrations in particulate material are also hig-
her compared with previously reported studies
where toxin content attained maximum values
of 50 ng'L'! in April (INTERREG-II, 2000).
High availability of silica in the estuary in
regard to the other principal nutrients was able
to promote diatom predominance before the
sampling period, decreasing nitrate concentra-
tion and altering the previously observed pattern
of successive blooms of different phytoplankton
assemblages. Then, Mycrocystis cells capable of
regulating buoyancy in turbid waters could have
an advantage over diatoms and chlorophytes,
dominating upriver in the freshwater area and
creating a longitudinal gradient in MC content
regulated by temperature and salinity.

Regulation of rivers by damming as well as
eutrophication in river basins has substantially
reduced dissolved silica loads in the Black Sea
and the Baltic Sea (CEC, 2001). While removal
of nitrates and phosphates in lakes and reser-

voirs can be compensated for by the anthropo-
genic inputs in the drainage basins, no such
compensation occurs for silicates. Reservoirs
act as silica traps, but the main processes res-
ponsible for the reservoir retention (biological
vs. physicochemical) are not fully clear. The fact
that silica concentrations presented in this
report were higher than those observed before
dam construction began could be related with
factors that implicate the construction process
itself, such as soil displacement or inundation of
previously uncovered areas. Thus, 2002 could
be considered as a transition state with respect
to silicate and MC concentrations in the estuary.
These results were part of a one year project,
so further results are needed to obtain more con-
clusive considerations about the state of water
quality in the Guadiana River. Moreover, the
development of long term environmental moni-
toring is also necessary to assess on-going alte-
rations in the ecohydrological state of the river
and estuary as well as possible effects on coastal
biogeochemical cycles and food web structure.
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