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Physical and biogeochemical processes control the impact of eutrophication in tidal, coastal lagoons and the
ecosystem response to nutrient enrichment. A screening model of eutrophication in a tidal, coastal lagoon considers
a well-mixed box, exchanging with the ocean at a daily rate determined by physical processes and converting
nutrient to phytoplankton chlorophyll at a fixed yield. The model uses nutrient levels to estimate maximum biomass,
that may be limited by light-controlled growth in turbid, turbulent, highly-diluted or heavily-grazed system. The
components of the box model were tested using field data from the Ria Formosa, a mesotidal coastal lagoon in
southern Portugal. Sampling coincided with equinox spring tides, in spring and autumn, as well as solstice neap
tides, in summer and winter, to cover the full range of tidal exchange. Discrete sampling coincided with high water,
mid-ebb, low water and mid-flood to exemplify the different tidal states. Sampling stations included the ocean
boundary (lagoon inlet), and two different landward boundary situations: the shallow westernmost “blind end” of
the lagoon, and one near to a major sewage outlets. Results show that nutrient loading in the Ria Formosa is
sufficiently diluted and flushed by the tides to limit the effects of eutrophication in the outer lagoon. Flushing,
however, is insufficient in the inner lagoon. In conclusion, basin-scale parameters in simple box models can be
derived from detailed research models and the results of process studies to provide end-users with simple,
transparent, screening models for eutrophication and related aspects of water quality.
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ABSTRACT

Oceanographic Applications to Eutrophication in Tidal, Coastal Lagoons: the Ria
Formosa, Portugal

A. Newton and J.D. Icely† ‡

INTRODUCTION

The European Environment Agency defined eutophication
as: “an increase in the rate of supply of organic matter to an
ecosystem, which is typically reflected by an increase in the
primary production of the system” (EEA, 2001). Although
eutrophication occurs naturally, for example in regions of
coastal upwelling, this paper is concerned with the more
negative human contributions to this phenomena that are
recognised in the Urban Waste Water Treatment Directive of the
European Union (C.E.C, 1991). In this Directive,
eutrophication is defined as: “enrichment of water by nutrients,
especially compounds of nitrogen and phosphorous, causing an
accelerated growth of algae and higher forms of plant life to
produce an undesirable disturbance to the balance of organisms
and the quality of the water concerned”. Eutrophication has
long been recognized to be a problem in freshwater systems

1976), but has increasingly been observed in
coastal waters (e.g. 1999), particularly, in
regions of restricted exchange (RREs) which are defined by

(2003) as coastline features that are cut off from
normal water circulation on three sides. Classical freshwater
approaches for assessing eutrophication are not adequate for
coastal and estuarine conditions 2001), and changes
to these ecosystems would best be investigated by
oceanographic methods for understanding physical,
biogeochemical and biological processes in coastal regions.
The European Union (EU) funded the project “Oceanographic
Applications to Eutrophication in Regions of Restricted
Exchange” (OAERRE) to investigate and model the impact of
anthropogenic nutrients at six European sites of restricted
exchange 2003) including: Atlantic fjordic-
systems (Kongsfjorden, Norway; Firth of Clyde, Scotland);
Baltic fjordic systems (Gullmaren and Himmerfjärden,
Sweden); a Mediterranean embayment (Golfe de Fos, France);
and anAtlantic tidal lagoon (Ria Formosa, Portugal).

The OAERRE project aimed to obtain “objective” measures
of trophic status in these RREs, which could then be used as

parameters in simple screening models for the assessment and
prediction of eutrophication ., 2003). Although there
are other examples of screening models, such as FJORDENV

2001) and ASSETS 2003), the
analysis in this paper is based on the model of the
Comprehensive Studies Task Team (CSTT, 1997) developed to
predict and manage the effects of nutrient enrichment of
seawater by aquaculture 1996).

The OAERRE study in Portugal focused on the Ria Formosa
(Figure 1), a shallow, mesotidal lagoon on the southern coast.
The lagoon is 10 000 hectares and is a valuable socio-economic
resource for the region including: tourism, fisheries,
aquaculture and salt extraction industries. The environmental
value of the lagoon has been recognised by its status as a Natura
2000 and Ramsar site, as well as forming part of a Portuguese
Natural Park. A preliminary evaluation of eutrophication based
on historical data from this lagoon has led to different
conclusions and classifications 2003). The
assessment based on the European Environmental Agency
criteria (EEA, 1999) of nutrient concentrations indicated that
the situation in the lagoon is “poor” to “bad”. In contrast, the
USA National Eutrophication Estuarine Assessment

, 1999) based on symptoms, such as high chlorophyll and
low oxygen saturation, indicated that the lagoon is near pristine
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2003). These differences emphasise the
importance of developing objective criteria for predicting
eutrophication.

A summary is presented here on the use of the CSTT
screening model to assess eutrophication in the Ria Formosa.
This has utilised both recent and historical data on the
hydrography, exchange processes, nutrient concentrations,
chlorophyll concentrations, primary and bacterial production,
and microplankton composition. The data supporting this
summary are available on the relational database BarcaWin
2000 and the database of the European Union OAERRE project,
as well as in more detailed studies that have been published

, 2005; ., 2003; and
2003, 2005; , 2003), or are in

submission ).

Historical data was evaluated for the Ria Formosa based on
sampling stations throughout the lagoon 2003;

, 2003). However, for the OAERRE project three
sites were selected to sample for the ocean boundary, Barra (
in Figure 1), an outlet to the ocean; and two contrasting
landward boundaries, Ponte ( in Figure 1), a site adjacent to the
“blind end” of the western lagoon; and Ramalhete ( in
Figure 1), a site adjacent to the sewage outlet for treated
effluent from the city of Faro (Figure 1). Sampling coincided
with equinox spring tides, in spring and autumn, as well as
solstice neap tides, in summer and winter, to cover the full range
of tidal exchange. Discrete sampling coincided with high water,
mid- ebb, low water and mid-flood to exemplify the different
tidal states

Temperature and salinity measurements were taken at 22
stations throughout the lagoon at 1m depth intervals during 12
months coinciding with neap tides at both high and low water

1995; and 2003 ).

Exchange rate and salt budget for the lagoon were
estimated by comparing measurements taken with a tidal gauge,
a temperature-salinity bridge, and current meters at 2 major
inlets (Faro and Olhao) over a two week period to include spring
and neap tidal cycles 2001).

Tidal rate “ was calculated as tides/day x tidal prism
volume, , 2003).

Dissolved available nitrogen, phosphorous and silicate were

sampled and estimated at 22 stations throughout the lagoon
1995; and 2003) based on the

techniques in . (1983).

Chlorophyll was estimated by the standard fluorometric
method and 1963) for several studies on
the Ria Formosa (references in ., 2003).

Seawater samples were filtered through a 200 micron net so
that only the pelagic microplankton from the lagoon were
used for estimations of the parameters , , , “ , and
“ .

The yield of chlorophyll from nitrate “ ” was estimated in
the microplankton community of the Ria Formosa by collecting
seawater at low tide in April 2002. The seawater was filtered
and subsequently used for continuous culture techniques in
microcosms to follow the changes in “ over a period of a
week, after enrichment of the filtered seawater with nutrients,
vitamins and trace elements. Only nitrate was limited over the
duration of the experiment. The details of the microcosm
experiment are presented in (2003, 2005).

Aregression method (details in , 1992) was also
used to estimate in the lagoon using historical data for
chlorophyll and nitrate from a range of sites in the lagoon.

Filtered seawater was labeled with H CO
(S , 1952) and C-leucine .,
1985) to estimate primary and bacterial production,
respectively, and then incubated for one hour in a tray under
the ambient conditions of the lagoon. Average primary and
bacterial production was calculated assuming 10h of sunlight
per day (details in in submission).

Filtered seawater was incubated during 24
hours in both light and dark Winkler flasks suspended 0.5 m
below the surface in the lagoon (details in in
submission). The production and consumption of oxygen by the
microplankton community over this period was estimated
using the standard Winkler technique (described in

., 1983).

Samples of the water were preserved in gluteraldehyde at 4 C
for assessments of microplankton abundance and biomass.
Detailed descriptions of the techniques used are given in

(1993). The preserved samples were filtered to
separate the microplankton community into two size fractions:
2-100 m for nanoplankton and small microplankton, 0.2-
2.0 m for picoplankton and bacteria. The filters were treated
on a microscope slide with DAPI as a fluorochrome dye. The
microplankton community was counted and sized with an
epifluorescence microscope. Biomasses were calculated from
carbon to volume allometric relations derived for the range of
taxa (M and 2000; 1993).
The estimates for biomass were used to calculate values for
“ (W and 2000) and “ ( ,
2003).

The hydrographic survey of the Ria Formosa in and
(2003) describes a shallow, unstratified lagoon with a

mean depth of 1.5m and a maximum depth of 14m. In the winter
months the lagoon is estuarine, whereas in the summer months
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Figure 1. The western end of the Ria Formosa showing the 3
principle sampling stations: , at an outlet to the ocean; ,
adjacent to the “blind end”; and , at an outlet of a sewage
treatment plant.
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it is anti-estuarine due to high temperatures and salinity. The
mean volume, at the mean sea level for the whole basin, is 88 x
10 m and the mean surface area is 58 km , 2003).

The results of the experiment to determine the relative
lagoon-coastal water exchange at the two main inlets show that
most of the water in the lagoon is exchanged by daily tides
through the main Faro inlet 2001).

The lagoon is generally well flushed by the semi-diurnal,
meso-tidal exchange and 50% to 75% of the water volume is
exchanged in each tide , 2003). The amplitude of the
tides is of the same order of magnitude as the mean depth of the
system. The mean tidal prism is 115x10 m , the tidal rate
2600x10 d , and the exchange rate is 2.1 d ,
2003).

There is some residual circulation between the two main
inlets at Faro and Olhão.

The study by (1995) on the availability of nutrients
(N, P and Si) in the Ria Formosa has shown that the lagoon is
generally nitrogen enriched with respect to phosphorous.
Silicon concentrations exceed nitrogen in the winter months
and vice-versa in the summer months. Sewage and agriculture
are two of the major sources of nutrients into the lagoon.

Estimates for total land-derived nutrients are 84.3 kmol.d
for nitrogen and 1.86 kmol.d for phosphorous (T ,
2003). The maximum value for nitrogen is 38 M, 1.5 M for
phosphorous and 35 M for silicon, all relatively high
compared to the other European RRE sites (T , 2003).

The exchange of nutrients between the lagoon and the coastal
waters observed by and (2005) show that the
lagoon generally exports nutrients to the adjacent coastal zone.
However, algal blooms in the lagoon periodically reduce
nutrient availability and inflowing coastal water then becomes a
nutrient source.

Nutrient exchanges at the sediment-water interface of the Ria
Formosa have been described in several papers that are
summarised in (2003). The sediments are an
important reservoir of nutrients in this shallow lagoon. Nutrient
exchanges are principally controlled by the tidal “pump” effect
and by the redox potential of the sediment. Factors such as grain
size, bioturbation and digging for clams are also important

., 2003).

The chlorophyll concentrations in the Ria Formosa are
typically low (mean 2 g Chl.dm ) in comparison with the other
European RRE sites (T , 2003), and there is no marked
spring maximum.

The value of “ ” the potential maximum chlorophyll
concentration (mg.m ) has been calculated for the Ria Formosa
and compared to observed values (T , 2003). Both the
observed and predicted values obtained are low in comparison
to the other European RRE sites. Nevertheless, the observed
maximum value is twice the value predicted by the CTTS
model. T (2003) has attributed this to an underestimate
of the residence time of residual water in the inner parts of the
lagoon.

The microcosm experiment 2005) to
determine “ the yield of chlorophyll from nitrogen, in the Ria
Formosa has produced values of 2.12 µg chl (µmol N) for the
maximum yield and 0.91µg chl (µmol N) for the steady state
condition. These values are consistent with those reported for
more northerly temperate waters by (1992) and

(2003)
However, although these workers have shown clear

relationships between nutrient loading and biomass with the
parameter ' , . (2005) have suggested that '

may not be a good parameter for predicting eutrophication in
the Ria Formosa as they obtained a poor correlation between
chlorophyll and nitrate concentration using historical data.
This has been attributed to the high numbers of nitrogen fixing
cyanobacteria, as well as the competition for nitrogen in this
sha l low sys tem from the macroa lgae and the
microphytobenthos.

(2003) has calculated the environmental
parameters affecting biological production in the Ria Formosa.
The mean (24h) solar irradiation at the sea surface in the
summer “ ” is 650 E.m .s . The mean diffuse attenuation
coefficient for PAR (Photosynthetically Active Radiation) at
chlorophyll EQS (Environmental Quality Standard) “ ” is
0.69m , (T , 2003). The mean local diffuse attenuation
coefficient without phytoplankton “ ” is 0.5 m (T ,
2003). All three of these values are relatively high in
comparison to the other European RRE sites.

(in submission) have also estimated primary
and bacterial production for the Ria Formosa using the
incorporation of H CO and C-leucine by the
microorganisms, respectively. Primary production varied
between 270 and 550 g m yr and bacterial production varied
between 170 and 250 g m yr at the three sites. In both cases,
the production was lowest at the oceanic inlet ( in Figure 1),
although the variation is substantially less for the bacterial
production. The seasonal difference between the primary and
bacterial production is attributed to the dependence of primary
production on the variation in day length over the duration of
the year. Many of the production values are above 300 g m yr ,
the threshold for eutrophic conditions in coastal waters
1995). However, shallow lagoons are generally highly
productive and these values are not necessarily produced by
undesirable anthropogenic influences.

Estimations of primary production with C do not provide
data on the respiratory component ” and this has been
estimated in the lagoon using the oxygen method, described in
the Methods, to give values between 0.7 and 21 mol O l d ,
with highest values occurring within the lagoon in September.

The parameters and are considered
important for eutrophication assessment as they reflect changes
in balance of organisms (see C.E.C definition in Introduction).
High values for indicate a microplankton community that is
dominated by heterotrophes, whilst high values for indicate
phytoplankton (autotrophes) dominated by flagellates.
Flagellates, including dinoflagellates, are linked to the negative
symptoms of eutrophication.

In general, northern temperate waters have a value during the
spring bloom for of 0.2 , where the autotrophic component
of the community contributes more to biomass of the
microplankton than in the summer where the value is higher at
0.6 (T , 2003). However, in the case of the Ria Formosa

2003) estimates for range between
0.05 and 0.7, with the greatest differences occurring over single
tidal cycles at the Barra and the Ponte ( & in Figure 1)
during December. This demonstrates the influence on the
microplankton community of the rapid exchange of water
masses between the ocean and the lagoon. In the case of
Ramalhete ( in Figure 1), the values for are less variable
over the tidal cycle and indicate a more stable microplankton
community.

Estimates for range between 0.05 and 0.95
., 2003) and, in common with the greatest differences

occur over single tidal cycles at the Barra and Ponte. The
variation in range throughout the year at Ramalhete is lower at
0.2 - 0.8 and, also, the difference between high water and low
water is normally low, within a range of 0.1.

It is probable that the values for and si at Ramalhete are
more stable because the overall exchange of seawater is much
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lower than that occurring at the Ponte and Barra. This is
supported by the hydrographic description in and

(2003). As Ramalhete is located at the outlet for the
principle sewage treatment plant of the Faro conurbation
(Figure 1), this site is vulnerable to anthropogenic
eutrophication, and it is probable that there are other similar
vulnerable sites along the inner regions of the Ria Formosa.

The OAERRE project has demonstrated the value of using a
simple screening model to compare contrasting Regions of
Restricted Exchange in European coastal waters. In comparison
with the other sites, the nutrient inputs and availability in the Ria
Formosa are high. Nevertheless, the large tidal exchange
flushes most of the system daily and chlorophyll concentrations
are relatively low. However, a comparison of observations and
predictions obtained by applying the CTTS eutrophication
screening model to the Ria Formosa shows that the model
underestimates the susceptibility of the system to
eutrophication. Complex lagoonal systems such as the Ria
Formosa, retain residual water in their numerous small, shallow
channels. Although they may appear to be well flushed, tidal,
coastal lagoons maybe at least as vulnerable to eutrophication
as other estuarine or fjordic systems. In addition, most models,
including the CSST do not account for benthic-pelagic
interactions. This is a more serious omission for a shallow
system such as the Ria Formosa than it is for a much deeper site
such as a Fjordic system like the Firth of Clyde.
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