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Abstract The spatial distribution of silicate, ammo-
nium, nitrate, nitrite, phosphate, chlorophyll a and
dissolved oxygen in Obidos lagoon was obtained by
surveying five sites in eight campaigns, between
October 2004 and October 2006. A confined inner
branch of the lagoon showed higher availability of
ammonium (1.2-81 wmol 1'), phosphate (1.9—
17 umol 1), silicate (0.85-86 pmol 1') and
chlorophyll @ (0.30-18 upg 1'') than other sites
(0.47-25 umol I"*, 0.10-3.9 umol 1!, 0.47-25 pmol
1", 0.25-11 ug 1!, respectively). According to
several trophic classification tools, that branch is
considered eutrophic to polytrophic, emphasising its
deteriorated conditions, while the rest of the lagoon is
of better quality. In autumn/winter nutrients were
inversely correlated to salinity (#>0.93) reflecting the
freshwater inputs enriched in nitrogen and phospho-
rous compounds to the inner branch. In warmer
periods, dissolved oxygen concentrations dropped
during the night, and sediments of the branch become
an important source of ammonium and phosphate.
The low DIN:P ratio (median=10) obtained in the
branch, which suggests an excess of phosphate, that
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increased in warmer periods and changed the limiting
nutrient in the entire lagoon. These results emphasize
the spatial heterogeneity of water quality in Obidos
lagoon, its seasonal variability, and the importance
of recognising these distributions before defining
homogenous water body on the scope of Water
Framework Directive.
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Introduction

Small rivers running towards the coast do not always
reach the sea. Discharge to the ocean is often
prevented by active beach-ridges, forcing water and
suspended particulate matter to accumulate in small
coastal lagoons. The ecology of the lagoons is
determined to a large extent by freshwater inputs
and the mixing and circulation processes with the
adjacent sea (Postma 1981; Ittkoot et al. 2000). In
lagoons with a permanent connection to the sea and
strong tidal amplitudes, the circulation is highly
influenced by semi-diurnal and fortnight tidal cycles,
and only episodically freshwater discharges force the
salinity gradient to move seaward near the inlet
(Boynton et al. 1996). In densely populated regions,
the discharge of nitrogen and phosphorous is aug-
mented by domestic and industrial waste waters,
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urban drainage and agricultural effluents (Cabegadas
et al. 1999; Lillebg et al. 2005; Lopes et al. 2007).
Additionally, most of the particulate organic matter
that reaches the bottom is mineralised in top
sediment layers, promoting a spatial variability in
the nutrient exchange across the sediment—water
interface (Lerat et al. 1990; Forja et al. 1994; Vidal
and Morgui 1995).

Coastal lagoons with these vulnerabilities, exhibit
frequently a temporary and progressive decline of water
quality. The increasing number of ecosystems with
these symptoms led environmental managers to
identify eutrophication as a major worldwide problem
(Cloern 2001; Hauxwell and Valiela 2004; Lillebo
et al. 2007). Besides the high nutrient loading,
primary producers may be limited to growth due to
alterations of ratios between DIN, P and Si (Newton
and Mudge 2005; Gikas et al. 2006; Lopes et al.
2007). Although the Redfield molar ratios for
phytoplankton growth (Si/DIN/P=16:16:1) are merely
used to define the resource availability (del Amo et al.
1997), a shift from these proportions may change
the species dominance, composition, and results in
loss of diversity (Tilman et al. 1982; Gikas et al.
2006; Lopes et al. 2007). Moreover, the limiting
nutrient to primary production may vary seasonally
(Falcao and Vale 1998). Since regeneration of
nutrients in upper sediments depends on the supply
of particulate organic matter, temperature and oxygen
availability (Forja et al. 1994; Chapelle 1995; Asmus
et al. 2000), fluxes to the overlying water are
influenced by these environmental factors (Kristensen
1993; Wilson and Brennan 2004), and consequently
also the succession of primary producers.

Within the framework of protecting the quality of
surface water bodies, various ecological classification
tools have been proposed to assess eutrophication (e.g.
Bricker et al. 1999; Crouzet et al. 1999; Wasmund
et al. 2001). However, the indexes are based on
annual or winter means of nutrient levels, which may
be insufficient in coastal lagoons impacted by organic
loads.

This work presents the nutritional status of Obidos
coastal lagoon, an impacted ecosystem in Portugal,
and discusses its spatial and seasonal variations. This
study emphasises the importance of recognising the
variability of water quality parameters, in order to
define homogeneous water body within the Water
Framework Directive (WFD).
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Material and methods
Study area

The Obidos lagoon is a shallow coastal lagoon with a
mean depth of 1 m and a wet area of 7 km?, located
on the west coast of Portugal (Fig. 1). The lagoon is
permanently connected to the sea through a narrow
inlet. The position of the inlet and the configuration of
the channels in lower part of the lagoon have changed
naturally during the last decades (Oliveira et al 2006).
Three areas with different morphological and sedi-
mentary characteristics have been identified (Quintino
1988; Oliveira et al. 2006): several sand banks,
narrow channels and strong currents in the lower
part, weaker velocity intensities in the broad middle
lagoon, and muddy bottom sediments in the inner
branches Barrosa and Bom-Sucesso. The freshwater
tributaries, Cal, Vala do Ameal and Arndia drain
agricultural areas and enter the lagoon at Barrosa,
Bom-Sucesso and between the two branches, respec-
tively. The freshwater discharges are negligible in
summer (<0.05 m® s~ '; IPIMAR 2006) and annually
amount to an average of 3 m’ s ' (Oliveira et al.
2006). During the past decades domestic effluents
from the town Caldas da Rainha had been discharged
to the Cal river that ends into the Barrosa branch.
Although, at the present time, this nutrient load enters
directly the coastal zone adjacent to the lagoon
through a submersed outfall, Cal river continued to
have deteriorated quality conditions according to the
Portuguese classification of freshwater systems (IST/
IPIMAR 2008). In fact, monthly campaigns carried
out in 2007 indicated flows varied from 0.1 and
0.5 m> s~ with elevated levels of ammonium (2.9—
9.4 mg I'"), nitrite (0.17-1.2 mg 1"") and phosphate
(1.4-6.3 mg 17"). Tide energy dissipates in the entire
lagoon, and tides range between 1 and 2 m (Oliveira
et al. 2006). The nutrient load and the longer resident
time of water in inner branches (2426 and 4-10 days
in Bom-Sucesso and Barrosa, respectively) in compar-
ison to the middle/lower lagoon (1-4 days; Santos,
personal communication) favour the macroalgal cover
(Ulva sp. and Enteromorpha sp.), as well as accumu-
lation of organic matter in sediments (Loss of Ignition
between 5.7 and 7.5%; IPIMAR 2006). Opportunist
macroinvertebrate species found in Barrosa corrobo-
rates the eutrophic condition in the branches (Carvalho
et al. 2005, 2006).
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Fig. 1 Location of the sam-
pling sites at the Obidos
lagoon: 4 inlet; B and C
middle lagoon; D and F
Bom Sucesso and Barrosa
branches, respectively

Allantic Ocea n&(_\

Sampling and methodologies

Five sampling sites were selected to give an adequate
representation of the various morphological conditions of
the lagoon (Fig. 1): site A located near the inlet; B and C
in the middle of the lagoon; D and E in Bom-Sucesso
and Barrosa branches, respectively. The sites were
visited in October 2004, February, June and October
2005 and February, May, August and October 2006.
Water (0.4-m depth) was sampled in high tide and
low tide of the inlet channel. For logistic reasons,
sampling started at the inlet and ended at inner
branches. Each survey took less than two hours.
Only temperature was measured in situ using an YSI,
650 m. Water was sampled to various bottles according
to the analytical specifications and transported to a field
laboratory for filtration and preservation of the samples.
Salinity was measured using an Autosal (Guildline
Model 8400B Analyzer) analyzed against “IAPSO
standard Sea Water” with accuracy of 0.003. Dissolved
oxygen was determined by a modified Winkler method
according to Carrit and Carpenter (1966). The coefficient
of variation associated with this method was determined
by analyzing replicates and was found to be less than
0.25%. Dissolved oxygen saturation was calculated
according to OSPAR (2001). Suspended particulate

matter (SPM) was obtained by filtering 250 ml of water
through cellulose acetate membranes (0.45 pum) and
determined gravimetrically (drying at 70°C). Samples
for the determination of dissolved inorganic nutrients
(nitrate, NO;+NO,"; ammonia, NH,"; phosphate, PO43’
and silicate, Si(OH),) determinations were filtered
through MSI Acetate Plus filters, and analysis carried
out using an autoanalyser TRAACS 2000 (Bran +
Luebbe). Certified standards (Wako, CSK Standard
Solution) were used to ensure the accuracy of the
procedures and precision was found to be +1.0% for
nitrate, £2.0% for ammonia, £1.9% for phosphate and
+1.1% for silicate. For chlorophyll a (Chl a) determi-
nations, 250 ml of water was filtered through a
Whatman GF/F (0.7 pum) filter that was immediately
frozen at —20°C and later extracted in 90% acetone, for
analysis in a Perkin-Elmer fluorometer using the
modified protocol by Lorenzen (1966). Commercial
solutions (Sigma Chemical Co.) of Chl a were used to
calibrate the fluorometer. The coefficient of variation
associated with this method was less than 1.8%.

Data analysis

Statistical software (Statistica 6.1) was used for
statistical analyses. ANOVA analysis was used to
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compare sampling sites and Tukey test was applied
for post hoc comparison (Zar 1996). Differences
between means were considered significant when p<
0.05. A Pearson correlation was performed to evalu-
ate the degree of relationship between the analysed
parameters.

Results

Temperature, salinity, dissolved oxygen
and suspended particulate matter

Water temperature at the five sampling sites ranged
within narrower intervals in winter surveys (e.g. 10—
12°C in February 2005) than in summer (e.g. 18-25°C
in August 2006). Elevated values were registered in the
afternoon (low tide) at the inner branches. The median,
the percentile 25% and 75%, maximum and minimum
of salinity in each site are shown in Fig. 2. Outliers and
extreme values marked in the figure were not taken
into account for the median calculation. In most of the
surveys salinity decreased landwards, from site A to
E, reflecting the freshwater discharges to the inner
branches. However, due to the small flows, the
salinity gradient was located in the upper areas.
Salinity in sites A and B ranged within narrow
intervals centred at 36, the lower values being
registered in low tide of February and October 2006
(extreme values in Fig. 2). In sites D and E, values
ranged within broader intervals (29.1-37.1 and 25.9—
37.1, respectively): the lower ones were registered in
periods of higher freshwater discharges (autumn and
winter); and values exceeding seawater salinity were
found in May 2005 and August 2006, which indicates
that freshwater discharges did not compensate evap-
oration. Considering all salinity data, values in site E
were significantly (p<0.05) different from those
observed in sites A, B and C.

The dissolved oxygen concentrations in sites A, B
and C varied from 85% to 135% saturation. The
broader interval in sites D and E (60—185%) indicated
supersaturation that is attributed to both macroalgae
and phytoplankton. Undersaturation was usually
recorded in the morning of warmer periods, reflecting
higher consumption during the night by respiration
and organic matter oxidation, while supersaturation
was observed in the afternoon, as result of intense
photosynthesis.
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The suspended particulate matter (SPM) concen-
tration in the sites A, B and C varied from 1.9 to
77 mg 1", reaching 141 and 170 mg I ' in sites D and
E, respectively. Values were lower in autumn/winter
(October 2004, October 2005 and February and
October 2006) than in spring/summer (e.g., May and
August 2006), and variation between low and high
tide was not consistent. The strong wind intensity
occurred in the afternoon of several sampling dates,
may have caused bottom resuspension that could be
responsible for small differences of SPM between
sites and sampling periods.

Nutrients and chlorophyll a

Figure 2 shows the median, the percentile 25% and
75%, maximum and minimum concentrations of am-
monium, nitrate, silicate, phosphate and chlorophyll @ in
each sampling site. Site E exhibited broader concen-
tration ranges of all determinations than the other sites.
Silicate, ammonium and phosphate in site E (0.9-
56 pumol 1!, 1.2-81 umol 1!, 1.90-17 umol 1,
respectively) were significantly (»<0.05) higher than
in sites A, B and C (0.5-25 umol 1", 0.5-25 pumol I,
0.10-3.9 pmol 1", respectively). Nitrate plus nitrite
concentrations amounted to values comparable to
ammonium (maximum 74 pmol 1) and although sites
D and E reached higher values, no significant (p<0.05)
differences were obtained from sites A, B and C.
Chlorophyll @ was in general higher in site E
(maximum 18 pg 1) and significantly (p<0.05)
higher than in sites A and B.

Figure 3 shows the concentrations of silicate,
ammonium, nitrate + nitrite, phosphate and chloro-
phyll a registered, in low and high tides, in sites A
and E that represent the marine- and the river-end
members of the lagoon, respectively. All the values of
the two sites were considered, including those
identified as outliers and extremes for the calculation
of the median. In site A, nutrient concentrations in
high tide were lower than in low tide, indicating that
the incoming of seawater diluted the nutrient concen-
trations of the lagoon. The dilution effect was more
accentuated in periods of elevated nutrient concen-
trations, although a seasonal pattern could not be
identified for all nutrients. In site E, maximum
nutrient values correspond always to low tide.

Ammonium was elevated in October 2005, February
and October 2006 (maximum 32 and 81 pumol 1" for
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sites A and E, respectively) and was low in June 2005
and August 2006 (minimum 0.5 and 1.2 pmol 1" for
sites A and E, respectively). A similar trend was
observed for silicates that had also a peak in the same
sampling periods (maximum 17 and 56 pmol I"') and
minimum values in February 2005 (min. 0.9 pumol 1!
in both sites). The nitrate variation in the two sites was
dominated by a pronounced peak in February 2006 (45
and 124 umol 1"). Phosphate in sites A and E showed

elevated levels in June 2005 (1.5 and 18 pmol 17,
respectively). In site A other maximum values were
observed in February and October 2006, with consid-
erable differences between low and high tide. The
semi-diurnal differences of Chl a, superimposed the
seasonal variation in site E particularly in October
2004, October 2005 and August 2006. In site A
emerged the high values in low and high tide of
October 2005.
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Relationships between nutrients and salinity

Pearson correlations (r) between each nutrient and
salinity were applied to all data (n=80). Silicate,
ammonium and nitrate + nitrite exhibited significant
(»<0.05) inverse linear relationships with salinity:
—0.77, —0.62 and —0.60, respectively. Despite the
narrow interval of salinity in most of the surveys, the
obtained correlation coefficients suggest that nutrients
were relatively well explained by conservative mixing
between the nutrient-rich freshwater and seawater.
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The decrease of silicate, ammonium, nitrate + nitrite
and phosphate with salinity (Fig. 4) was better
observed in February 2006 (—0.95, —0.95, —0.96 and
—0.93 respectively). The low chlorophyll a in the
lagoon (except in site E) favours the observed
conservative behaviour of nutrients during this rainy
period (59 mm of monthly average rainfall; SNIRH
2008). Rainfall decreased in May and August 2006
(1.2 and 4.5 mm, respectively) and increased in
October (189 mm). In August 2006, salinity ranged
within the interval 36.0 to 37.1, increasing landwards.



Environ Monit Assess (2009) 153:281-292

287

Fig. 4 Relationships
between salinity and
nutrients (umol 1) at all
sites in February 2006 and
August 2006. (square value
not considered in the
relationship)
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The higher nutrient levels in samples where salinity
exceeded the seawater value and under negligible
freshwater discharge conditions should result from
evaporation of the lagoon water in summer. Phos-
phate presented a positive correlation with salinity
(r= 0.98).

Molar ratios

The molar ratios of dissolved inorganic nitrogen
(DIN = NH; + NOj +NO;)/P and DIN/Si were
calculated for all data. Figure 5 shows the median of
these ratios, the percentile 25% and 75%, maximum
and minimum in each site. The identified outliers and
one extreme value were not taken into account for the
median calculation. The two plots present broader
ranges of values in site A decreasing towards the site
E. Ratios in this site were significantly (p<0.05)
lower than in site A. Most of the DIN/P ratios in sites
C, D and E were lower than the Redfield ratio (16),
while the median in A and B were 19 and 18,
respectively. Almost all the Si/P ratios in the five sites
were below the respective Redfield ratio (16), and the
median of DIN/Si ratios for the five sites were above
the respective Redfield ratio (1).

Figure 6 shows DIN/P and Si/P ratios in sites A
and E, in low and high tides, at each sampling
periods. Site A exhibited broader differences of the
ratios between low and high tide, resulting from the
exchange with adjacent seawater that masked an
eventual seasonal signal of the ratios. Otherwise, a
seasonal variation was observed in site E. The ratios
DIN/P were lower than 16 (Redfield ratio) in all
surveys, except in February 2005 and February 2006.
The ratios Si/P were always lower than 16, with

lowest values recorded in February 2005 (0.3) and
June 2005 (0.2) and August 2006 (0.4) and maximum
ones in February 2006 (10).

Discussion

The availability of nutrients in the water column of
Obidos lagoon varied between autumn/winter and
spring/summer, although concentrations in northern
inner branch (site E) exceeded always those found in
other areas (except for nitrate). Compared to other
temperate estuarine systems the mean concentrations
of DIN, phosphate and silicate fell within the range of
values described for the Mondego estuary (Lillebw
et al. 2005) and Ria de Aveiro, located in western
Atlantic coast of Portugal (Lopes et al. 2007). As in
Obidos lagoon, tributaries receiving domestic and
agriculture effluents discharge into confined areas of
those systems, which exchange water with the rest of
the system through narrow channels. Otherwise,
nutrients in northern inner branch of Obidos lagoon
are frequently more abundant than in Ria Formosa, a
shallow coastal lagoon in south-western Iberia ex-
changing 70% of its water volume in spring tides
(Falcao and Vale 2003).

Despite the small quantity of freshwater discharged
annually into the inner parts of the lagoon (Oliveira
et al. 2006), a longitudinal trend of nutrients was
observed, as in many other estuarine systems with an
important freshwater input (Cabegadas et al. 1999;
Lopes et al. 2007). The inverse relationships between
nutrients and salinity in autumn/winter indicate the
input of silicate, ammonium, nitrate and phosphate
derived from the drainage of the catchment area that
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consists of agriculture fields and small villages. In other
surveyed periods, with small salinity intervals, correla-
tions were not obtained. However, the availability of
nutrients appears to favour the high biological produc-
tion, as evidenced by the high chlorophyll ¢ and
macroalgae (Ulva sp. and Enteromorpha sp.) that
covers almost the entire sediment (Carvalho et al.
20006).

The specificity of that branch was confirmed by
the application of three methods for trophic classifi-
cation (Table 1). On the basis of the EU-Crouzet et al.
(1999) method, which considers the annual means of
nitrate + nitrite and phosphate, sites E, D and C were
classified as “bad” (based on phosphate), while only
site E was “bad” using the nitrate + nitrite. The status
of other sites was between “poor” to “fair”. The

Carlson’s Trophic State Indices (TSI; 1977) uses
annual means of phosphate and Chl a as metrics.
The TSI values (Chl a) point site E as “mesotrophic”,
while according to phosphate was “hypereutrophic”.
The method proposed by Wasmund et al. (2001) is
based on the annual means of Chl a, and winter
means of phosphate and DIN concentrations. Accord-
ing to Chl a only site E was “eutrophic”, but using
DIN and phosphate this site was “polytrophic”. The
others sites were classified as “mesotrophic” (Chl a)
to “eutrophic” (DIN and phosphate). All these tools
pointed to an extreme deterioration conditions in the
northern inner branch (site E) and better quality status
in other areas of the Obidos lagoon, although having a
less coherent classification. These classifications
agree with the results obtained from the use of the

Table 1 Trophic status of Obidos lagoon according to indexes proposed by Crouzet et al. (1999), Carlson (1977) and Wasmund et al.

(2001)
Parameters Sites Classification method
Annual mean Crouzet et al. 1999  Carlson 1977 Winter mean  Wasmund et al. 2001
NO;+NO, (umol I’y A, B,C,D 6.7-12 Fair—poor - - -
E 22 Bad
PO,* (umol 171 A, B 0.67—0.80 Fair—poor Mesotrophy 1.0-1.7 Eutrophic
C, D 1.4-1.6 Bad Eutrophy
E 6.4 Hypereutrophy 3.0 Polytrophic
DIN (umol I'") A,B,C,D - - - 25-47 Eutrophic
E 102 Polytrophic
Chorophyll a (ug1™") A, B,C,D 1.7-2.6 - Hypolimnia 1.7-2.6* Mesotrophic
E 5.6 Mesotrophy 5.6" Eutrophic

# Annual mean
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marine biotic index AMBI in the assessment of the
ecological status of the Obidos lagoon (Carvalho et al.
2006). The increase in organic matter content of
sediments from down to upstream areas was associ-
ated with the dominance of opportunistic benthic
species, while sensitive species to organic enrichment
were mainly associated with the clean sandy area in the
middle and lower lagoon. Regardless the low levels of
chemical contaminants, the AMBI index allowed
identifying the northern branch as an impacted area.

Although this study was not designed to investigate
the role of sediments as internal source of nutrients to
the water column, their influence in the regeneration of
nutrients was apparent. The increase of phosphate in
inner branches of Obidos lagoon in summer surveys
suggests its release from sediments as oxidation of
organic matter increases under high temperatures.
Salinity by exceeding the seawater value (Fig. 2) rules
out the hypothesis of the input of freshwater enriched
in phosphate. It has been demonstrated the relevance of
nutrient regeneration in sediments to the ecology of
various shallow ecosystems. For example, studies
developed in Ria Formosa showed that inter-tidal areas
are apparently capable of supplying most of the daily
N and P requirements of phytoplankton in the
overlying water (Falcao and Vale 1998).

Temperature is a key factor influencing the benthic
fluxes of nutrients (Van Raaphorst et al. 1992;
Kristensen 1993; Wilson and Brennan 2004) and
promotes a temporal variability in sediment-water
nutrient exchanges in coastal environments with
marked seasons (Forja et al. 1994; Vidal and Morgui
1995). Nevertheless, only phosphate concentrations
were positively correlated with temperature in sum-
mer (August 2006; r=0.95, p<0.05), indicating the
release of phosphate from sediments of the inner areas
of the lagoon where higher temperature was regis-
tered. Significant correlation was not obtained con-
sidering all data from June 2005, May and August
2006 (periods of negligible rainfall), suggesting
influences of other variables besides temperature. No
correlations were also found for ammonium and
nitrate, reflecting complex processes associated with
the cycle of nitrogen. Ammonium may differ from
steady-state conditions reflecting the balance between
production through organic matter mineralization
(Bally et al. 2004), nitrification/denitrification (Vidal
and Morgui 1995) and consumption by the abundant
primary producers living near the sediment-water
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interface (Ulva sp. and Enteromorpha sp.), corrobo-
rated by the increase in chlorophyll @ in summer. The
undersaturation levels of dissolved oxygen observed in
the inner branches of Obidos lagoon suggest insuffi-
cient oxygen diffusion across the water-sediment
interfaces during the night. The decrease of nitrifica-
tion rates explains the high variation of nitrate
concentrations. Nitrification/denitrification processes
are also temperature-dependent. Thus, during the
period of higher temperature (maximum of 25°C),
denitrification of nitrate to the gaseous forms of
nitrogen N, and N,O (Cartaxana et al. 1999) may
contribute to drop nitrate levels in sediment porewater
of the extensive inter-tidal areas exposed to the
atmosphere around low tide.

The positive linear relationship between phosphate
and salinity emphasises two important aspects: sedi-
ment becomes a relevant internal source of P when
temperature increases, and its consumption by the
abundant primary producers does not cause a negative
deviation on its correlation with salinity. These
conclusions are supported by the positive relationship
between phosphate and temperature in August 2006.
It is well documented that phosphorus reacts with a
wide variety of surfaces, being taken up and released
from biogenic and abiogenic particles (Van Raaphorst
and Kloosterhuis 1994). The retention/release of
phosphate in marine systems is controlled by temper-
ature and dissolved oxygen as referred in several
studies (Slomp et al. 1998; Asmus et al. 2000).
Phosphorus accumulated in solid phase during winter,
partially due to P-sorption onto iron oxides, is
released to sediment porewater and transferred to the
overlying water in periods of elevated temperature
due to reducing sediment conditions (Ohtake et al.
1984; Van Raaphorst and Kloosterhuis 1994). Low
dissolved oxygen in water column of the Obidos inner
branches registered during the morning, points to
reducing conditions in the sediment during the night.

Presumably, the phosphate released from the sedi-
ments was not consumed in the inner branches as
ammonium, since DIN/P ratio was low (median of 7 to
10). Although Redfield molar ratio (DIN/P=16) are
merely indicative of resource availability (del Amo et al.
1997), the obtained values fall into a region in which P
excess is most likely to occur. The excess was more
noticed in warmer periods presumably due to the
increase of phosphate released from the sediments.
Furthermore, DIN/P ratios was also low in other sites of
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the lagoon, suggesting the dispersion of phosphate by
the tide and supporting the hypothesis of phosphate
being in excess in the entire lagoon during spring/
summer. The two illustrative conditions presented in
Fig. 6 indicate that only when substantial amounts of
freshwater are discharged into the lagoon (e.g. February
2006), the DIN/P ratios in the northern inner branch,
became higher than the Redfield ratio (16:1), meaning
that external input of fresh nitrogen compensates the
excess of phosphate and inverses the nutrient limiting
situation.

The low Si/N and Si/P ratios point to a limitation
in silicate, more accentuated in the upper part of the
lagoon. These conditions seem to favour the non-
siliceous-based phytoplankton food webs and it has
been compared to a loss of environmental quality
status (Rocha et al. 2002; Domingues et al. 2005).

Given the implementation of the Water Framework
Directive in a large number of impacted coastal
lagoons in Europe, it is important to assess the seasonal
fluctuation of quality status before the designing of the
monitoring programmes. A particular relevant chal-
lenge is to establish scenarios, eventually supported by
models, in order to predict changes and spatial
variability on nutrient availability and its implications
on phytoplankton, macroalgae and benthic macro-
invertebrates, which are key biological elements to
define the quality of coastal and transitional waters.

Acknowledgement The authors wish to thank Jodo Barata the
help with statistical analysis and express their appreciation for
the financial support provided by the “Fundac@o para a Ciéncia e
a Tecnologia” (FCT, grant no. SFRH/BD/17616/2004) and
“Aguas do Oeste”.

References

Asmus, R. M., Sprung, M., & Asmus, H. (2000). Nutrient fluxes
in intertidal communities of a south European lagoon (Ria
Formosa)—similarities and differences with a northern
Wadden Sea bay (Syl-REmZA bay). Hydrobiologia, 436,
217-235.

Bally, G., Mesnage, V., Deloffre, J., Clarisse, O., Lafite, R., &
Dupont, J-P. (2004). Chemical characterization of porewaters
in an intertidal mudflat of the Seine estuary: Relationship to
erosion-deposition cycles. Marine Pollution Bulletin, 49,
163-173.

Boynton, W. R., Murray, L., Hagy, J. D., Stokes, C., & Kemp,
W. M. (1996). A comparative analysis of eutrophication
patterns in a temperate coastal lagoon. Estuaries, 19(2B),
408-421.

Bricker, S. B., Clement, C. G., Pirhalla, S. P., Orlando, S. P., &
Farrow, D. R. G. (1999). National estuarine eutrophication

assessment: Effects of nutrient enrichment in the nation’s
estuaries. NOAA. National Ocean Service, Special Projects
Office and the National Centers for Coastal Ocean
Science, Silver Spring, MD, p. 71.

Cabecadas, G., Nogueira, M., & Brogueira, M. J. (1999).
Nutrient dynamics and productivity in three European
estuaries. Marine Pollution Bulletin, 38(12), 1092-1096.

Chapelle, A. (1995). A preliminary model of nutrient cycling in
sediments of a Mediterranean lagoon. Ecological Modeling,
80, 131-147.

Carlson, R. E. (1977). A trophic state index for lakes.
Limnology and Oceanography, 22, 363-369.

Carrit, D. E., & Carpenter, J. H. (1966). Comparison and
evaluation of currently employed modifications of the
Winkler method for determining oxygen in sea water.
Journal of Marine Research, 24, 286-318.

Cartaxana, P., Cagador, 1., Vale, C., Falcao, M., & Catarino, F.
(1999). Seasonal variation of inorganic nitrogen and net
mineralization in a salt marsh ecosystem. Mangroves Salt
Marsh, 3, 127-134.

Carvalho, S., Gaspar, M. B., Moura, A., Vale, C., Antunes, P., Gil,
0., etal. (2006). The use of the marine biotic index AMBI in
the assessment of the ecological status of the Obidos lagoon
(Portugal). Marine Pollution Bulletin, 52, 1414-1424.

Carvalho, S., Moura, A., Gaspar, M. B., Pereira, P., Cacela da
Fonseca, L., Falcao, M., et al. (2005). Spatial and inter-
annual variability of macrobenthic communities within a
coastal lagoon (Obidos lagoon) and its relationship with
environmental parameters. Acta Oecologica, 27, 143—159.

Cloern, J. E. (2001). Our evolving conceptual model of coastal
eutrophication problem. Marine Ecology Progress Series,
210, 223-253.

Crouzet, P., Leonard, J., Nixon, S., Rees, Y., Parr, W., Laffon,
L., et al. (1999). Nutrients in European ecosystems. In: N.
Thyssen (Ed.), Environmental assessment report no. 4.
European Environmental Agency, pp. 82. Retrieved from
http://reports.cea.cu.int/.

del Amo, Y., Le Pape, O., Tréguer, P., Quéguiner, B.,
Meénesguen, A., & Aminot, A. (1997). Impacts of high-
nitrate freshwater inputs on macrotidal ecosystems. I.
Seasonal evolution of nutrient limitation for the diatom
dominated phytoplankton of the Bay of Brest (France).
Marine Ecology Progress Series, 161, 213-224.

Domingues, R. B., Barbosa, A., & Galvdo, H. (2005).
Nutrients, light and phytoplankton sucession in a temperate
estuary (the Guadiana, south-western Iberia). Estuarine,
Coastal and Shelf Science, 64, 249-260.

Falcao, M. & Vale, C. (1998). Sediment-water exchanges of
ammonium and phosphate in intertidal and subtidal areas of
a mesotidal coastal lagoon (Ria Formosa). Hydrobiologia,
373/374, 193-201

Falcao, M., & Vale, C. (2003). Nutrient dynamics in a coastal
lagoon (Ria Formosa, Portugal): The importance of
lagoon-sea water exchanges on the biological productivity.
Ciencias Marinas, 29(3), 425-433.

Forja, J. M., Blasco, J., & Gomez-Parra, A. (1994). Spatial and
seasonal variation of in situ benthic fluxes in the Bay of
Cadiz (south-west Spain). Estuarine, Coastal and Shelf
Science, 39, 127-141.

Gikas, G. D., Yiannakopoulou, T., & Tsihrintzis, V. A. (2006).
Water quality trends in a coastal lagoon impacted by non-

@ Springer


http://reports.eea.eu.int/

292

Environ Monit Assess (2009) 153:281-292

point source pollution after implementation of protective
measures. Hydrobiologia, 563, 385—406.

Hauxwell, J., & Valiela, 1. (2004). Effects of nutrient loading on
shallow seagrass-dominated coastal systems: Patterns and
processes. In S. L. Nielsen, G. T. Banta, & M. F. Pedersen
(Eds.), Estuarine Nutrient Cycling: The influence of
primary producers (pp. 59-92). London: Kluwer.

Ittkoot, V., Humborg, C., & Schafer, P. (2000). Hydrological
alterations and marine biogeochemistry: a silicate issue?
Bioscience, 50, 776—782.

Kristensen, E. (1993). Seasonal variations in benthic community
metabolism and nitrogen dynamics in a shallow, organic-poor
Danish lagoon. Estuarine, Coastal and Shelf Science, 36,
565-586.

IPIMAR. (2006). Caracterizagio da Lagoa de Obidos e do
emissario submarino da Foz do Arelho. Relatorio Final
(Janeiro 2006-Outubro 2006) (in Portuguese)

IST/IPIMAR. (2008). Variagdo sazonal e inter-annual da
qualidade da 4gua na Lagoa de Obidos, seus afluentes e
emissario submarino da Foz do Arelho. Relatorio Final:
Outubro 2004-Janeiro 2008) (in Portuguese).

Lerat, Y., Lasserre, P., & Corre, P. (1990). Seasonal changes in
porewater concentrations of nutrients and their diffusive
fluxes at the sediment-water interface. Journal Experimental
Marine Biology and Ecology, 135, 135-160.

Lillebe, A. 1., Neto, J. M., Martins, 1., Verdelhos, T., Leston, S.,
Cardoso, P. G., et al. (2005). Management of a shallow
temperate estuary to control eutrophication: the effect of
hydrodynamics on the system nutrient loading. Estuarine,
Coastal and Shelf Science, 65, 697-707.

Lillebo, A. 1., Teixeira, H., Pardal, M. A., & Marques, J. C.
(2007). Applying quality status criteria to a temperate
estuary before and after the mitigation measures to reduce
eutrophication symptoms. Estuarine, Coastal and Shelf
Science, 72, 177-187.

Lopes, C. B,, Lillebg, A. 1., Dias, J. M., Pereira, E., Vale, C., &
Duarte, A. C. (2007). Nutrient dynamics and seasonal
succession of phytoplankton assemblages in a Southern
European Estuary: Ria de Aveiro, Portugal. Estuarine,
Coastal and Shelf Science, 71, 480-490.

Lorenzen, C. J. (1966). A method for the continuous measurement
of in vivo chlorophyll concentration. Deep-Sea Research, 13,
223-227.

Newton, A., & Mudge, S. M. (2005). Lagoon-sea exchanges,
nutrient dynamics and water quality management of the
Ria Formosa (Portugal). Estuarine, Coastal and Shelf
Science, 62, 405-414.

Ohtake, H., Kato, S., & Date, Y. (1984). The role of tides in
removing phosphorous from Lake Nakanoumi, a coastal
lagoon in Japan. Archives of Hydrobiology, 99(4), 443—
462.

@ Springer

OSPAR. (2001). Annex 8. Appendix 3. Recommended equations
for the calculation of solubility and saturation of dissolved
oxygen in marine waters. pp. 2.

Oliveira, A., Fortunato, A. B., & Rego, J. R. L. (2006). Effect
of morphological changes on the hydrodynamics and
flushing properties of the Obidos lagoon (Portugal).
Continental and Shelf Research, 26, 917-942.

Postma, H. (1981). Processes in the sediments and in the water—
sediment interface. Unesco Technical Papers on Marine
Science, 33, 111-117.

Quintino, V. (1988). Struture et cinétique compares des
communautés de macrofaune benthique de deux systémes
lagunaires de la céte oust du Portugal (Obidos et
Albufeira). Dissertation: University of Paris 6

Rocha, C., Galvao, H., & Barbosa, A. (2002). Role of transient
silicon limitation in the development of cyanobacteria
blooms in the Guadiana estuary, south-western Iberia.
Marine Ecology Progress Series, 228, 35-45.

Slomp, C. P., Malschaert, J. F., & Van Raaphorst, W. (1998).
The role of absorption in sediment-water exchange of
phosphate in North Sea continental margin sediments.
Limnology and Oceanography, 43(5), 832-846.

SNIRH—Sistema Nacional de informagao de recursos hidricos
(2008). Base data: Streams of West Obidos. Retrieved
April 2008 from http://www.snirh.inag.pt.

Tillman, D., Kilham, S. S., & Kilham, P. (1982). Phytoplankton
community ecology: The role of limiting nutrients. Annual
Review of Ecology Evolution and Systematics, 13, 349-372.

Van Raaphorst, W., & Kloosterhuis, H. T. (1994). Phosphate sorption
in surficial intertidal sediments. Marine Chemistry, 48, 1-16.

Van Raaphorst, W., Kloosterhuis, H. T., Berghuis, E. M.,
Gieles, A. J. M., Malschaert, J. F. P., & Van Noort, G. J.
(1992). Nitrogen cycling in two types of sediments of the
southern north sea (frisian frint, broad fourteens): Field
data and mesocosm results. Netherlands Journal Sea
Research, 28(4), 293-316.

Vidal, M., & Morgui, J-A. (1995). Short-term pore water ammonium
variability coupled to benthic boundary layer dynamics in
Alfacs bay, Spain (Ebro Delta, NW Mediterranean). Marine
Ecology Progress Series, 118, 229-236.

Wasmund, N., Andrushaitis, A., Lysiak-Pastuzak, E., Muller-
Karulis, B., Nausch, G., Neumann, T., et al. (2001).
Trophic status of the south-eastern Baltic sea: A comparison
of coastal and open areas. Estuarine, Coastal and Shelf
Science, 53, 849-864.

Wilson, J. G., & Brennan, M. T. (2004). Spatial and temporal
variability in modeled nutrient fluxes from the unpolluted
Shannon estuary, Ireland, and the implications from
microphytobenthic productivity. Estuarine, Coastal and
Shelf Science, A60(2), 193-201.

Zar, J. H. (1996). Biostatistical analysis. USA: Prentice Hall.


http://www.snirh.inag.pt

	Spatial and seasonal variation of water quality in an impacted coastal lagoon (Óbidos Lagoon, Portugal)
	Abstract
	Introduction
	Material and methods
	Study area
	Sampling and methodologies
	Data analysis

	Results
	Temperature, salinity, dissolved oxygen and suspended particulate matter
	Nutrients and chlorophyll a
	Relationships between nutrients and salinity
	Molar ratios

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


