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Abstract
The Mondego estuary is a well-described polyhaline type of transitional water located at the North Atlantic Ocean Ecoregion, where cultural
eutrophication progressed over the last decades of the 20th century. Consequently, and due to huge productivity of Ulva spp. Zostera noltii
meadows were severely reduced causing the whole ecosystem to become impoverished in terms of macrofaunal abundance, biomass and species
richness with a concomitant lowering of secondary production. In 1998, experimental mitigation measures were implemented, via changes in
hydrology to increase circulation and diversion of nutrient rich freshwater inflow, to reverse the process in the most affected area of the estuary e
its south arm. Thus, the system quality status was assessed before and after 1998, over a ten year period. The OSPAR comprehensive procedure,
the first phase of the US-NEEA procedure and the proposed EU-WFD physicochemical status criteria were applied to the data before and after
the modifications and all show that the system health has improved. Nonetheless, the annual means of the oxidised forms of nitrogen and of
phosphate were not reduced. In fact, applying criteria used in classifying the nutrient levels in transitional waters and the Baltic sea trophic
condition, the system has not improved. Meaning that, to look forward to a ‘‘higher’’ quality status, future measures should also consider longer
term solutions such as improved agriculture practices in the Mondego River valley through environmental friendly technological solutions that
will reduce the nutrient loads to this system.
Ó 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Over the last decades, many coastal and marine water
bodies have experienced a high anthropogenic loading of
nutrients, named as cultural eutrophication (e.g. Hauxwell
and Valiela, 2004). Eutrophication can be defined as ‘‘the enrichment of water by nutrients, especially compounds of nitrogen and/or phosphorus causing an accelerate growth of algae
and higher forms of plant life to produce and undesirable
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disturbance to the balance of organisms present in the water
and to the quality of the water concerned’’ (UWWT Directive
91/271/EEC) in Crouzet et al. (1999). Nowadays, this process
is a common thread that links a wide range of problems along
many coastal areas worldwide (e.g. Meeuwing, 1999; Cloern,
2001; Hauxwell and Valiela, 2004). Thus several countries
have been developing criteria and tools in order to evaluate
the ecological status of these coastal systems so as to implement measures aiming to improve the water physicochemical
and biological status.
Relevant examples are the Convention for the Protection of
the Marine Environment of the North-East Atlantic (OSPAR
Convention) (OSPAR Commission, 2005a), the European
Union Water Framework Directive (EU-WFD) (Directive,
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2000/60/EC), the United States National Estuarine Eutrophication Assessment (US-NEEA) (Bricker et al., 1999), and
the Helsinki Commission e Baltic Marine Environment
Protection Commission (HELCOM) (HELCOM’s website:
http://www.helcom.fi). As stated in the OSPAR Commission
(2005a,b), the concept of the OSPAR EcoQOs (Ecological
Quality Objectives) can be linked to the activities within the
European Water Framework Directive, namely the European
Marine Strategy (Borja, 2005). In fact, monitoring and assessment under the WFD aims to evaluate progress made towards
the objective to achieve, by 2015, ‘‘good surface water
status’’, meaning that ‘‘both its ecological status and its chemical status are at least good’’, whilst the OSPAR convention
monitoring and assessment aim ‘‘to achieve by the year
2010 a healthy marine environment where eutrophication
does not occur’’.
There are several methods that can be used to evaluate the
status of systems such as the US-NEEA method in which
Bricker et al., 2003 proposed an integrated methodology for
Assessment of Estuarine Trophic Status (ASSETS) aiming to
contribute to the EU-WFD classification system. Moreover,
for transitional waters, the Ecological Quality Status (EcoQ e
WFD) and the Ecological Quality Objectives (EcoQOs e
OSPAR) are based upon the status of the physicochemical,
hydromorphological and biological quality elements. Indeed,
although the concepts, terminologies and tools may be still under debate (e.g. Crane, 2003; Borja et al., 2004; Borja, 2005;
Borja and Heinrich, 2005; Marı́n-Guirao et al., 2005; OSPAR
Commission, 2005b; de Jonge et al., 2006; Teixeira et al., in
press), there are synergies in monitoring requirements to assess
the quality status of coastal and transitional waters (Table 1).
As for many other coastal systems, the Mondego estuary
(western Portugal), has shown during the last decades of the
20th century symptoms of eutrophication, such as large macroalgal blooms (mostly Ulva spp.) followed by the reduction
of the seagrass meadows (Zostera noltii covered area was reduced from 150 000 m2 in 1986 to 200 m2 in 1997 Fig. 1C)
(Verdelhos et al., 2005). In 1998, experimental mitigation
measures were implemented in order to decrease eutrophication symptoms and to gradually start ameliorating the system’s
health (Lillebø et al., 2005). The objective of the present study
was to assess the quality status in the Mondego estuary before
and after the application of the mitigation measures implemented in 1988. In the approach to develop conclusions about
how the system has changed as a result of the modifications,
five methods of evaluation were used including US-NEEA,
OSPAR Convention, EU-WFD method of Bald et al. (2005),
Baltic sea method of Wasmund et al. (2001) and EU method
of Crouzet et al. (1999) (see Table 1). In contrast to the other
methods in the US-NEEA procedure nutrients are not assesses
on the measurements of nutrients concentrations (DIN and
DIP) but as nutrients loads.
The classifications methods for quality status enumerated in
Table 1 were applied, attending to the monitoring requirements available for the south arm of the Mondego estuary.
The Level of expression of eutrophic conditions assessed by
the US-NEEA procedure was only addressed according to

the first phase, the Overall Eutrophic Condition index. As to
attend to the proposed objectives, data on nutrients (DIN
and DIP), salinity, temperature, oxygen, sediment organic matter content (%LOI) and primary producers parameters (phytoplankton chlorophyll a concentrations, green macroalgal
biomass and seagrass biomass) were analysed before and after
1998, over a 10-year period.
Benthic fauna is an important component of estuarine systems, by playing an essential role in biogeochemical processes
(e.g. Lillebø et al., 1999), as a food source for higher trophic
levels, and as bio-indicators of the ecosystem health (e.g.
Borja et al., 2004; Borja, 2005; Marı́n-Guirao et al., 2005).
Due to that, the ecological quality of the Mondego estuary
was assessed by examining the response of soft-bottom benthic fauna (Salas et al., 2004; Cardoso et al., 2005; Verdelhos
et al., 2005; Teixeira et al., in press).
2. Material and methods
2.1. Description of the study site
The Mondego estuary is a warm-temperate intertidal system
located on the west coast of Portugal (Fig. 1). This system is relatively small (1600 ha) and receives agricultural runoff from
15 000 ha of upstream cultivated land, mainly dominated by
rice fields. Since the 1930s the construction of stone walls to regulate the main navigation channels and to enlarge the harbour
facilities, and the construction of small water reservoirs for agriculture and aquaculture purposes have imposed a strong anthropogenic impact in to the system. Mainly modified the
riverbed topography, changed the system hydrodynamics, increased water turbidity and increased concentration of growth
limiting nutrients, known as cultural eutrophication.
The Mondego estuary is about 7 km long and is 2e3 km
across at its widest part, and comprises a northern and southern arm, separated by the Murraceira island. The northern arm
is the deeper (10 m during high tide, tidal range 0.5e3.5 m),
constituting the main navigation channel and the location of
the Figueira da Foz harbour. The southern arm is shallower
(2e4 m during high tide), and is characterised by large areas
of intertidal flats exposed during low tide. Until 1998, the
southern arm was almost silted up in the innermost areas,
and the Mondego river outflow occurred mainly via the northern arm (Fig. 1). Water circulation in the southern arm was
mostly dependent on the tides and on the freshwater input
from the Pranto River, a small tributary with a flow controlled
by a sluice (Fig. 1), which was regulated according to the water level of rice fields in the Mondego Valley. This freshwater
input represented an important source of nutrients into the
southern arm. Since 1998, the Pranto river sluice aperture
was effectively reduced to lower the nutrient loading in the
south arm, (most of the nutrient enriched freshwater is now diverted to the northern arm by another sluice located more upstream), and to improve the hydraulic regime the upstream
connection between the two arms was enlarged, allowing water to flow from the north arm at high tide conditions. Both
sluice operations are controlled by a rice farmers’ association

Table 1
Synergies in monitoring requirements to assess the quality status of coastal and transitional waters

Quality
status

Assessment
Parameters

N and N/P Chl a
NO3 þ NO2 PO4
DIN
DIP
Phytoplancton Phytoplancton Phytoplancton Macrophytes & Oxygen
Zoobenthos/ Organic Suspend Reference
(mmol L1) (mmol m3) (mmol m3) (mmol L1) P loads ratio (mg m3) production
Biomass
Indicator
macroalgae
deficiency fish
carbon/ solids &
(mmol L1) (mmol L1)
(ton)
(mg L1) (g C m2 yr1) (mg m3)
species
OM
turbitity

Good
Fair
Poor
Bad

C
C
C

C
C
C

C

C

Oligotrophic
Mesotrophic
Eutrophic
Polytrophyc
Oligotrophic

Level of
expression
of eutrophic
conditions

Crouzet
et al., 1999
(Table 7.1)

C

C

C

C

C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

Wasmund
et al., 2001
(Table 6)

High
Good
Moderate
Poor
Bad

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C

C

C

C

C

C

C

C

C

C

Background
Potential PA
Problem Area

C

C

C

C

C

C

C

C

C

C

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C
C
C
C

C

C

C

C

C

C

C

High
Moderate high
Moderate
Moderate Low
Low

EU-WFD
(Directive,
2000/60/EC)

OSPAR
Convention
(OSPAR
Commission,
2005a,b)
Bricker
et al., 1999
(US-NEEA)
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Fig. 1. (A) The Mondego estuary, with the location of the long term monitoring area (A, B and C) and the areas of management measures were implemented in 1998;
(B) The main freshwater inputs before the management (1993e1997) and after (1999e2003); and (C) The evolution of the Z. noltii beds (ha) from 1986 to 2002.

and the experimental mitigation phase in 1998 was very informal and carried out locally.
The summary of the main characteristics of the south arm
of the estuary are presented in Table 2.
2.2. Sampling procedure and analysis
The long-term monitoring program in the Mondego estuary
has been carried out since the early 1990s by an IMAR-Institute

of Marine Research team, within the scope of European and national projects. In order to assess the water quality in the south
arm of the estuary, three distinct areas were monitored (A, B
and C in Fig. 1A). Between January 1993 and January 2003
(except in 1997/98), water temperature and salinity were measured monthly at each sampling site, during the day period
just after ebbing, and water samples (approximately 250 ml)
were collected for analysis of dissolved inorganic nitrogen
and phosphorus. Samples were immediately filtered (Whatman

Table 2
Summary characterization of the south arm of the Mondego estuary, a polyhaline type (mean salinity 22) of transitional water located at the North Atlantic Ocean
Ecorigion
Characteristic
Geographic location
System intertidal area
System subtidal area
System volume
Mean depth
Tidal range
Mixing characteristics
Mean substratum composition
Annual insolation of
PAR (400e700 nm)

Salinity range
Water temp. range (mean)
Residence time
Current velocity
Turbidity
DIN (annual mean)
DIP (annual mean)
N/P (annual mean)

Units
2

(km )
(km2)
(106 m3)
(m)
(m)

(mol fot. m2 y1)

( C)

(mmol L1)
(mmol L1)

40 080 N, 8 500 W
1.75
0.96
5
2e4 high tide (shallow)
0.35e3.3 (meso tidal)
Well-mixed with irregular river discharge
Silt and clay, and Sand
3200e32 000

Before management
1993e1997

After management
1999e2003

1.9e33.3
12.3e32.4
Moderate (weeks)
Low and dependent on the
Pranto river sluice
High
67.7
3.1
39.8

0.2e32
7.6e29
Short (days)
Higher and not dependent
on the Pranto river sluice
Lower
39.8
4.3
13.2
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GF/F glass-fibre filter) and stored frozen at 18  C until analysis following standard methods described in Limnologisk Metodik (1992) for ammonium (NH4) and phosphate (PO4) and in
Strickland and Parsons (1972) for nitrate (NO3), and nitrite
(NO2). In 1993, 1994, 2000 and 2001 oxygen concentrations
were measure hourly through 12 h cycles (from 9a.m. to
9p.m.) in the main channel and for several months. The phytoplankton chlorophyll a (Chla) determinations were performed
by filtering 0.5e1.0 L of water through Whatman GF/C glass-fibre filters followed by extraction according to Parsons et al.
(1985). In the field and during transportation to the lab, samples
were stored on ice and light protected. Samples from the three
monitoring areas (A, B and C) were collected and analysed separately. Due to the small distance between the sites, data were
put together and presented/related as mean values (SE) for
the south arm of the estuary.
The choice of these areas was dictated by observations of
a macroalgal coverage gradient in the south arm, increasing
from downstream to upstream. Originally, in the early
1980s, the three areas were covered by rooted macrophytes;
however, as the eutrophication increased, together with human
disturbance caused by an intensive baitdigging, Zostera noltii
declined progressively. Currently, the seagrass bed is restricted
to the marine end of the estuary, having been replaced elsewhere by green macroalgae. At each sampling site, primary
producers and associated macrofauna were sampled monthly
(minimum 6 cores, with 141 cm2 section) between January
1993 and January 2003. Green macroalgae (mostly Ulva intestinalis and Ulva compressa, according to the recent revision of
Hayden et al., 2003) and the seagrass Z. noltii, were dried (for
48 h at 60  C) and ash free dry weight (AFDW) was assessed
after combustion of samples for 3 h at 450  C. Simultaneously,
sediment samples were collected for organic matter content
determination as percentage of loss on ignition (%LOI)
(Dwt-AFDW, 550  C for 6 h).
3. Results
3.1. OSPAR comprehensive procedure
For the specific ECoQOs related to eutrophication within
the OSPAR Convention, the assessment parameters and the assessment levels established are referred to as area-specific ‘‘assessment level’’ which has been set in relation to area-specific
reference or background levels, (e.g. set in relation to areaspecific and/or salinity-related background concentrations, in
which the ‘‘assessment level’’ should not exceed 50% of the
background level), (OSPAR Commission, 2005a,b).
To apply the OSPAR Comprehensive Procedure, for the
identification of the eutrophication status of the south arm of
the Mondego estuary, before and after 1998, the background
concentration was assumed as the oldest register, corresponding to the year of 1993 (winter mean for nutrients and annual
mean for chlorophyll a), while elevated values correspond to
50% above the background concentration.
Results show that during the 1993e1997 period the winter
mean DIN concentrations were above the ‘‘Elevated values’’
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(27 mmol N L1) while after 1998, between 1999 and 2002,
they were mostly around the ‘‘Background concentration’’
(18 mmol N L1). The annual mean chlorophyll a concentrations
were mostly between the ‘‘Background concentration’’ (5.0
mg L1) and ‘‘Elevated values’’ (7.5 mg L1) interval, although
in 1994 the mean summer concentration was above the ‘‘Elevated value’’ (14.9  3.5 mg L1, SE).
The riverine loading of N into the system south arm decreased from 134 tons in 1993 to 44.8 tons in 2000, whilst
for the same years the P loading increased from 1 ton of P
to 1.7 tons of P (Table 3).
This assessment includes four categories: I e Degree of nutrient enrichment; II e Direct effect of nutrient enrichment; III e
Indirect effect of nutrient enrichment; IV e Other possible
effects of nutrient enrichment (Table 3). Results show that
the eutrophication status of the south arm of the Mondego
estuary can be classified as a ‘‘Problem Area’’ before 1998
and as a ‘‘Potential Problem Area’’ after the implemented
mitigation measures (Table 3).
3.2. National Estuarine Eutrophication/Assessment of
Estuarine Trophic Status (US-NEEA/ASSETS)
In the first phase of the US-NEEA procedure primary
symptoms represent the first possible stage of water quality
degradation associated with eutrophication (Bricker et al.,
1999). These symptoms are characterized by decreased light
availability, algal dominance changes and increased organic
matter decomposition. The primary symptoms may lead to
secondary symptoms, such as loss of submerged aquatic vegetation, harmful algae blooms and low dissolved oxygen (anoxia and hypoxia). The level of expression of the symptoms is
determined following a set of decisions rules in which they are
scored from 0 (no problem), 0.5 (moderate) to 1 (High)
(Bricker et al., 1999, Appendix A).
Results based on the Primary and Secondary symptoms
methods (PSM and SSM), before and after 1998, the system has
improved significantly, from High to Low, in its Overall Eutrophic
Condition after the implemented mitigation measures (Table 4).
3.3. EU-Water Framework Directive and multivariate
physicochemical analysis
According to the EU-WFD (WFD CIS Guidance Document No. 5, 2003) the reference condition for a water
body type is a description of the biological quality elements,
which includes the physicochemical and hydromorphological quality elements that exist, or would exist, at high status. Meaning, with no, or very minor disturbance from
human activities, since this ‘‘high status’’ provides the direction for restoration.
To assess the physicochemical status of the south arm of the
Mondego estuary, according to the EU-WFD, the multivariate
analysis proposed by Bald et al. (2005) was applied. The physicochemical variables used in this method correspond to annual means of nitrogen (ammonium and nitrate), phosphorus
(phosphate) and percentage of oxygen saturation. This method
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Assessment
period

Category I

Category II

Category III and IV

1993e1997

Degree of
nutrient
enrichment

Direct effects

Indirect effects/other
possible effects

Riverine total
input of 134 tons N
and 1 ton P in 1993
(Flindt et al., 1997)

BV < Chl a < EV
BV ¼ 5 mg L1
Mean ¼ 6.9 mg L1

Oxygen
8.2  0.09 mg O2 L1
(average  SE)

Winter DIN > EV
(27 mmol N L1)
Winter DIP z EV
(0.85 mmol P L1)

Data on specific
phytoplankton
species are not
available

Winter mean N/P ¼ 51.7
>EV (46)

Ulva sp (gAFDW m2)
Max 127.0; Min 0.0
Z. noltii (gAFDW m2)
Max 256.6; Min 5.7
(Lillebø et al., 2005)

þ

þ

Assessment
period

Category I

Category II

Category III and IV

1999e2003

Degree of
nutrient
enrichment

Direct effects

Indirect effects/other
possible effects

Riverine total input of 44.8
tons DIN and 1.7 tons DIP
in 2000 (Neto, 2004)

BV < Chl a < EV
BV ¼ 5 mg L1
Mean ¼ 6.0 mg L1

Oxygen
8.1  0.08 mg O2 L1
(average  SE)

Mortality of benthonic
key species
(Ferreira et al., 2004;
Cardoso et al., 2005;
Verdelhos et al., 2005)

Winter DIN z BV
(18 mmol N L1)
Winter DIP > EV
(0.85 mmol P L1)

Data on specific
phytoplankton
species are not
available

Recovery of benthonic
key species
(Cardoso et al., 2005;
Verdelhos et al., 2005)

Organic matter (%LOI)
5.3%  0.1
(average  SE)

Winter mean N/P ¼ 13.9
<BV (32)

Ulva sp (gAFDW m2)
Max 13.6; Min 0.0
Z. noltii (gAFDW m2)
Max 158.9; Min 18.3
(Lillebø et al., 2005)

Organic matter (%LOI)
4.3%  0.2
(average  SE)

No reports
of nuisance or toxic
algal blooms
þ

Classification

PA



þ

No reports
of nuisance or toxic
algal blooms


Classification

PPA
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Table 3
Comprehensive Procedure Classification Guidance (OSPAR Commission, 2005a,b) applied to the south arm of the Mondego estuary, before and after 1998: (BV-Background Value; EV-Elevated Value; PAProblematic Area; PPA-Potential Problematic Area)
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Table 4
Overall Eutrophic Condition (OEC) assessment (US-NEEA, Bricker et al., 1999) applied to the south arm of the Mondego estuary, before and after 1998
(SAV e Submerged Aquatic vegetation; HAB e harmful algae blooms)

Chlorophyll a

Assessment period 1993e1997

Assessment period 1999e2003

OEC ¼ High

OEC ¼ Low

Moderate
9.0 mg L1
90th percentile
(score of 0.5)
High
Max 127.0
Mean 21.5  5.2
(gAFDW m2)
(score of 1)
High loss
1.6 ha to 0.02 ha
(score of 1)
No problem (score of 0)
Experience biologically
stressful concentrations.
Mortality of benthonic
key species
(score of 1)

Macroalgae

SAV

HAB
Dissolved Oxygen

Primary symptoms
High
(score of 0.75)

Secondary symptoms
High
(score of 1)

requires reference conditions standards to enable the assessment of the physicochemical water quality against these standards. In absence of historical data for the Mondego estuary,
and due to the relative proximity to the Basque country
(Northern Spain) and similarities between systems, the same
reference conditions were applied (‘‘High’’ and ‘‘Bad’’ quality
status for polyhaline water mass in Bald et al., 2005; Table 2).
In Basque country estuaries have also been historically impacted and there aren’t any pre-industrial historical data,
thus, the respective reference conditions were calculated based
on ‘‘virtual’’ reference locations, as an expert judgement approach (Bald et al., 2005). The range values for the physicochemical status classification (EQR values determination)
were: High 0.83e1; Good 0.62e0.82; Moderate 0.41e0.61;
Poor 0.20e0.40; Bad <0.20 (Bald et al., 2005). These classification values were achieved based upon the results of a working group within the Common Implementation Strategy of the
WFD (REFCOND report, 2003 in Bald et al., 2005).

Variables

O2
(

NH4

NO3

PO4

81.8

27.84

30.72

2.98

1994

85.5

28.73

34.84

3.73

2000

85.9

8.74

23.57

3.77

2001

84.1

10.84

30.79

3.87

High

93.71

3.26

30.14

0.73

Bad

53.71

31.84

83.17

5.51

Secondary symptoms
No problem
(score of 0)

Results show that during 1993e94 the system had
a ‘‘Moderate’’ physicochemical water quality, whilst in
2000e01 the physicochemical water quality improved to
‘‘Good’’ (Fig. 2).
3.4. EU-Crouzet and others method
The EU-Crouzet et al. (1999) method consider as physicochemical variables the annual means of nitrogen (nitrate plus nitrite) and phosphorus (phosphate). The relative concentrations
of nutrients (in mmol L1) were classified into four categories:
Good, Fair, Poor and Bad. The respective concentrations defining each category are shown in Fig. 3.
Applying the criteria for assessment of nutrient levels in
transitional, coastal and marine waters described by Crouzet
and others (1999), the south arm of the Mondego estuary
had always, before and after the implemented mitigation measures, a classification of ‘‘Bad’’ considering the concentration

1.00

Sat) ( mol L-1) ( mol L-1) ( mol L-1)

1993

Primary symptoms
Low
(score of 0.25)

B
High

Physicochemical status
(EQR values)

A

Moderate
9.4 mg L1
90th percentile
(score of 0.5)
No problem
Max 13.6
Mean 2.2  0.5
(gAFDW m2)
(score of 0)
Increase in spatial coverage
0.9 ha to 1.6 ha
(score of 0)
No problem (score of 0)
No anoxia,
hypoxia or biologically
stressful concentrations
Recovery of benthonic
key species
(score of 0)

0.80
Good
0.60
Moderate
0.40
Poor
0.20
Bad
0.00
1993

1994

2000

2001

Fig. 2. (A) Variables used for the EQR determination having the Basque Country reference conditions for ‘‘High’’ and ‘‘Bad’’ quality status (Bald et al., 2005,
Table 2); and (B) The EQR values and determination of the physicochemical status for the south arm of the Mondego estuary before (1993e94) and after (2000e
01) the mitigation measures applying the method and the status classification (EQR values) proposed in Bald et al. (2005).

184

A.I. Lillebø et al. / Estuarine, Coastal and Shelf Science 72 (2007) 177e187

Fig. 3. Annual mean concentrations of nitrite/nitrate and of phosphate (mean  SE) in surface water of the south arm of the Mondego estuary, between 1993 and
2002, and the criteria for assessment of nutrient levels in transitional, coastal and marine waters (Crouzet et al., 1999).

of the oxidised forms of nitrogen (nitrite/nitrate) and of phosphate (Fig. 3). Only in the year 1995 the classification based
on the concentration of NOx was ‘‘Poor’’.
3.5. Trophic classification by Wasmund and others
The scheme for trophic classification proposed by Wasmund et al. (2001) for the Balthic Sea including coastal waters, establishes four categories (Oligotrophic, Mesotrophic,
Eutrophic and Polytrophyc) based upon the annual means of
phytoplankton biomass and chlorophyll a from the euphotic
layers, and upon the winter means of phosphate and DIN concentrations (in mmol m3). The respective concentrations defining each category are shown in Fig. 4.
Results show that the south arm of the Mondego estuary
can be classified as ‘‘Eutrophic’’ attending to the mean annual
concentration of chlorophyll a between 1993 and 2002
(Fig. 4). Attending to the winter data (seasonal means) of
DIN concentrations, the system is classified as ‘‘Polytrophic’’
between 1993 and 1997, and mostly ‘‘Eutrophic’’ after the implemented mitigation measures (Fig. 4). On the other hand, according to the winter means of phosphate the system is
classified as ‘‘Eutrophic’’ before 1998 and as ‘‘Polytrophic’’
after the implemented mitigation measures (Fig. 4).

4. Discussion
This study reinforce that transitional waters are important
ecological systems subject to a variety of socio-economics
drivers, which by producing increased pressures and impacts
can induce gradual changes in external conditions, such as
cultural eutrophication. Ecosystem management towards restoration is a common goal for many coastal and transitional
water systems (Webster and Harris, 2004) and the importance
to evaluate the direction on the way to a ‘‘higher’’ quality
status is widely recognised (e.g. Newton et al., 2003; Bald
et al., 2005; Borja et al., 2006).
4.1. Evidence of successful mitigation
Regarding the south arm of the Mondego estuary, experimental mitigation measures undertaken in 1998 comprised
the reduction of nutrient loadings from agricultural runoff directly to the south arm, a small increase of hydraulic circulation, thus reducing the water residence time, and the physical
protection of seagrass meadows (Neto, 2004; Cardoso et al.,
2005; Lillebø et al., 2005; Verdelhos et al., 2005). Overall,
considering the different methods that fulfil the high number
of monitoring requirements, the changes in assessed status
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Fig. 4. Chlorophyll a annual means (mg m3  SE) and seasonal means (winter) of DIN (mmol m3) and PO4 (mmol m3) in surface water of the south arm of the
Mondego estuary, between 1993 and 2002, and the criteria for trophic classification proposed by Wasmund et al., 2001 for the Baltic Sea including coastal waters.

of the physicochemical, hydromorphological and biological
quality elements show that the system is going in the direction
towards a ‘‘higher’’ or improved quality status (Table 5). As
shown through the application of the Comprehensive Procedure Classification Guidance (Problem Area to Potential Problem area, OSPAR Commission, 2005a,b) and the change in
overall expression of the Primary and Secondary symptoms

of eutrophication (i.e. Overall Eutrophic Condition [OEC] improved from High to Low Bricker et al., 1999), the system has
improved considerably. Additionally the EU-WFD multivariate analysis (Bald et al., 2005) using the reference conditions
for the Basque Country, show that physicochemical water
quality improved from Moderate to Good after the implementation of the mitigation measures.
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Table 5
Summary of the conclusions about how the system has changed as a result of the mitigation measures implemented in 1998, taking into account the different
methods applied

Chl a (annual)
DO
Macroalgae
Benthic key spp
DIN (winter)
NO2/NO3
DIP (winter)
PO4
N/P (winter mean)
Multivariate EQR

OSPAR Convention Table 3

US-NEEA/ASSETS Table 4

No change
Improve
Improve
Improve
Decrease

No change
Improve
Improve

EU WFD Bald
et al. Fig. 2

EU-Crouzet et al. Fig. 3

Baltic sea Wasmund
et al. Fig. 4
No change

Improve
No change

No change

Worsen
No change

Decreased

4.2. Contrary and mixed evidence suggests additional
management is needed
At the south arm of the Mondego estuary, the partial reestablishment of the upstream connection between the two
arms improved the system hydraulic regime, yet the nutrient enriched freshwater diverting to the northern arm by another sluice
located more upstream did not contribute to the reduction of the
annual means of the oxidised forms of nitrogen and of phosphate
in the system. Meaning, according to Crouzet et al., 1999
method that the system remained as ‘‘Bad’’ as before 1998,
while according to Wasmund et al., 2001 method the system
switched from ‘‘Polytrophic’’ to ‘‘Eutrophic’’ regarding DIN
mean winter concentrations, mainly through the reduction of
ammonium concentration. Yet it switched from ‘‘Eutrophic’’
to ‘‘Polytrophic’’ regarding phosphate concentrations.
This kind of contrary evidence in classification methods have
been reported elsewhere (e.g. Newton et al., 2003), meaning that
these differences have to be analyzed in detail in order to implement future management solutions. Namely, because the nutrient loads changed from 1993 to 2000: the loads of nitrogen
declined, whilst the load of phosphorous increased. Thus, the
improvements in the system south arm (except for the nutrient
concentrations and for phosphorus loading) may not have
come about only from the increased water circulation.
The main inputs contributing to the nutrient balance and
status of these coastal systems are the external point and diffuse sources plus the internal biogeochemical mineralization
processes, including the regeneration of nutrients from organic
and inorganic matter carried by rivers. Within the major sources of nutrients to estuaries are included precipitation, freshwater flow, salt marsh production and sediment porewaters during
resuspension processes. However, in estuaries near densely
populated regions the nutrient supply is augmented by domestic and industrial waste waters, urban drainage and agricultural
effluents (e.g. Hauxwell and Valiela, 2004). A previous study
assessing eutrophication in the south arm of the Mondego
estuary suggested a strong dependency of the concentration
of the oxidised forms of dissolved nitrogen on the freshwater
inputs from diffuse and/or point sources (Lillebø et al.,
2005), which may include precipitation and freshwater flow
with agricultural lands draining, as main sources of nitrate.

Improve

Phosphorus in the dissolved form (PO4) can be strongly dependent on mineralization process (Asmus et al., 2000; Coelho
et al., 2004; Lillebø et al., 2004). Yet, after 1998, the absence
of a significant positive linear relation of phosphate with temperature (Lillebø et al., 2005) and the higher winter mean concentrations, implies the existence of additional sources within
the south arm or through the Mondego river (north arm,
Fig. 1B). Thus, as the system still receives agricultural runoff
from upstream cultivated land, and as physicochemical status
is seen as the supporting elements for the final evaluation of
the ecological status, future measures should be implemented.
In fact, an evaluation of the system in 2005 conducted to
a larger scale intervention, this time formal and under the
government (INAG e National Institute for Water) and local
authorities’ supervision, was already carried out (ended in
May 2006) in which the upstream communication between
the two arms of the estuary was re-established. The response
of the system to the new hydrological conditions has been followed by IMAR, in the scope of a new study funded by the
National authority on water resources (INAG). As nutrients
concentrations are only partly due to loads, for assessing the
new eutrophic conditions after the 2006 intervention, the
riverine nutrient loads should also be assessed. Management
at the system level should also be accomplished through the
reduction of the nutrient loads, namely by improving agriculture practices in the Mondego River valley through environmental friendly technological solutions, which will constitute
a longer term solution.
On a broader scale results on the Mondego system may be
seen as a case study for other systems with low water residence time and eutrophication symptoms.
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