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Abstract

Over the last few decades, the excessive growth of macroalgae and decline of seagrass beds, associated with increased
eutrophication, has become a worldwide problem. It is known that submersed aquatic vegetation (SAV) offers stable habitats,
allowing the continuous availability of food and protection against predators and contributing to biodiversity, sediment stability
and water transparency when compared to areas covered by macroalgae mats. In the Mondego estuary (Portugal), several
mitigation measures (nutrient-load reduction, seagrass-bed protection and freshwater-circulation enhancement) were implemented
in 1998 in order to promote the recovery of the seagrass beds and the entire surrounding environment following a long period of
eutrophication. Here the success of this restoration project is evaluated by comparing the water nutrient concentrations, the extent
of seagrass cover and the dynamics of the bivalve Scrobicularia plana before and after the implementation of the management
measures. During the period in which environmental quality declined, S. plana’s adult abundance, total biomass and growth
production also declined, parallel with the almost total disappearance of Zostera noltii. After the implementation of management
measures, dissolved nutrients and green macroalgal blooms were much reduced, and seagrass beds started to recover. The S. plana
population also responded positively, becoming more structured (including individuals of all age classes), with higher biomass and
growth production.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Eutrophication, or excessive organic carbon input
associated with nutrient enrichment, of coastal waters is
now widely recognized as a major worldwide threat
(Raffaeli et al., 1998). As a response to global human
disturbance, in recent years there has been an enormous
increase in restoration as a technique for reversing
habitat degradation worldwide (de Jonge et al., 2000).
The general purpose of restoration projects is to help
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a habitat return from an altered or disturbed condition
to a previously existing natural condition (Kennish,
2000). To evaluate the success of restoration plans, one
must at least understand the processes which have
driven the observed ecological changes. There is a need
to monitor the restoration and to assess its success
(Kennish, 2000; Pardal et al., 2004).

In the Mondego estuary (Portugal), eutrophication
has triggered serious biological changes, which have led
to a progressive replacement of seagrasses (Zostera
noltii) by opportunistic macroalgae (Marques et al.,
1997, 2003; Pardal et al., 2000, 2004; Martins et al.,
2001; Cardoso et al., 2002, 2004; Dolbeth et al., 2003).
Since the late 1980s, green macroalgal blooms have been
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observed in the southern arm of the Mondego estuary as
a major symptom of eutrophication, due to the high
availability of nutrients (nitrogen and phosphorus),
coupled with high water residence time (Marques
et al., 1997, 2003; Pardal et al., 2000, 2004; Martins
et al., 2001; Cardoso et al., 2002, 2004; Dolbeth et al.,
2003). As a consequence, Z. noltii beds, considered the
richest habitat in terms of biodiversity and productivity
(Edgar, 1990; Marques et al., 1997; Cardoso et al.,
2004), suffered a drastic reduction during the last two
decades (Marques et al., 1997; Pardal et al., 2000, 2004;
Martins et al., 2001). This led to a shift in primary
producers, from Z. noltii towards faster growing green
macroalgae (Raffaeli et al., 1998; Pardal et al., 2000;
2004; Cloern, 2001; Martins et al., 2001). Changes in the
trophic structure and, ultimately, in the composition
and productivity of entire macrobenthic assemblages
have been reported (Dolbeth et al., 2003; Cardoso et al.,
2004), leading to less structured and impoverished
macrofaunal communities.

The present study evaluates the success of a restora-
tion project implemented in the Mondego estuary,
focussing on the dynamics of Scrobicularia plana,
a long-lived deposit-feeding bivalve species, living in
muddy to sandy sediments (Hughes, 1969, 1970a,b;
Guelorget and Mazoyer-Mayére, 1983; Essink et al.,
1991; Sola, 1997; Guerreiro, 1998). Long-term data sets
(8 years) are required in order to capture slow ecological
processes (e.g. population dynamics of long-lived
organisms), rare events (e.g. floods) and complex
phenomena, in which a long span of time is required
to detect changes or trends (Franklin, 1989).

2. Materials and methods
2.1. Study site

The Mondego estuary, located on the Atlantic coast
of Portugal (40° 08’ N, 8° 50’ W) comprises a northern
and a southern arm, separated by the alluvial Murra-
ceira Island (Fig. 1). The northern arm is deeper (4-8 m
during high tide, tidal range about 1-3 m) and
constitutes the main navigation channel and the location
of the Figueira da Foz harbour. The southern arm is
shallower (2-4 m during high tide, tidal range 1-3 m)
and is almost silted up in the upper zones, constituting
a kind of coastal lagoon in which the water circulation is
mostly dependant on the tides and on the freshwater
input from the Pranto River, a small tributary (Marques
et al., 1997; Lillebe et al., 1999; Pardal et al., 2000,
2004). The discharge from this tributary is controlled by
a sluice (Pardal et al., 2000, 2004; Cardoso et al., 2004)
and is regulated according to the irrigation needs in rice
fields in the Mondego Valley (Martins et al., 2001).

Figueira da Foz
(40° 08’ N, 8°50" W)

N North arm

Atlantic
Ocean

Zostera noltii meadows

Intermediate Area

= Intertidal areas

Fig. 1. Location of the sampling areas on the Mondego estuary (40°
08" N, 8° 50" W).

Since the 1980s, Zostera noltii beds have been
drastically reduced in area extent and biomass in the
southern arm (Cardoso et al., 2004; Pardal et al., 2004).
For instance, an area of 15 ha was progressively reduced
to 1.6 ha in 1993 and to less than 300 m? in 1997. In 1998,
several mitigation measures were applied. The hydraulic
regime in the southern arm was improved by enlarging the
connection between the two arms. The Pranto sluice-
opening regime was minimized in such a way that most of
the nutrient enriched freshwater from the Pranto River is
diverted to the northern arm (by another sluice located
more upstream), reducing the nutrient loading in the
southern arm. In addition, the remaining secagrass patches
were protected with wooden stakes to prevent further
disturbance of that area (by fishermen digging in the
sediment and looking for bait), and several forums were
run to inform local people of the ecological and economic
importance of the seagrass beds.

Three study areas were established in the southern
arm (Fig. 1):

(a) Zostera noltii beds, a non-eutrophic area located
downstream, characterized by muddy sediments
with high organic matter content (6.31+1.5%),
higher salinity values (20-30), lower total inorganic
nitrogen concentrations (15-30 umol N 171), and
higher water-flow velocity (1.2-1.4 m s™');

(b) an intermediate eutrophic area, located just up-
stream of the previous study area, has no seagrass
cover, although some rhizomes remain in the sedi-
ment. The physical-chemical conditions are other-
wise similar to those of the Z. noltii beds but with
lower sediment organic matter content (5.8 +1.3%);
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(c) the most eutrophic area, in the inner part of the
estuary, characterized by the absence of rooted
macrophytes (for more than 15 years) and now
covered seasonally by green macroalgae (Pardal et al.,
2000, 2004; Martins et al., 2001; Cardoso et al., 2002,
2004). This sand flat presents lower organic matter
content (3.7+1.0%), lower salinities (15-25), higher
total inorganic nitrogen concentrations (30-50 pmol
N 1), and lower water flows (0.8-1.2 m s ).

2.2. Methods

Sampling was carried out from January 1993 to
September 1995 and from December 1998 to December
2000 in the three areas. Between October 1995 and
January 1997, only the most eutrophic area was sampled.
Samples were taken fortnightly during the first 18 months
and monthly thereafter. At each study area, 5-10
sediment cores corresponding to a total area of 0.2115-
0.4230 m were taken to a depth of 20 cm. Samples were
washed over a 500 um mesh sieve, placed into plastic
bottles and preserved in 4% buffered formalin. On each
occasion temperature and salinity were measured in situ
in water pools. Water samples were collected for analysis
of dissolved inorganic nitrogen and dissolved inorganic
phosphorus. Later, in the laboratory, animals were
separated and kept in 70% ethanol. Scrobicularia plana
individuals were counted and its total length measured.
Length—weight relationships were determined for pro-
duction estimates. Preliminary ANOVA of length X ash-
free dry weight (AFDW) relationships indicated no
significant seasonal differences. Therefore, an overall
regression equation was used (AFDW =0.00000991 X to-
tal length®%%% ;2=0.97, N=152). Biomass was calcu-
lated as AFDW (weight loss after 8 h of incineration at
450 °C of specimens previously dried at 60 °C for 72 h).
Plant biomass (Chlorophycea, Rhodophycea, Zostera
noltii leaves and rhizomes) and organic matter content of
the sediment was determined as AFDW after oven drying
at 60 °C for 72 h and combustion at 450 °C for 8 h.

2.3. Growth and production

Growth rates were estimated by tracking cohorts in
size frequency distributions over successive sampling
dates using the ANAMOD software package (Nogueira,
1992). Since the growth rates exhibited seasonal
changes, we adjusted empirical data to an adequate
mathematical model (Gaschiitz et al., 1980), based on
the Von Bertalanffy equation, expressed as:

L,=Ls (1 _ o [k (1=10) + C(82)sin2m (i~ ,;)])%

where L, is the length of the organism at a given moment ¢;
L, is the maximum possible length of the organism; 7, is

the instant when the organism would have a length=0; 7,
is the time interval between start of growth and the first
oscillation, with growth being expressed by a sine curve
with a period of 1 year; k is the intrinsic growth rate; Cis
aconstant between 0 and 1, inherent to the species and D is
a parameter expressing metabolic deviations from the von
Bertalanffy rule.

Annual production was estimated upon cohort
recognition, determining growth increments or net
production (P) as described in Dauvin (1986).

3. Results
3.1. Nutrients and plant biomass

Dissolved inorganic nitrogen concentrations were
significantly different before and after the introduction
of mitigation measures (Zostera noltii beds, Wilcoxon
two-sample test, W=3689, P<0.05; most eutrophic
area, Wilcoxon two-sample test, W=3174.5, P<0.05),
being markedly reduced in the post-mitigation period
for both areas (Fig. 2). The same pattern was also ob-
served for N/P ratios. Significant differences were
detected between pre and post-mitigation periods for
both sites (Z. noltii beds, Wilcoxon two-sample test,
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Fig. 2. Long-term variation in estuarine nutrient concentrations. (A)
Dissolved inorganic nitrogen (DIN); (B) dissolved inorganic phospho-
rus (DIP); (C) N/P atomic ratio (Redfield ratio).
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W=526, P<0.05; most eutrophic area, Wilcoxon two-
sample test, W=445, P<0.05).

Regarding seagrass biomass, significantly different
developments were observed in the pre- and post-mitiga-
tion periods (Wilcoxon two-sample test, W=1822,
P<0.05). From 1993 to 1997, the total biomass of
Zostera noltii, declined sharply and in early 1998 the
lowest biomass (5 g AFDW m ) was recorded. After the
introduction of mitigation measures, in 1998, seagrass
beds gradually recovered (Fig. 3A). Moreover, in the
intermediate area (Wilcoxon two-sample test, W=1049,
P <0.05) and in the most eutrophic area (Wilcoxon two-
sample test, W'=933, P<0.05), there were also signifi-
cant differences between both periods. In 1993 and 1995,
macroalgal blooms were common, but they were never
present after post-mitigation measures (Fig. 3B,C).

3.2. Scrobicularia plana abundance and biomass

Scrobicularia plana abundance and biomass increased
markedly during the study period in the three areas
(Zostera noltii beds, Wilcoxon two-sample test, W=468,
P <0.05; intermediate area, Wilcoxon two-sample test,
W=650.5, P<0.05; eutrophic area, Wilcoxon two-
sample test, W=1119, P<0.05). In the Z. noltii mea-
dows (Fig. 4A) and in the intermediate area (Fig. 4B)
from 1993 to 1995, S. plana abundance was relatively
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Fig. 3. Long-term variation of plant biomass. (A) Zostera noltii
meadows; (B) intermediate eutrophic area; (C) most eutrophic area.
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Fig. 4. Long-term variation of Scrobicularia plana total abundance and
biomass. (A) Zostera noltii meadows; (B) intermediate eutrophic area;
(C) most eutrophic area.

low with recruitment occurring in winter and early
spring. At the eutrophic area (Fig. 4C) in the same
period, density was consistently higher with abundance
increments occurring from mid-spring to end of
summer. Nevertheless, in the post-mitigation period,
increments occurred also from winter and early spring,
just like the two previous areas. The density of larger
individuals (> 10 mm) also increased significantly after
management (Fig. 5) in the three areas (Z. noltii beds,
Wilcoxon two-sample test, W=1296.5, P<0.05; in-
termediate area, Wilcoxon two-sample test, W=1627,

b Management

Abundance (ind m2)

-e- Z. noltii meadows -o- Intermediate area -o- Most eutrophic area

Fig. 5. Abundance of Scrobicularia plana individuals > 10 mm.



P<0.05; eutrophic area, Wilcoxon two-sample test,
W=2072, P<0.05) demonstrating a more structured
population (Fig. 6).

3.3. Population structure and growth

It was possible to recognise initially five cohorts, with
the recruitment of a spring cohort once a year (Fig. 7A).
The population became more structured in the post-
mitigation period,

Relative frequency (%) Relative frequency (%) Relative frequency (%) Relative frequency (%)

Relative frequency (%)
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size classes, in contrast with the population between
1993 and 1995, which was mainly composed of younger
individuals (<10 mm). Field growth data from cohorts

C6, C7 and C8 were used to calibrate a mathematical

model proposed by Gaschiitz et al. (1980) (Fig. 7B).

Growth rates were clearly higher from spring to early

including individuals of almost all months.
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Fig. 6. Size frequency distribution of the Scrobicularia plana population.

fall, decreasing during the colder months. Based on the
field growth rates and on the recruitment period, the
life span of the species was estimated to be 62+1
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Fig. 7. Scrobicularia plana field growth rates (average growth +
standard deviation) (A) and mathematical growth model for S. plana
cohorts (B).

3.4. Production

The annual production estimates showed that, after
management measures were implemented, growth
productivity (P) was two to three times higher in 1999
and 2000 than in 1993 and 1994. On the contrary, P/B

ratios were lower in 1999 and 2000 (Table 1) due to
a five- to ten-fold increase of the mean population
biomass (B).

4. Discussion
4.1. Nutrients, macrophyte and macroalgae biomass

As a whole, the nutrient-enriched waters, coupled
with high residence time and low transparency led to
a gradual decline of the Zostera noltii community
throughout the study period (almost disappearing in
1998), outcompeted by macroalgae as a consequence of
the eutrophication process. Such a change in primary
producers can led to structural changes in the ecosystem
causing an impoverishment of the associated macro-
faunal benthic communities (Cardoso et al., 2004;
Pardal et al., 2000, 2004).

From 1993 to 1997, green macroalgae biomass suffered
several oscillations (Martins et al., 2001), depending upon
temperature, salinity and hydrodynamic conditions, with
huge spring blooms followed by sudden algal crashes,
which caused instability in the community (Cardoso et al.,
2004; Pardal et al., 2004). Since the introduction of
management measures in 1998 however, green macroalgal
biomass decreased and no spring blooms were observed,
certainly due to a reduction in nutrient loading, to an
increase in fresh water circulation and generally to an
increase in stabilisation of the abiotic conditions. In
parallel, the management measures implemented also
showed satisfactory results with the Zostera noltiimeadow
progressively recovering during the subsequent years,
increasing their biomass and enlarging their area.

Table 1
Scrobicularia plana annual growth production estimations in different European populations along a latitudinal gradient

P B P/B References

(gm? year ) (gm?)
Conway Bay, Wales 2.97 4.37 0.68 Hughes (1970a,b)
Conway Bay, Wales 13.41 46.24 0.29 Hughes (1970a,b)
Lynher estuary, England 0.48 2.18 0.22 Green (1957)
Gironde estuary, France 0.62 0.11 5.69 Essink et al. (1991)
Gironde estuary, France 0.26 1.63 0.16 Essink et al. (1991)
Arcachon Bay, France 6.38 9.67 0.66 Bachelet (1982)
Bidasoa estuary (1987), Spain 105.9 84.05 1.26 Sola (1997)
Bidasoa estuary (1988), Spain 49.55 58.99 0.84 Sola (1997)
Bidasoa estuary (1989), Spain 96.21 65.01 1.48 Sola (1997)
Prévost lagoon (Mediterranean), France 424.80 115.43 3.68 Guelorget and Mazoyer-Mayére (1983)
Prévost lagoon (Mediterranean), France 32.21 5.69 5.4 Guelorget and Mazoyer-Mayére (1983)
Prévost lagoon (Mediterranean), France 27.36 9.03 3.03 Guelorget and Mazoyer-Mayére (1983)
Mondego estuary (1993), Portugal 4.08 5.68 0.72 Present study
Mondego estuary (1994), Portugal 3.11 2.67 1.16 Present study
Mondego estuary (1999), Portugal 14.13 20.96 0.67 Present study
Mondego estuary (2000), Portugal 9.34 18.61 0.5 Present study
Tagus estuary, Portugal 24.71 - - Guerreiro (1998)
Mira estuary, Portugal 1.67-7.34 - - Guerreiro (1998)
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4.2. Scrobicularia plana abundance and biomass

During the whole study period, Scrobicularia plana
showed a clear spatial pattern along the eutrophication
gradient, with higher abundance values in the most
eutrophic area. This elevated density derived from
higher juvenile recruitment during spring and early
summer, consistent with other southern FEuropean
populations (Guelorget and Mazoyer-Mayére, 1983;
Sola, 1997; Guerreiro, 1998). Although recruitment
was higher, the most eutrophic area exhibited less adult
individuals, probably related to a spatial dispersion
towards the other two areas. Despite the restricted
mobility of this species, there are several references to
dispersion of S. plana (Hughes, 1969, 1970a,b; Guelor-
get and Mazoyer-Mayére, 1983; Sola, 1997; Guerreiro,
1998) and among other bivalve species (Norkko et al.,
2001) over short and medium distances.

Juvenile recruitment seems to have been negatively
influenced by the presence of green macroalgae, as it was
more important in 1994, when macroalgae was absent,
than in 1993 or 1995 when spring blooms were common.
Moreover, since 1999, abundance increased and re-
cruitment was even more pronounced, showing the
importance of the management protection measures.

Adults (i.e. > 10 mm) were also shown to be sensitive
to eutrophication impacts, particularly with respect to
macroalgal oscillations (consecutive blooms and
crashes), and like juveniles, responded positively to the
management measures. The abundance of adults in-
creased greatly after 1999, and consequently, became
more important for the population structure, leading to
an important increase in Scrobicularia plana biomass.

4.3. Population structure, growth and life span

As in other European populations, during the whole
study period Scrobicularia plana recruitment occurred
over a period of several months, i.e. from early spring to
summer. Nevertheless, only a single new cohort could be
distinguished each year. Moreover, like other bivalve
species (Beukema et al., 2001), recruitment was more
intensive after a severe winter (e.g. 1994), and subsequent
years were often characterised by lesser recruitments.
Consequently, the population structure is usually domi-
nated by the cohorts derived from the more abundant
recruitment. Following each recruitment, a sudden re-
duction in abundance occurred due to high mortality
rates, revealing a strong post-reproduction mortality, as
stated in several previous studies (Hughes, 1970a,b;
Guelorget and Mazoyer-Mayére, 1983; Sola, 1997;
Guerreiro, 1998). In the present study, the direct effect of
the management measures could be seen as a decreasein S.
plana mortality with a consequent increase in the pro-
portion of adult individuals originating a more structured
population and an increase in the population biomass.

Each cohort exhibited an approximately 5-year life
span, as recorded in other southern European popula-
tions (Bachelet, 1982; Guelorget and Mazoyer-Mayére,
1983; Sola, 1997; Guerreiro, 1998), although the species
appears to exist along a latitudinal gradient, with longer
life spans, slower growth rates, and lower production
values in northern populations (Table 1). Field growth
rates were also similar to other reported southern
European populations (Bachelet, 1982; Guelorget and
Mazoyer-Mayére, 1983; Sola, 1997; Guerreiro, 1998),
conditioned by individual size and annual season. In
fact, growth rates were higher during spring and
summer and during the first years of life.

4.4. Production

Scrobicularia plana growth production (P) and mean
population biomass (B) appeared to be negatively
influenced by macroalgal blooms and its sudden crashes.
Both P and B were much lower in 1993 and 1994.
Moreover in 1999 and 2000 P/B decreased, showing
a positive influence of the implemented measures on
reducing eutrophication effects and revealing the greater
importance of mean population biomass.

Comparing several Scrobicularia plana populations, it
was possible to establish a latitudinal gradient along the
Atlantic seaboard (Table 1). Despite few exceptions
derived from local climate conditions and from different
methodologies used in estimations, populations from
lower latitudes are characterised by shorter life span,
higher growth rates, and higher annual production
(Green, 1957; Hughes, 1969, 1970a,b; Guelorget and
Mazoyer-Mayére, 1983; Essink et al., 1991; Sola, 1997;
Guerreiro, 1998).

5. Conclusions

As a general conclusion, the Scrobicularia plana
population was negatively affected by the eutrophication
process, in terms of abundance, biomass, juvenile
recruitment, population structure, and annual produc-
tion. The species responded positively to the manage-
ment measures implemented in 1998 to protect and
recover Zostera noltii beds, which led to a more
structured and stable population, with higher abun-
dance and biomass, which was reflected in annual
production increases.
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