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Abstract

Eutrophication became a dominant process in the Mondego estuarine system in the 1980s, presumably as a result of ex-
cessive nutrient release into coastal waters. The main symptoms were the occurrence of seasonal ldoteramadrpha
spp., green macroalgae, and a drastic reduction oZtistera noltimeadows. Previous results suggest that this process will
determine changes in species composition at other trophic levels. This paper aims at integrating the available information to
provide a theoretical interpretation of the recent physicochemical and biological changes in the Mondego estuarine ecosystem,
which will be further used as basic framework for the development of a structurally dynamic model. Exergy-based indices,
the Exergy Index and Specific Exergy, were applied as ecological indicators (orientors) to describe the state of the ecosys-
tem, taking into account different scenarios along a spatial gradient of eutrophication symptoms. This allowed elucidating the
present conditions along the spatial gradient as representing various stages in the temporal evolution of the system, within
the framework obifurcation, Chaos, and Catastrophe theories. Eutrophication appeared as the major driving force behind the
gradual shift in primary producers from a community dominated by rooted macropHEytesl{ji) to a community dominated
by green macroalgae. Through time, concomitant changes at other trophic levels will most probably give origin to a new trophic
structure. Moreover, river management emerged as a key question in establishing scenarios in order to determine secondary
effects in eutrophied systems. Results suggest that a more conservative river management may be used as a powerful tool to
remedy affected areas, including the implementation of ecological engineering principles in different possible management
practices. The recent biological changes in the Mondego estuarine ecosystem were found to comply with the framework of
the theories considered, while both Exergy-based indices were able to capture the state of the system and distinguish between
different scenarios.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

"~ Corresponding author, Tel: 351-239-836386: The qudego River drains a hydrological bg5|n
fax: +351-239-823603. of approximately 6670k’ Its estuary, located in
E-mail addressjcmimar@ci.uc.pt (J.C. Marques). the western coast of Portugal, is the location of a

0304-3800/$% — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0304-3800(03)00134-0



148

mercantile harbour (Figueira da Foz). Besides the har-

bour facilities, the estuary supports industrial activi-
ties, salt-works, and aquaculture farms. Additionally,
the lower Mondego River valley consists of 15,000 ha
of farming fields (mainly for rice production), which
supply an important input of nutrients into estuarine
waters Marques et al., 1993a; Pardal et al., 2000;
Martins et al., 200

The Mondego estuary is located in a warm temper-

ate region with a basic mediterranean temperate cli-

mate. It consists of two arms, north and solgly( ).
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and join again near the mouth. The two arms of the
estuary exhibit very different hydrographic character-
istics. The north arm is deeper (5-10m during high
tide, tidal range about 2—3m), while the south arm
(2—4 m deep, during high tide) is almost silted up in

the upstream areas, which causes the freshwater of the
river to flow essentially through the north arm. Actu-

ally, the water circulation in the south arm is mostly
due to tides and to the freshwater input of a tributary,
the Pranto River, which is artificially controlled by a

sluice, located at 3km from the confluence with the

The two arms become separated by an island at thesouth arm of the estuar§ig. 1). In addition, due to
estuarine upstream area, at about 7 km from the sea,differences in depth, the penetration of the tide is faster
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Fig. 1. Location of the three sampling stations along a spatial gradient of eutrophication in the south arm of the Mondego estuary.
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in the north arm, causing daily changes in salinity to et al., 1999; Pardal et al., 2000During macroal-
be much stronger, whereas daily temperature changesgae blooms, the concentration of dissolved oxygen in-

are higher in the south arnM@rques et al., 1993a creases significantly during the day, which is obviously
In both arms of the estuary, hard substrates are pri- related to primary production, becoming extremely
marily covered byEnteromorphaspp. and=ucusspp., low during the night, due to algae biomass respiration

which constitute eulittoral macroalgae belts, although (Martins et al., 199¥. This diurnal cycle probably ex-

in the upper limit of the sublittoral zorglva spp. also plains the occurrence of the algae crashes described
occurs. Hard substrates are essentially due to humanabove Flindt et al., 1997; Martins et al., 20pNever-
occupation (e.g. harbour facilities, aquaculture farms, theless, the annual biomasssifteromorphapp., and
saltworks), and extend at least along 60% of the estuar-therefore blooms occurrence, appears to be strongly
ine perimeter. Especially in the north arm, salt marshes dependent on the amount of freshwater that enters the
of Spartina maritimaandZostera noltimeadows have  south arm during winter and spring. In turn, the in-
been gradually replaced by hard substrate habitats pri- put of freshwater is regulated by precipitation and by
marily covered by the brown algdaicus vesiculosus  river management practices, as a function of the water
(personal observation). Nevertheless, in the south arm,needs of rice crops located upstream from the estuary
most of the intertidal zone still consists of soft sub- (Martins et al., 200

strates, from sand to mud, whe®e maritimamarshes In general, it has been observed that benthic eu-
andZ. noltii beds could constitute significant popula- trophication in estuaries and coastal lagoons may
tions (Marques et al., 1993b; Flindt et al., 1997 determine a shift in the benthic primary producers

As in most estuaries all over the world, eutrophica- (Lavery et al., 1991; Hartog, 1994like the gradual
tion largely increased in the Mondego estuarine system replacement oZosteraby Enteromorphaobserved in
since the 1980s, presumably as a result of excessivethe Mondego larques et al., 1997 It is obviously
nutrients release into coastal waters. The most visible reasonable to assume, and many results from research
feature of eutrophication in the Mondego estuary is carried out in the Mondego estuargZdbral et al.,
the occurrence of seasonal green macroalgae bloomsl999; Lillebg et al., 1999; Lopes et al., 2000; Pardal
(mainly of Enteromorphaspp.), which have been re- et al., 2000 comply with it, that this may determine
ported in the south arm for several yeakafques changes in species composition at other trophic levels,
et al., 1993a,b, 1997; Flindt et al., 199TheZ. noltii and through time give rise to a new trophic structure.
beds, which represent the richest habitat with regardto A recent data set, obtained from January 1993
productivity and biodiversityNlarques et al., 1993b, to June 1994 in the scope of a EU research project
1997, have been drastically reduced in the south arm (MAS2-CT92-0036) provided a suitable description
of the Mondego estuary, most likely as a function of of the temporal variation of physicochemical factors
competition withEnteromorphgRaffaelli et al., 1991; of water and sediments and of the composition of the
Hodgkin and Hamilton, 1993resulting from the dif- benthic communities along the estuarine gradient of
ferent strategies of macroalgae and macrophytes toeutrophication. Such data were already made partially
uptake nutrients, and also from the shading effects available in a number of publication§lindt et al.,
of macroalgae on macrophytesldrdy et al., 1993; 1997; Marques et al., 1997; Martins et al., 1897
Hartog, 1994 Actually, in the beginning of the 1980s, The main goal of this paper is to combine past
the Z. noltii beds covered a large fraction of the in- observations and more recent data in an integrative
tertidal area, extending to the upstream section of the manner, providing an interpretation of the recent
south arm, along the Murraceira Islarfeid. 1) (per- biological modifications in the Mondego estuary
sonal observation), while by the end of the 1990s this ecosystem in the light of ecological theories.
species distribution was restricted to its downstream  Additionally, we aimed to test the Exergy Index and
section. Specific Exergy as ecological indicators (orientors), in

Usually, macroalgae blooms (especially in the in- terms of evaluating its capability to capture the state of
ner areas of the south arm of the estuary) occur from the system, distinguishing between different scenarios
late winter to an early summer peak when an algae along the spatial gradient of eutrophication symptoms.
collapse may take plac&larques et al., 1997; Lillebg  These two thermodynamically oriented indicators



150 J.C. Marques et al./Ecological Modelling 166 (2003) 147-168

are derived from ecosystem theory. The application variables. Exergy-based ecological indicators appear
of Exergy in ecological systems was proposed in the to be very promising goal functions, showing a pos-
late 1970s Jgrgensen and Mejer, 1979n terms sible role in expressing shifts in species composition
of its spatial and temporal patterns of variation, the and trophic structure in shallow lakes ecosystems. For
properties of Exergy-based indices, respectively the details on this application see for instanb&rgensen
Exergy Index and Specific Exergy, have been ana- (1997)
lyzed before taking into account the Mondego estuary
biological communities, allowing us to test in what
extent their values could elucidate about the system’s 2. Materials and methods
characteristicsNlarques et al., 1997 Nevertheless, it
was concluded that both Exergy-based indices should 2.1. Data collection
be applied complementarily, since Specific Exergy is
very sensible to abrupt changes in species composi- Physicochemical factors of water and sediments and
tion, for instance the fast decline of green macroalgae the macrobenthic communities were monitored along
following a bloom, while the Exergy Index appears a spatial gradient of eutrophication symptoms in the
to capture well slower modificationd/@rques et al., south arm of the Mondego estuary during 18 months,
1997. The objective here is to examine if, despite from January 1993 to July 1994. Samples of macro-
some differences in their responses, the variations of phytes, macroalgae, and associated macrofauna were
these ecological indicators along the spatial gradient taken fortnightly at three different sites, during low
of eutrophication symptoms were consistent with our water, along an estuarine gradient of eutrophication in
theoretical interpretation of the system’s development. the south arm of the estuarki@y. 1). Sites considered
The application of these indicators may be based on were (a) a non-eutrophied zone, where a macrophytes
a model, see for instanclrgensen et al. (20Q29)r community ¢. noltii) is present; (b) an intermediate
based on empirical observations. In the present case,eutrophied area, where roots can still be found in the
we will use the later approach. The reason for this sediment, although macrophytes are not present any-
choice is the fact that these data will be further used more, and where green macroalgae reach a significant
to calibrate a structurally dynamic model of the de- development; and (c) a heavily eutrophied zone, in the
velopment of the Mondego estuary benthic communi- inner areas of the estuary, from where vestiges of the
ties following an eutrophication process. Structurally former presence of macrophytes totally disappeared,
dynamic models are able to describe the modifica- while Enteromorphaspp. blooms have been observed
tions observed in the systems, namely the shift in during the last decade.
the dominant primary producers, which in the case Biological samples were taken by using a man-
are being induced by eutrophication. In this model, ual corer. Each time and at each site, 10 replicates
these indicators will be used as orientors to the model were randomly taken, each replicate corresponding to
dynamics. Therefore, it would be necessary to ver- 141cnf and approximately 31 of sediment. All the
ify if the Exergy Index and Specific Exergy are able biological samples were sieved in situ using a 1 mm
to capture the system properties before the model is mesh size sieve, and then fixed in 4% neutralized
developed. A preliminary version of the model is pre- formaldehyde. This mesh size was considered suit-
sented inJgrgensen et al. (2003nd further develop-  able for this study, regarding the types of sediment
ments must be preceded by the necessary theoreticalwe expected to find along the estuary. Simultaneously,
assumptions. corresponding to biological samples, water, salinity
One method to implement structurally dynamic (gl—1), temperature°C), pH, and oxygen dissolved
models is to use goal functions. Goal functions are were measured in situ. Ammonia, silica, chlorophyll
mathematical algorithms, which act as ecological a, nitrites, nitrates, and phosphates (mt) lwere de-
indicators, constituting emergent properties arising termined in the laboratory from water samples. Sed-
from self-organization processes of development. In iment samples were also collected and subsequently
structurally dynamic models parameters are allowed analyzed for granulometry and organic matter contents
to change as a function of forcing functions and state (gm~2afdw—ash free dry weight).
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The organisms collected (macrophytes, macroalgae,from more simple to more complex ecosystems,
and macroinvertebrates) were separated, preserved invhich seem at a given point to reach a sort of bal-
70% ethanol or in 4% neutralized formaldehyde, ac- ance between keeping a given structure, emerging
cording to the presence or absence of calcareous partsfor the optimal use of the available resources, and

further identified, almost always to the species level,
and their biomass determined (g Aafdw).

To provide a more general description regarding
the variation of the characteristics of macrobenthic
communities along the spatial gradient of eutrophica-
tion symptoms, data on its composition was pooled
as a function of higher taxa and functional groups.
Six higher taxonomic levels were considered, re-
spectively Gastropods, Bivalves, Polychaetes, Am-

modifying the structure, adapting it to a perma-
nently changing environment. For a more detailed
description of this concept see for instari@gensen
(2997)

The Exergy of a system compared with the same
system at the same temperature and pressure but in
the form of an inorganic soup without any life, bi-
ological structure, information or organic molecules
can be computed fromlgrgensen and Mejer, 1979;

phipods, Isopods, and others. On the other hand, four Jgrgensen, 1997

functional groups were considered Herbivores, Detri-
tivores, Carnivores, and Omnivores, respectively.

In order to analyse the effects of the freshwater dis-
charge from mainland on the water quality and to es-
timate the nutrients loading into the south arm of the
estuary a monitoring program was carried out on at
the Pranto River sluicé~{g. 1) (Flindt et al., 1997. As

explained above, this sluice is used for water manage-

ment, controlling the freshwater discharge from this
tributary and avoiding the penetration of tidal saltwater

in rice fields located upstream. During each opening of
the sluice, the amount of water discharged was quan-

tified and the concentration of nutrients determined
each hourFlindt et al., 1997.

2.2. Exergy Index and Specific Exergy
estimations

Exergy is a concept derived from thermodynamics

that may be seen as energy with a built in measure of
quality. Exergy is a measure of the distance between
a given state of an ecosystem and what the system

would be at thermodynamic equilibriunddrgensen
and Mejer, 1979 In other words, if an ecosystem were
in equilibrium with the surrounding environment its
Exergy would be zero. This means that, during eco-

logical succession, Exergy is used to build up biomass,

which in turn stores Exergy.

In thermodynamic terms, taking an ecosystem’s
trophic structure as a whole, there will be a continuous
modification of the structure as a function of changes
in the prevailing environmental conditions, during
which Exergy storage will be optimizeddrgensen,
1997. In other words, ecological succession drives

Ci

leq

n
Ex = RTZCi In

i=0
whereR is the gas constani, is the absolute tem-
perature,C; is the concentration in the system of
componenti, Cj, is the corresponding concentra-
tion of component at thermodynamic equilibrium,
n is the number of components, and index 0 indi-
cates the inorganic compounds of the considered
element.C;,, is of course a very small concentration
(except fori = 0, which is considered to cover the
inorganic compounds), corresponding to a very low
probability of forming complex organic compounds
spontaneously in an inorganic soup at thermodynamic
equilibrium.

In ecological terms, the above formulation is not
practical due to the obvious difficulties in determining
the reference level for a given compartment of the sys-
tem. An approximate estimation of Exergy may never-
theless be obtained following the approach proposed
by Jgrgensen et al. (1995)

n
Ex= ZﬂiCi
i—1

whereC; is the concentration in the ecosystem of com-
ponenti (e.g. biomass of a given taxonomic group or
functional group) ang; expresses roughly the quan-
tity of information embedded in the biomass. Detritus
is chosen as reference level, ile= 1, and Exergy in
biomass of different types of organisms is expressed
in detritus energy equivalents.

The outcome of such estimation does not corre-
spond anymore to Exergy in the strict thermodynamic
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sense, and is therefore called an Exergy Index
(Jgrgensen, 1997; Marques et al., 199his index
has been tested as ecological indicatorNdgrques
et al. (1997)

Through time, the variation of Exergy in an ecosys-

tem may, therefore, be considered as equal to the

variation of the biomass plus the information built
in one unit of biomass (expressing the quality of the
biomass):

AEXiot = ABiom 8; + AB; Biom

If the total biomass (Biorg:) in the system remains
constant through time, then the variation of Exergy
(Ex) will be a function of only the structural complex-
ity of the biomass or, in other words, of the informa-
tion embedded in the biomass, which may be called
Specific Exergy (SpEXx), or Exergy per unit of biomass.

Table 1
Values for the weighting factors to estimate Exergy related to
organisms biomass for different groups of organisms

Organisms Weighing factor
Detritus 1
Minimal cell 2.7
Bacteria 3.0
Algae 3.9
Yeast 6.4
Fungus 10.2
Sponges 30
Moulds 32
Plants, trees 30-87
Jellyfish 30
Annelid worms 50
Insects 70
Crustacean Zooplankton 30-46
Crustaceans (Decapods) 230
Gastropods 450
Bivalves 760
Echinoderms 260

Fish 287-344
Amphibians 800
Reptiles 1000

Birds 1100
Mammals 1300

Values of weighting factors are based on the number of infor-
mation genes. The Exergy content of the organic matter in the
various organisms is compared with Exergy contained in detritus.
Estimations were carried out according to the method described
by Jargensen et al. (1995pased on analytical workFpnseca

et al., 2000 and on literature sourcekdwin, 1994; Li and Grauer,
1991).
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Specific Exergy represents, therefore, a measure that
takes into account how well an ecosystem uses the
available resources, independently from the amount of
resources. For each instant, Specific Exergy is given
by:

Ex
Biomiot

SpEx=

The Exergy Index and Specific Exergy were calcu-
lated from the biomass of the different organisms
(gm2afdw) through the use of weighting factors
able to discriminate different “qualities” of biomass
(Table 3. For this purpose, taking into account the
available set of weighting factors, data on organism’s
biomass were pooled as a function of higher taxo-
nomic levels (e.g. Phylum or Class).

3. Results

Here, we consider only the results relevant to inter-
pret the occurrence of macroalgae blooms in relation
to river management and its effects on the estuarine
macrobenthic communities.

3.1. Salinity variation

Salinity is an important external factor to control
the growth of Enteromorpha intestinalijsthe most
abundant green macroalgae in the Mondego estuary
in terms of biomass, and therefore in conditioning
the occurrence of bloomdvartins et al., 1999 In
Fig. 2, we show the fortnightly variation of salinity
values in the water column during low tide at the three
sampling stations along the estuarine gradient of eu-
trophication. We relate it to the opening of the Pranto
River sluice, which controls the water level in rice
fields upstream from the estuary. The temporal pat-
tern of variation was clearly identical at all stations.
Salinity values ranged between 15 ands3$luring
winter, spring, and summer 1993, a dry year. All over
this period the sluice was kept closed. From late sum-
mer 1993, a rainy period started and the sluice was
opened in order to manage the water level in the rice
fields. Salinity values decreased then significantly,
ranging approximately between 5 and%@nd be-
ing lower than 1@ during a considerable period
in winter.
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Fig. 2. Fortnightly variation of salinity at the three stations along the spatial gradient of eutrophication.

3.2. Variation of nutrients concentration in

higher in the intermediate eutrophied area and in the
the water column

most strongly eutrophied area of the system when the

sluice was kept closed.

Nitrogen is usually considered a limiting factor for Phosphates apparently are much lower and basi-
estuarine and marine primary production, while phos- cally similar at all the three stations when the sluice
phates are normally considered as the limiting nutrient was opened. In fact, in estuarine systems, phosphates
in freshwater systems, namely in mesotrophic lakes. are apparently mainly released to the water column
Silica may also constitute a limiting factor for phyto- in its soluble form from the organic matter in sedi-
plankton diatom growth, which might indirectly influ-  ments Lijklema and Hieltjes, 1982; Sfriso et al., 1987;
ence benthic filter feeders. We, therefore, considered Valiela, 1995, becoming very much diluted in the wa-
it important to analyse the variation of these nutrient ter column when the sluice is opened and important
concentrations in the water column in relation to the freshwater discharges occur.
opening of the Pranto River sluice. Fg. 3A-E we The N/P ratio in the water column also increased
show the fortnightly variation of nutrient concentra- significantly in the water column when the sluice was
tions in the water column during low tide. Addition- opened in comparison with the periods when it was
ally, in Fig. 3Fwe show the variation of the N/P ratio  closed. This was obviously due to the combined ef-
in the water column. It is quite clear from the avail- fects of nitrogen loading into the estuary and phos-
able data that silica nitrites, nitrates and ammonia phates dilution, and it is reasonable to hypothesise
concentrations exhibited a very significant increase that during the opening of the Pranto River sluice
in the water column during sluice opening at all the phosphorous might become a limiting factor to pri-
three sampling stations demonstrating that these nutri- mary production in the south arm of the Mondego
ents, especially nitrogen, proceed from the freshwater estuary.

discharge, and therefore have origin in agricultural We may, therefore, recognize two different sce-

fertilization. narios with regard to water quality in the system.

On the other hand, it is also clear that phosphate The first 8-9 months of observations corresponded
concentration in the water column was significantly to the end of a 2-year dry period during which the



154 J.C. Marques et al./Ecological Modelling 166 (2003) 147-168

v6-20-50 6-20-50
¥6-90-02 - we 6-90-02
6-90-50 oZ 6-90-50
wo I vec01z 2 38 6-50-12
38 v6-50-90 T oy ¥6-60-90
" vevo-iz % - v6-50-12
T ¥6-40-90 1 6-50-90
v6-€0-22 — - Y6-€0-22
VEE0-20 o - ¥6-€0-20
¥620-02 L © - ¥6-20-02
© 6200 = z - ¥6-20-50
Zz ¥oL0-iz 3 z - v6-10-12
Z F ¥6-10-90 o - 6-10-90
w
g L e6gh-ez — ° - £621-22
w FE621-L0 = Q - £621-20
] Fee-Lee = 3 - £6-11-22
3 Lee-L-20 2 @ - €6-11-20
@ [ E6-01-€2 2 3 £6-01-€2
3 - £6-01-80 5 £6-01-80
o L £6-60-€2 — £6-60-62
-5 L £6-6080 x - 3 £6-60-80
m K] ree-80vz 4 oE § €6-80-v2
o< 3 L €6-8060 S T 2L £6-80-60
285 ee-2062 > 2823 £6:0-5
o5 - €6-20-01 £S5 €6-20-0}
£3 2 F£6-9062 — - £6-90-52
S22 [
EoE £6-900L £2g €6-90-01
] L £6-50-92 = es e £6-60-92
c = .m 6011 T - 5 €6-50-11
883 £6-0-92 5 SED £60-92
sE? £6-40-1 4 558 €6-v0-L1
8R4 o £6-€0-22 o= 9 €6-€0-22
N €602k NEZS > e6-60-21
== €620z W nv £6-20-62
I nv + £6-200L & + + £6-20-01
£6-10-92 = €6-10-92
— o0l > N £6-10-LL
g2 =2=2282834¢§38 8§ 8388 823 8§88 28
o o o o o o o o o o o - o o o o o = o o o o
(,.1'd Buw) sajeydsoyd ) (,.1'N Bw) sajeniN
- ¥6-20-50 - ¥6-20-50
w g Fv6-9002 g b [ v6-90-02
Sz [ 769050 (5 s - ¥6-90-50
oW L ve-so-1z Z w - ¥6-50-12
-] rv6-s090 [} - ¥6-50-90
’ Fv6-v0-12 & F v6-¥0-1C
r - ¥6-0-90 [ ¥6-50-90
L v6-€0-22 — - ¥6-€0-2C
reco0 - ¥6-€0-20
. I v6-20-02 [ © I ¥6-20-02
z Fv6-20-50 £ H [ ¥6-20-50
H Fve10-lz S i [ v6-10-12
g L ve-1090 > 3 [ ¥6°10-90
° Lee-ziee — w [ €6-c1-ze
e L 62120 - g [ £621-L0
3 Lee-t-ez = 7 £6-11-z8
@ L ee1120 2 @ - €6-11-20
g5 g - €6-01-€2
- 2
3 .MM"MM < e - £6-01-80
= © - £6-60-€2
«© - e6-60-€2 — Ll o [ e-60-50
L w T L £660-80 3 .m L £6-
20 | ce-obz L ¢ £6-80-v2
oL wm [ co0060 = T o - £6-80-60
s ag = s 9 - £6-20-52
R OT - e6-2062 > [
0 = | e6-2000 @ £S5 - €6-20-0}
£EST - O - £6-90-52
= 0.2 [ee-90Gz — S o - £6-90-01
Se0§ [ 66-00-01 S - £6-60-92
) reesooe 9 S35 L £6-50-L1
cZE [E6s0LL o 8o - £6-90-92
go3 H£6-00-92 0O 9 E | e6-40-11
g E L » -
%E5G eobo-tl 3 e - £6-€0-22
2 F€6-60-22 — N £ L e6-60-21
O = O £
NEsS reeeoe - £6-20-52
f mv + Leez0sz 5 } nv - £6-20-01
[e6z00l £ - £6-10-92
M"nm s —————— - €6-10-LL
o P o .m o 0 o 2 8 8 5 8
©” ~N N - - o o o o o o o
(,.1'1s Bw ) eois < (.1

(D) WINTER | SPRING | SUMMER | AUTUMN | WINTER | SPRING

I SUMMER | AUTUMN 1 WINTER | SPRING

I SPRING

WINTER

(C)
Fig. 3. Fortnightly variation of nutrients at the three stations along the gradient of eutrophication: (A) silica; (B) phosphates; (C) nitriteat€B)(E) ammonia; (F) N/P ratio.



J.C. Marques et al./Ecological Modelling 166 (2003) 147-168 155

SLUICE
OPENING
H
3
:
SPRING

3
3
[

SLUICE OPENING

g
5
| SUMMER | AUTUMN | WINTER

- Zostera noltii meadows
1007 O~ Intermediate eutrophied are
g
g
SPRING

| “®Most eutrophied area

WINTER |

120 7
80
60

0
20
0

o
z
(F)

Fig. 3. (Continued.

SLUICE
OPENING

3

]

@

o
SPRING

3
S
b
o
I WINTER |

SLUICE OPENING

2
8
&
o
| SUMMER | AUTUMN

-O- Intermediate eutrophied area
SPRING

- Zostera noltii meadows
-@- Most eutrophied area

WINTER |

@ © < o Q
o o o o o

(1", HN B ) elUOWY

1.2
1.0

(E)



156 J.C. Marques et al./Ecological Modelling 166 (2003) 147-168

Pranto River sluice was rarely opened. The subse- 3.3. Variation of Z. noltii and macroalgae biomass
qguent period corresponded to an extremely rainy

year, during which the sluice was opened almost With regard to primary producer data, in the
daily. Therefore, due to water management prac- non-eutrophied area the total biomass of macrophytes
tices, effects from precipitation are not directly re- suffered clear seasonal changésg( 4A). During
flected in the south arm of the Mondego estuarine spring of 1993, there was an increase in leaf biomass.
system. This reached a maximum of 328.4 gRafdw in
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Fig. 4. Fortnightly variation of primary producers biomass at the three stations along the gradient of eutrophicatibnnghi) beds;
(B) intermediate eutrophied area; (C) most eutrophied area.
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Fig. 4. (Continued.

April. Nevertheless, during the next spring, leaf 3.4. Variation of benthic higher taxa and functional
biomass did not increase as one would expect. Rhi- groups biomass

zomes consistently presented higher biomass during

fall and winter when they could even present higher  To provide a more general description regarding

values then the leaves (e.g. 130 gfafdw in Novem- the variation of the characteristics of macrobenthic
ber 1993).Z. noltii was not found in the other two  communities along the spatial gradient, data on its
sampling stations. composition was pooled as a function of higher taxa

With regard to macroalga&racillaria sp. (red al- and functional groups. Six higher taxonomic levels

gae) was the most abundant one in the non-eutrophiedwere considered, Gastropods, Bivalves, Polychaetes,
area Fig. 4A). The levels peak during spring and Amphipods, Isopods, and others, respectively. On the
summer (maximum of 110.6 g™ afdw in July 1993) other hand, four functional groups were considered,

but exhibiting always much lower biomass than the Herbivores, Detritivores, Carnivores, and Omnivores,

macrophytes. Green macroalgae biomass, nafwely  respectively.

teromorphaspp., was always very low on tfze noltii In the non-eutrophied area, corresponding to the
beds (maximum 16.9 gnt afdw in June 1993). Z. noltii beds Fig. 5A), we observed a stable macro-
In the intermediate eutrophied are@yacillaria fauna composition. The most abundant groups were

sp. was less abundant than in thenoltii beds, while Gastropods, witiHydrobia ulvaeas dominant species,
green macroalgae biomass increased substantially,and Bivalves, mainly represented IGerastoderma
reaching a maximum of 96.9 grAafdw in July 1993 edule Amphipods, Isopods and Polychaetes were
(Fig. 4B). always much less abundant and, taking into account
In the most eutrophied area, corresponding to the in- sampling bias, we may say that these groups basi-
ner areas of the south arm, green macroalgae exhibitedcally kept their relative proportions through the study
a bloom up to early summer 1993, reaching a max- period. Others include the Decapods (Crustaceans),
imum biomass of 413.19 g afdw in April 1993 basically represented bgarcinus maengsand the
(Fig. 40. From June 1993 green macroalgae suffered observed changes in their biomass were basically de-
a collapse and did not recover until the end of the study pendent on the casual capture of larger specimens. In
period. In this area, even during the green macroalgaefact, although large Decapods are normally included
bloom, Gracillaria sp. biomass was negligible. in what is called benthic macrofauna, they are actually
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much bigger than other estuarine macrofaunal organ- caused by fishermen scraping the whole area looking

isms. The reduction in Gastropod biomass observed for bait.

in this area by the end of the study period was

In the intermediate eutrophied are&id. 5B),

likely due to the severe perturbation in this habitat the biomass was generally lower than in the other
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Fig. 5. (Continueg.

sampling sites. Moreover, there was never a stable end of the study period. Polychates also became more
scenario regarding the composition of macrobenthic abundant following the disappearance of macroalgae.
communities. From early winter to late spring in We, therefore, identify two distinct periods: (i)
1993, Gastropods and Bivalves alternate as domi- during the green macroalgae bloom the macrofauna
nant groups. Coinciding with the decrease of green community was dominated by Gastropods with also
macroalgae, Amphipods and Isopods became theabundant populations of Bivalves (main8crobicu-
dominant groups for a short period. Then there was laria plana), Amphipods, and Isopods; (ii) after the

a return to the previous scenario, with Gastropods macroalgae collapse Bivalves and Isopods became
and Bivalves alternating as dominant groups, while the most abundant groups alternating in dominance.
Polychaetes suffered a clear biomass increase during With regard to functional groups, in the non-
spring 1994. eutrophied areaKjg. 6A), all over the study period,

In the most eutrophied areRi@. 5C), during winter Detritivores and Herbivores were clearly the dominant
and spring 1993, corresponding to the green macroal- groups, taking advantage of the abundance of detritus
gae bloom, Gastropods were the dominant group. On resource provided by the decay of brok&ostera
the other hand, although Bivalves were second in parts, and of grazing opportunities on epiphytes that
abundance, Amphipods and Isopods also developedcover Zosteraleaves. Besides/osteraleaves act as
quite abundant populations. In early summer 1993, the a trap for suspended sediments, and therefore for or-
collapse of green macroalgae was followed by a dras- ganic matter particles usable by Detritivora&lfela,
tic reduction of Gastropods, Amphipods and Isopods, 1995. Omnivores and Carnivores are always much
while Bivalves resisted. They become the dominant less abundant. Therefore, despite seasonal variations
group in the immediate post crash scenario, due to we observed the same stable pattern throughout the
the presence of newly recruited individuals $¢ro- study period.
bicularia plana Meanwhile, Isopods showed a clear In the intermediate eutrophied ardaid. 6B), the
recovery by the end of summer 1993 and started al- scenario appears totally distinct. Besides the fact that
ternating with Bivalves in dominance, but Gastropods Detritivores are dominant most of the time and Carni-
and Amphipods became secondary groups up to thevores always poorly represented, it is impossible to
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recognize any pattern through the study period, since total biomass of each group as a function of feed-
functional groups alternate very much in dominance ing opportunities provided by the macroalgae bloom
(qualitative oscillations), which appear to correspond (quantitative oscillations), the scenario appears more
to a very unstable situation. or less stabilized in this area.

Finally, in the most eutrophied ared&ig. 60,
Detritivores are by far the dominant group through 3.5. Spatial variation of the Exergy Index and
the study period, followed by Herbivores, although Specific Exergy along the spatial gradient of
the biomass of both groups suffered a drastic reduc- eutrophication symptoms
tion after the green macroalgae disappearance. As
in the other two sampling stations, Carnivores and In Table 2 we present the Exergy Index and Specific
Omnivores are poorly represented. Therefore, from Exergy in the three areas considered along the spatial
the trophic point of view, besides variations in the gradient. Both indicators are consistently higher in the

Table 2

Exergy Index and Specific Exergy variation in three scenarios identified along the gradient of eutrophicatiom symptoms in the south arm
of the Mondego estuary

Indicator Z. noltii beds Intermediate eutrophied Most eutrophied area
(non-eutrophied area) area (Enteromorphaspp. dominant)
Average S.D. Range Average S.D. Range Average S.D. Range

Exergy Index 25389 +£2533 (10%) 20143-29530 4802 +2059 (43%) 1803-7990 8553 -+4485 (52%) 2688-19805
Specific Exergy 211  +28 (13%) 120-270 151  +132 (87%) 9-373 160 495 (59%) 32-255

For each area we provide the average annual value of each indicator, the correspondent standard deviation and the range of values, basec
on data collected from January 11, 1993 to July 5, 1994. Exergy is expressed  dgtnitus energy equivalents and Specific Exergy is
expressed in Exergy (Unit of biomass)y?!.
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Z. noltii beds, the non-eutrophied area, followed by the physicochemical factors of water and sediments and
areas where green macroalgae blooms take place, theof the composition of the benthic communities along
high and mid eutrophied area. The range of variation, the estuarine spatial gradient, allowing to analyse the
for both indicators, is smaller in the non-eutrophied ongoing process in more detail, since it was possi-
area, expressing a more stable situation. Oscillations ble to monitor the occurrence of a green macroalgal
are much stronger in the other two areas, as expressedloom. The way macroalgae extended from upstream
by the standard deviations and the magnitude of the to downstream sections in the south arm of the estu-
variations. This is particularly evident if one takes into ary, competing witlZ. noltii, and the way this process
account Exergy Index and Specific Exergy variations influenced faunal assemblages, illustrated very clearly
in the intermediate eutrophied and in the most eutro- the impact of eutrophication, that appeared, beyond
phied areas (see alfig. 8C and D). Meanwhile, only any reasonable doubt, to be the main driving force
the Exergy Index for th&. noltii beds was signifi-  behind the ongoing changes in the south arm of the
cantly different from the other two areas. Despite the Mondego estuary.
fact that Specific Exergy variations are rather smallin  On the other hand, it was possible to produce ev-
theZosterameadows, significant differences cannotbe idence that, despite nutrient enrichment of estuarine
recognized due the very strong oscillations in the other waters due to discharges proceeding from mainland,
two areas, namely in the intermediate eutrophied one. macroalgae blooms, the main eutrophication symp-
tom, do not occur each year. River management as a
function of agricultural practices upstream from the
4. Discussion and tentative theoretical estuary explains why in a plausible way. In fact, the
interppretation annual variation ofEnteromorphaspp. biomass was
shown to be strongly dependent on the amount of
Qualitative observations carried out in the Mondego freshwater that enters the south arm during winter and
estuary since the early 19808l¢rques et al., 1984 spring Martins et al., 2001 This is thought to happen
provide a general idea regarding how the system was ataccording to the following mechanism: (a) a strong
the time, namely with regard to the benthic communi- freshwater discharge will decrease salinity, and low
ties. How did the system evolve since then and which salinity will inhibit macroalgae growthMartins et al.,
were the driving forces behind the observed changes?1999, despite the increase in nitrogen in the water col-
The most evident feature was the increase of eu- umn; (b) additionally, dissolved nitrogen discharged
trophication symptoms and its impact on the biologi- from mainland with freshwater will increase N/P ra-
cal communites, of which the most visible effect was tios, since phosphorous appears to be mostly released
the occurrence of green macroalgae blooms and afrom estuarine sediments and becomes diluted in the
concomitant decrease of the area occupied hyoltii water column lartins et al., 200}, which may de-
beds. From past observations, we know that disap- termine phosphorous limitation in the system. River
pearance of. noltii first took place in the inner areas management emerged, therefore, as a key question
of the south arm of the estuary and went forward in determining secondary scenarios in this eutrophied
to the downstream section, where the distribution of system, and it appears reasonable to assume that the
rooted macrophytes is presently limited. In fact, some same might occur in other estuarine systems as well.
20 years agoNarques et al., 1984 Z. noltii beds One should logically expect that a shift in primary
covered a large part of the intertidal area, extending to producers could determine changes in other trophic
the upstream section of the south arm, correspondinglevels Marques et al., 1997 To a certain extent, this
to what is now the most eutrophied area. No remains has been illustrated for instance by changes in the pop-
of Z. noltii can presently be found here. Nevertheless, ulation structure of abundant species along the gradi-

in the intermediate eutrophied area, althodghmoltii ent of eutrophication symptomgillebg et al., 1999;
disappeared some time ago, we could still find rests Pardal et al., 2000 and by a number of observations
of its rhizomes in the sediment. and a field experiment on waders carried out in the

Samples collected during 1993 and 1994 provided study areaCabral et al., 1999; Lopes et al., 2Q0But
a valuable data set on the temporal variation of the present results reinforce this notion and indicate
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that, through time, the ongoing changes will probably which adds an extra stress to the system on top of the
initiate a new trophic structure. natural disturbance level. Such disturbances are often

The recent biological changes in the system were related to human activities and may vary drastically in
tentatively interpreted in the scope of a broad theo- frequency or orders of magnitude.
retical framework. For that, we enlist the following The long-term development, succession and modifi-
basic assumption: siné& noltii disappearance in the cation, of an ecosystem exposed to various degrees of
south arm of the estuary started in the inner areas anddisturbances, natural as well as human caused, may be
progressed downstream, spatial changes in the systendemonstrated b¥fig. 8A. The relation between possi-
may represent temporal changes. In other words, theble ways of development and concepts from ecologi-
non-eutrophied area, witl. noltii beds, may repre-  cal theory are indicated on the corresponding part of
sent what the system was two decades ago, the inter-the curve. On the left part, at a relatively low level of
mediate eutrophied area may represent changing areastress corresponding to normal fluctuations in environ-
during the process, and the most eutrophied area maymental conditions, we represent a normal succession
represent the most advanced stage in the observed shiftowards aclimax societycorresponding to an increase
between primary producers, where the macroalgae hasand finally stabilization of the biomass in the system
totally ousted macrophytes. and also its complexity. During this period, the sys-

If one accepts this assumption, then the recent modi- tem will follow the traditional developmental patterns
fication in primary producers and its related food chain as described for instance in td Principles of E.P.
may be seen as a dynamic shift between species. AsOdum such as development from r- to K-stragetists,
a consequence, the ecosystem network structure hasncreased cycling, and importance of the network, etc.
changed, which may be illustrated Byg. 7. (Odum, 197}

In the prevailing conditions two decades ago, rooted  With increased stress, often represented by a more
macrophytesZ. noltii and related epiphytic grazers frequent occurrence of abnormal events, literature ex-
dominated byHydrobia ulvaewere selected. An im-  ists that reports an additional stimulation of biomass
portant detrital food web was also present. and diversity, demonstrated by a “hump” on the curve.

As eutrophication affected an increasing area of the This may be observed for instance in areas of estu-
estuary, green macroalgae, likateromorphapp. and arine systems affected by a certain level of organic
Ulva spp. replaced the rooted macrophytes. The high pollution and is what is usually referred to as the
turnover of these macroalgae, and the alternation be-intermediate disturbance hypothegiSonnel, 1978
tween periods where algae develop high biomasses(Fig. 8A). Meanwhile, this developmental pattern is
with periods where bottom sediments are basically only thought to be realized in systems with a certain
bare but rich in organic matter determine an increas- capacity to absorb changing environmental conditions
ing importance of the detritus pathway. in a constructive manner, i.e. the system has to pos-

We can now interpret the Mondego estuary pro- sess a cache in diversity that is able to react, buffering
cesses from a more general viewpoint. Ecosystemsthe disturbances at a larger time scale. This is not al-
exhibit systematic changes in certain parameters asways the situation. In case the system has lost or ex-
they evolve over a longer time scale, a process known ploited most of its overhead already, either due to nat-
as succession. This term should be reserved to de-ural succession or long-term stress, the possibilities to
scribe the gradual modification of the communities react properly may be limited or not exist at all. If this
in a relatively undisturbed environment or at least an is the case, then the system will react with the same
environment that is imposing only a limited number response as to an even higher perturbation. In other
or size of perturbations on the ecosystem. In such words, natural succession and/or higher stress forces
cases the ecosystem will follow a succession during will lead to “real” macroscopic modification, which
which organisms, populations, and thus the ecosystemtakes place through other mechanisms. First of all,
as a whole is adapted to meet the long-term averagecontinuous adaptation and fine-tuning of parameters
condition of the environment. leads to a system of highly fitted highly specialized or-

More and more often it happens that ecosystems areganisms. This in turn will reduce on organism’s abil-
exposed to disturbances other than the natural onesity to respond in a sufficient manner to meet changes
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Fig. 7. Structural changes in the trophic network in the south arm of the Mondego estuary as a function of the shift in primary producers
induced by eutrophication. (A) Situation at t&e noltii beds, at the non-eutrophied area, assumed to represent the original state of the
system. (B) Situation at the most eutrophied area, where macroalgae blooms take place, assumed to represent the new state of the systel
Boxes represent species or species aggregations according to their function in the trophic network. White boxes represent the dominant
species in each situation, and dark boxes represent species poorly represented. Arrows represent matter fluxes. The width of the arrow
reflects the relative importance of the path.
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in environmental conditions. As a result, it is believed tices, combined with changes in exploitation of the
that the system as a whole becomes very unstable andwvatershed in agricultural areas upstream from the estu-
brittle (Jergensen and Johnsen, 19&Bhich may be ary, introduced additional disturbance and stress to the
expected to correspond to a large short-term fluctua- system.

tion of an ecological indicators we may use to capture  The following descriptions allow us to understand
the state of the systerkig. 8B). Second, adaptation of the present state of each sampling station along the
the network leads to a development where the ecosys-south arm and interpret the situation in accordance
tem has decreased as much as possible its conditionalwith a broader theoretical frame:

entropy, or overhead in the sense.bénowicz (1986,

1997) i.e. maximizing the utilization of the available (&) TheZ. noltii beds may be considered as corre-
resources (energy) through a more and more special- sponding to the more or less original state of the
ized (efficient) species composition. Such specializa-  System, performing with the highest thermody-
tion also means a decrease in the possibility of the ~ namic efficiency Kig. 8C and D), i.e. identical
system to cope with environmental changes, which to the climax society demonstrated by the curve

eventually leads to change through a type of Holling ~ (Fig. 8B). Meanwhile, these areas are in regres-
cycle Holling, 1986; Ulanowicz, 1997 sion, showing that they are highly vulnerable to
Moreover, the modification of systems is in the present conditions.

non-linear, and as time passes instability gives rise to (P) The most eutrophied area has undergone a tran-
a bifurcation to new stability pointsGlansdorf and sition and, through a bifurcation, found another
Prigogine, 1971 (Fig. 8A and B. In other words, stability point Fig. 8B), corresponding to a dom-
the instability of the system will thus lead it to a inance of green macroalgae, which may or not
breakdown—aatastrophe—with possibilities of new present blooms as a function of precipitation and

organisms and combinations hereof to take over and  fiver management. This represents a shift from a
be selected because the new constellation is better ~ K- t0 r-strategy and, in that sense, may be con-
able to meet the prevailing conditions. Catastrophe is  Sidered as a return of the system to a more imma-
here not necessarily used in its narrow mathematical ~ ture level. Lower values of the indicatorsig. 8C
sense and may also not be mathematically as such  a@nd D) appear to support this assumption.

(Zeeman, 1976 Beyond the point ofbifurcation (c) In the intermediate eutrophied area changes ex-
whatever we prefer as interpretation, several possibil- ~ ¢€ed the natural variation to a degree where the
ities are allowed: (a) A total recovery of the system to system is never able to find a new stability point,
an almost identical state can take place, which would ~ and the scenario may be placed in the chaotic
correspond to a “normal” understanding and interpre- ~ fégime €ig. 8B). This interpretation is very much
tation of the Holling cycle. This of course provided consistent to the fact that the highest variations

that the perturbation somehow has been stopped, Of the indicators are found in this arehig. 8C
and sufficient biodiversity has been conserved during ~ @nd D). In other words, hydrological conditions
the stress period to allow the system to return to a  actto facilitate in principle colonization by organ-

quasi-original state. (b) In a case where these condi-  iSms proceeding from both upstream and down-
tions are not fulfilled, the system will evolve to one stream, but the continuous variation in the distur-
or more stability points, or maybe even continuous bances do not allow anymore the system to return
instability. The shift to other stability points may also to a previous state, wheh noltii was present, nei-
be viewed as if the system is leaving one Holling ther to reach yet a new equilibrium, like the one
cycle Holling, 1986 and entering into another. observed in the most eutrophied area.

Once again, if we accept the above assumption as
reasonable, several of these “states” of development
can be identified in time and space along the south 5. Conclusion
arm of the Mondego estuary. The recent biological
modifications in the estuary and especially its rela-  Eutrophication appeared, beyond any reasonable
tions to changes in the Pranto River management prac-doubt, as the major driving force behind the ongoing
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changes observed in the south arm of the Mondego nutrient rich waters pass through “constructed” wet-
estuary, namely the gradual shift in primary produc- lands before entering the estuary directly or via the
ers from a community dominated by rooted macro- Pranto River system. For the aquacultures the aban-
phytes Z. noltii) to a community dominated by green doned Salinas adjacent to the estuary might be used
macroalgae. Concomitant changes at other trophic for this purpose and being able to capture most of the
levels, through time, will likely give rise to a new organic materials and nutrients of aquaculture origin,
trophic structure. and at the same time serve as important habitats to the
River management emerged as a key factor in deter- wildlife, in particular birds. In the case of the rice fields
mining secondary effects in systems already affected in the Pranto River catchment area, the rice fields,
by human activities, namely eutrophied systems. Re- which could be considered constructed wetlands them-
sults indicate that much can be done to remediate selves, closest to the river and channels should receive
such areas through more conservative managementno fertilizers directly but just benefit from the nutrients
We suggest that the cheapest and more realistic wayalready in excess in the out flowing surface waters.
of remediation may the implementation of ecological = The above changes will of course need careful
engineering principles (see for instankitsch and planning, some simple feasibility studies allowing to
Jargensen, 1989; Jargensen and Johnsen) 8% estimate a dimensioning of the system and plans for
ferent possible management practices. management. These measures at the end will most
Based on the above knowledge about the system it is probably turn out to be beneficial to both the socio-
clear that two factors play a major role in determining economical situation of the farmers and to the envi-
the state(s) of the system. Salinity seems to control ronmental state of the Mondego River estuary as well.
the occurrence of macroalgal blooms, whereas nutrient  From a more general viewpoint, the recent biolog-
input determines the overall eutrophication state of the ical modification in the south arm of the estuary may
system. be interpreted in compliance with a broader ecological
To recover the system, i.e. bring it back to its orig- theoretical framework. Further research will be neces-
inal state ofZosteradominance, it seems mandatory sary to understand in a more detailed way processes
to take measures that will improve the present condi- involved. The development of a structurally dynamic
tions, especially with regard to nutrient level and also model able to describe the shift in the communities as
water circulation. a function of environmental changes will represent a
Two ecological engineering principles could be strong tool with regard to this purpose.
implemented fairly easily and at very little costs that
would help to improve the present situation and,
additionally, in harmonizing two activities that are Acknowledgements
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