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Abstract

We studied the changes of exergy and specific exergy with data of benthic macrofauna communities, periodically
sampled along an estuarine gradient of eutrophication in the Mondego estuary (Western Portugal). Exergy estimates
were calculated from organism biomass, based on weighing factors for the relative content of exergy per unit of
biomass determined from DNA contents of organisms. Results were discussed in terms of both the macrofauna
biomass production and the structural organisation of the system. Estimates for the exergy indices provided useful
indications for the evaluation of environmental impact due to the eutrophication process. Different average values
for the indices of exergy and specific exergy were estimated relatively to areas with different levels of eutrophica-
tion, in the ‘spatial’ gradient of eutrophication. Higher exergy levels and lower exergy content per unit of biomass
(specific exergy) were associated to populations more stabilized or areas less perturbed. Additionally, the index
of specific exergy seemed capable of providing indications for the qualitative alterations in the communities (in

temporal and spatial terms) that go in the direction of the observations made in this ecosystem.

Introduction

With regard to environmental management, efforts
have been directed to the identification and descrip-
tion of certain ecosystem features, which are regularly
changed by self-organising ecological development
(Odum, 1969; May, 1974; Wilson, 1975; Odum, 1983;
Okubo, 1986; Weber et al., 1989; Costanza et al.,
1992; Jgrgensen, 1992; Jgrgensen et al., 1992; Wood-
ley et al., 1993; Schneider & Kay, 1994a; Miiller,
1997; Baird, 1998). These systems attributes can be
described as emergent or collective properties which
are expected to be regularly optimised during ecosys-
tems development (Miiller 1996; Wiegleb & Broring,
1996; Broring & Wiegleb, 1998; Bossel, 1998; Miiller
& Fath, 1998). This means that certain states of such
attributes can be taken as ecological orientors (Bossel,
1992) or attractors, that is, stages that an ecological
system usually develops towards (Bossel, 1992, 1998;
Patten, 1997; Miiller & Fath, 1998). Such orientors,
described as aspects, notions, properties, or dimen-

sions of systems, are useful criteria to describe and
evaluate the system’s developmental stage as ecolo-
gical indicators with a more broad perspective (Bossel,
1992, 1998; Schneider & Kay 1994a, b; Miiller et
al., 1998; Miiller & Fath, 1998; Jgrgensen & Nielsen,
1998; Marques & Nielsen, 1998; Marques et al.,
1998a, b; Kutsch et al., 1998). In a modelling con-
text, the general properties indicated by the orientors
are technically translated in terms of mathematical al-
gorithms designated as goal functions (Miiller & Fath,
1998; Bossel, 1998; Jgrgensen & Nielsen, 1998b;
Nielsen et al., 1998). This permits the development
of models with a more dynamic structure, which
means models with parameters (properties) that can
change according to certain goal functions (Nielsen,
1990, 1992, 1995; Jgrgensen, 1992c; Jgrgensen &
Nielsen, 1998a, b; Nielsen et al., 1998). This way,
these structural dynamic models include and describe
changes in species composition and trophic struc-
ture of ecosystems (Nielsen, 1994, 1995; Bastianoni
& Marchenttini, 1997; Jgrgensen & Bernardi, 1997;
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Jgrgensen & Nielsen, 1998b; Nielsen et al., 1998),
resulting in an improved predictive capability and bet-
ter environmental management (Jgrgensen & Nielsen,
1998b; Marques et al., 1998a, b; Marques & Nielsen,
1998; Nielsen et al., 1998; Zolitz-Moller & Herrmann,
1998).

Some orientors have ‘emerged’ from interdiscip-
linary discussions embracing the fields of Thermo-
dynamics, Succession Theory, and Network Theory
(Bass, 1998; Broring & Wiegleb, 1998; Jgrgensen
& Nielsen, 1998a, b; Marques et al., 1998a, b; Pat-
ten, 1998; Svirezhev, 1998; Ulanowicz, 1998). The
exergy is a concept derived from Thermodynamics,
interpreted as a function expressing energy with a
built-in attribute of quality (in terms of energy poten-
tial to perform work) (Jgrgensen & Mejer, 1977, 1979,
1981; Jgrgensen, 1992a), a measure of the contrast
between a system and its surrounding environment
(Wall, 1986; Schneider & Kay, 1994b; Jgrgensen &
Nielsen, 1998a), or an estimate for the maximum ca-
pacity of energy to perform useful work as the system
proceeds to equilibrium with its surroundings (Brzus-
towski & Golem, 1978; Ahern, 1980. Quoted from:
Schneider & Kay, 1994a). It has been suggested as
a potential indicator of ecosystems state of develop-
ment and health (Nielsen, 1990; Jgrgensen et al., 1995;
Fuliu, 1997; Marques et al., 1997, 1998b, b; Miiller,
1997). The ecosystem’s ability of self-organization
permits it to deal with external changes/perturbations,
and in response the system may reorganize its struc-
ture and functioning (e.g. matter gradients, trophic
relations, flows of energy, etc.) (Sgndergaard et al.,
1990; Zhou et al., 1996; Jgrgensen & Padisak, 1996;
Marques et al., 1998a; Jgrgensen & Nielsen, 1998b).
In time, the systems evolve to different states of ‘con-
trast’ relative to their surroundings, and consequently
their departure from thermodynamic equilibrium will
be associated to their actual states of development
(Jgrgensen, 1992; Schneider & Kay, 1994a, b). There-
fore, it has been suggested that changes of exergy can
be indicative of alterations in ecosystem structure or
functioning, and be useful in methodologies for the
environmental management from a enhanced point of
view.

Due to the high complexity of ecosystems, direct
measurements of exergy are not feasible as we cannot
consider and make estimations of the properties for all
the components of an ecosystem. Nevertheless, in the
context of environmental management, it is acceptable
to use models considering only the components of a
system more relevant for solving a particular prob-

lem. This way the indirect estimation of exergy is
achievable regarding the system’s (model) composi-
tion. This function is computed as a global summation
for the components of a system (model), where each
term of the global sum takes into account the rel-
ative concentration of the corresponding component
and its relative departure from a thermodynamic ref-
erence state expressed in terms of its exergy content
(Mejer & Jgrgensen, 1979; Jgrgensen et al.,, 1995).
Considering detritus (dead organic matter) as a com-
mon reference state, the departure from this reference
state for each (living) component, is achieved by the
combination of the probability of producing detritus
and the probability associated with the component’s
genomic dimension in terms of its genome ‘maximum
coding capacity’ (Jgrgensen et al., 1995; Fonseca et
al., 2000). Exergy may also be expressed by the ratio
of exergy to the total biomass of the system, being
referred to as the specific exergy of the system, thus
expressing the exergy content per unit of biomass in
the system, for a given moment.

In this study, we have obtained estimates of
ecological exergy and specific exergy from biomass
data of benthic macrofauna communities, periodically
sampled along an estuarine gradient of eutrophication
in the Mondego estuary (Western Portugal) (Marques
et al., 1997; Pardal, 1998). We aimed to investigate
to what extent the estimation of ecological ‘exergistic’
indicators can assist in the assessment of the structural
organisation and functioning of the system.

Description of sites studied

The Mondego estuary consists of two arms surround-
ing a small island (the Murraceira island), joining at
about 1 km from the sea (Fig. 1). The two arms dif-
fer in terms of hydrological, physical, chemical, and
sediments characteristics: the northern arm is deeper
(4-8 m during high tide, variable tide amplitude of
2-3 m) than the southern arm, which is almost com-
pletely silted up in the upstream areas (Duarte &
Reis, 1993; Marques et al., 1993, 1997; Pardal 1998).
Consequently the freshwater discharges occur mainly
through the northern arm, while water circulation in
the southern arm is dependent on the tides and the
discharges of freshwater from a tributary (the Pranto
river) that is controlled by a sluice. The south arm
can be considered almost as a coastal lagoon system
in terms of hydrological properties (Marques, 1989;
Marques et al., 1993, 1997; Pardal 1998; Lillebg et al.,
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Figure 1. Representation of the Mondego estuary (Western Portugal) with the location of the sampling stations along the gradient of

eutrophication.

1999; Martins et al., 2000), with a considerably higher
residence period of water bodies in the inner areas of
the south arm than in the north arm (Pardal, 1998).
This estuary is the localization of many har-
bor functions (both commercial and recreational pur-
poses), salt-works, and ‘fish-farms’. It is also the
receiver of discharges of urban and industrial sewerage
systems, and chemical compounds (e.g. fertilizers and
pesticides) from farmlands (mostly rice-fields) loc-
ated in upstream areas (Marques et al., 1993; Pardal,
1995; Flindt et al., 1997; Azeiteiro, 1999). The drain-
age from farmlands represents a significant discharge
of nutrients (e.g. nitrogen and phosphorous) into the
water column (134 tons/year of nitrogen) (Flindt et
al., 1997; Pardal, 1998). This fact and the level of
confinement of the southern arm of the estuary con-
tribute to the eutrophication of the system along a
spatial gradient. As a consequence of this eutrophic-
ation process, qualitative changes have been verified
in this ecosystem, where a progressive replacement of
a macrophyte community, consisting of slow growing
species (Zostera), by free floating (or partially, float-

ing), fast growing species (e.g. Enteromorpha spp.) is
being observed. This shift in primary producers may
have consequences on the structure of communities,
reflected in its specific composition, with the dom-
inance of r strategists in more eutrophicated areas,
and, in general, on the system’s productivity, which
may result in a new trophic structure (Marques et al.,
1998a; Pardal, 1998; Lillebg et al., 1999; Lopes et al.,
2000; Pardal et al., 2000).

In this study, we have considered three study areas
along the gradient of eutrophication. The less affected
area, considered as non-eutrophied, is by the mouth
of the south arm of the estuary, where a macrophyte
community (Zostera noltii) can be found. We desig-
nate this area as the Zoostera meadows. On the other
hand, the most affected area (eutrophied) is localised
at a more upstream area, where the macrophytes have
disappeared in the course of the last decade. Here
green-macroalgae blooms occur, essentially of Entero-
morpha spp., depending upon the weather conditions
verified each year (Pardal, 1998; Pardal et al., 2000;
Martins et al., 2000). A third study area was localised
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between the other two areas and regarded as an area at
a stage of intermediate eutrophication (Pardal, 1998;
Lillebg et al., 1999; Pardal et al., 2000).

Material and methods

Sampling and laboratory procedures

This study corresponds to a period of 13 months, from
February 1993 to March 1994. During this period of
time, samples of macrophytes, macroalgae, and asso-
ciated macrofauna were collected, during low water
tide, every 2 weeks at the three study sites described
above (A — Zoostera meadows; B — intermediate eu-
trophied; and C — highly eutrophied) (Fig. 1) (Pardal,
1998; Lillebg et al., 1999; Pardal et al., 2000). Cores
(10 cores per site; 143 cm of section; 15 cm depth)
were placed individually in plastic bags and sieved
(500 wm mesh) using estuarine water within an hour
of sampling. The retained materials (sediment, mac-
rophytes or algae, and macrofauna) were transferred
to plastic bottles and preserved with 4% formalin
in estuarine water. Macroinvertebrates were gathered
and identified almost always to the species level. Af-
terwards, the correspondence into trophic collections
(herbivores, filter feeders, detritus feeders, carnivores,
and omnivores) was established (Pardal, 1998). Ma-
terials were dried at 60 °C for 72 h and weighed to the
nearest 0.01 mg. Samples were subsequently combus-
ted for 8 h at 450 °C and the correspondent biomass
estimated and expressed as g-m~2 AFDW (Pardal,
1998).

Exergy estimation

Estimates of ecological exergy (Ex) and specific ex-
ergy (spEx) were calculated from the biomass of or-
ganisms (g:m~2 AFDW) using weighing factors for
the specific exergy content of biomass for each com-
ponent of the system (model). Approximate estimates
of ecological exergy (Ex) were given by Jgrgensen et
al. (1995, 2000):

N

EX%Z,BI"CI', (1)

i=1

where ¢; is the concentration of the component i (e.g.
biomass of a given taxonomic group or functional
group) in the system with N components, and pS;
is a ‘weighing factor’ expressing the specific exergy

Table 1. Weighing factors (8) to estimate exergy for different
groups of organisms. The concentration of each organism was
multiplied by the respective weighing factor to estimate the ex-
ergy content of biomass as described in Jgrgensen et al. (1995).
Parameters provided in Fonseca et al. (2000) were determined
using nuclear DNA contents of organisms

Organisms/system compartments Weighing factor 8
‘Detritus’ 1
Annelids

Polychaets 50
Arthropods

Insects 70

Crustaceans 230
Molluscs

Gastropods 450

Bivalves 760
Echinoderms

Asteroideans/Echinoideans 360
Chordates

Fish 800

content per unit of biomass for that component. We
used weighing factors () determined from organisms’
DNA content (C-values) as described in Fonseca et al.
(2000) (Table 1). In brief, the total ‘genome’ lengths of
organisms are estimated from the DNA content in cells
nuclei (their corresponding ‘C-values’), and assumed
as topmost limits for the ‘overall coding capacity’ of
organisms’ genomes. Then, these estimates can be
‘converted’ into probabilities associated to the genetic
information content of organisms and used to calculate
the parameters (f) to weigh the exergy content per unit
of biomass from organisms. Results were expressed as
g detritus exergy equivalents-m~2, since detritus (i=1)
was considered as a reference state for the computa-
tion of exergy estimates. Estimates of specific exergy
(spEx) were given by the ratio of ecological exergy
(Ex) to the total biomass of the system (Biom.Tota1)
for each instant, according to (Jgrgensen & Nielsen,
1998b):

spEx = Ex/Biom.1oal. 2)

Therefore, results were expressed as exergy-unit of
biomass~!.

Results

The values obtained for the annual biomass (g-m~2

AFDW) of macrofauna found in each of the three stud-
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Figure 2. Variation of exergy (2.1) and specific exergy (2.2) in Zoostera meadows (A), intermediate eutrophied (B) and most eutrophied (C)
areas in the Mondego estuary, for the period from to 24th of February 1993 to 23rd of March 1994. Exergy (2.1) was estimated from the
macrofaunal biomass based on the use of weighing factors. The exergy content per unit of biomass was estimated from the total biomass for
the period considered.
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Figure 3. Variation of macrofaunal biomass in the Zoostera meadows (3.1), intermediate eutrophied (3.2) and most eutrophied (3.3) areas
in the Mondego estuary, considering organisms assemblaged into trophic guilds (herbivores, filter feeders, detritus feeders, carnivores, and
omnivores).



85

Table 2. Annual and average annual values of biomass density, exergy and specific exergy associated to the macrofauna found along the
gradient of eutrophication in the Mondego estuary, for the period from to 24th of February 1993 to 23rd of March 1994

System features:

Study sites

A B C

Zoostera eutrophied highly

meadows eutrophied
Biomass Annual 1893 461 743
(g~m*2) Average? 68+12 16+7 27+£19
Exergy Annual 853 961 258 250 368 572
(g detritus exergy equivalentmf2 ) Average? 30499+5964 922344046 13 163+8718
Specific Exergy Annual 12 616 15 645 13 891
(exergy-unit of biomass 1) Average? 4514+29.8 559+75.2 496+100.3

Average? =average annual valueztstandard deviation.

ied sites (A — Zoostera meadows; B — eutrophied; C
— highly eutrophied) are given in Table 2. The es-
timates of exergy (detritus exergy equivalent g-m~2)
and specific exergy (exergy-unit of biomass™') asso-
ciated with the biomass, are found in this table, also.
The annual variation of biomass and the correspond-
ing contributions associated to each trophic guild are
depicted in Figures 2 and 3, respectively. The exergy
content per unit of biomass (specific exergy) is rep-
resented in Figure 4, with regard to the contributions
from organisms’ biomass in terms of trophic groups
(detritus feeders, herbivores, filter feeders, carnivores
and omnivores). In Figure 5, the biomass of primary
producers from the studied areas is represented: mac-
rophytes correspond to biomass of Zostera noltii and
macroalgae to biomass of Ulva, Chaetomorpha, and
Enteromorpha.

The highest annual standing stock of macrofauna
biomass (Table 2) was verified in the less eutrophied
area (study site A — Zoostera meadows), correspond-
ing to the Zostera noltii community. The biomass val-
ues in the most eutrophied area (study site C — highly
eutrophied; macroalgae community) were higher than
in the less eutrophied area (study site B — eutrophied).
The same pattern was found with regard to the estim-
ates of exergy (Table 2). On the contrary, the annual
average estimate of structural exergy for the study site
B (559+75.2; units: exergy-unit of biomass™') was
higher than the average estimates determined for the
other two areas (A: 451429.8; C: 496+100.3; units:
exergypunit of biomass~!). With regard to the specific
exergy landscapes as depicted in Figure 4, the specific
exergy contributions of the several trophic guilds in

the area B seem to oscillate between the levels found
in the areas A and C. Moreover, the exergy content per
unit of biomass of detritus feeder and filter feeder or-
ganisms are higher in the eutrophied areas, especially
for the filter feeder organisms during late spring and
early summer (Fig. 4).

As shown in Figure 5, during spring and early
summer, the Enteromorpha bloom contributed to the
high levels of macroalgae in the most eutrophied area
(study site C), but was followed by the macroalgae
crash, corresponding to a drastic reduction of the total
biomass. In area B the densities of macroalgae were
lower than in the most eutrophied area (site C), but
its levels were maintained longer in time, until early
autumn.

Discussion and final remarks

Ecosystems may be considered as complex systems
resulting from “biotic, physical, and chemical com-
ponents of nature acting together as a non-equilibrium
dissipative process” (Schneider & Kay, 1994a). Like
the living organisms, ecosystems use high quality en-
ergy as ‘fuel’ in metabolic processes of matter and
energy conversion, enabling them to maintain their
structure or increase its internal order (Schrddinger,
1944; Jgrgensen et al., 1999). The energy quality can
be understood in terms of work potential of the system
relatively to a state of equilibrium (Wark, 1995), its
exergy content. High quality energy means a higher
exergy content and, on the other hand, low quality
energy implies an energy of lower potential to perform
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Figure 5. Variation of biomass density of primary producers found in Zoostera meadows (5.1), intermediate eutrophied (5.2) and most eu-
trophied (5.3) areas in the Mondego estuary. Macrophytes correspond to Zostera noltii biomass and Macroalgae to Ulva, Chaetomorpha, and

Enteromorpha biomass. Data provided in Pardal (1998).
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work, which is dissipated as heat without a temperat-
ure gradient (Strapkraba et al., 1999; Jgrgensen et al.,
1999). In ecological terms, the concept of exergy is
interpreted as a measure for the available energy in-
vested by an ecosystem in maintaining and building
its structure far from the thermodynamic equilibrium
(Jgrgensen, 1992b, c; Schneider & Kay, 1994a, b,
1995; Jgrgensen, 1997; Jgrgensen et al., 1999). The
use of this concept in ecological studies, although
necessarily with great approximations, requires the es-
timation of the relative amount of exergy embedded in
the biomass. Therefore, the weighing parameter g is
taken as a discriminator of the exergy (organizational)
level of biomass in Equation (1). We have used val-
ues for the B parameter described in Fonseca et al.
(2000), which were determined from the nuclear DNA
contents of organisms as more operational approach
for the estimation of exergy from organism biomass in
Fonseca et al. (2000).

Values of exergy and specific exergy were cal-
culated from the biomass of the different organisms
periodically sampled along an estuarine gradient of
eutrophication in the Mondego estuary. During the
first 4 months of the sampling period, the biomass
of primary producers was followed by higher exergy
estimates in the system, particularly in the most eu-
trophied area. Also, exergy estimates in the most
eutrophied area were, on average, higher than in the
intermediate eutrophied area. Therefore, it seems that
higher exergy levels correspond to more stabilized
levels at either end of the eutrophication gradient, as
found in the communities around both the Zostera
meadows (non-eutrophied area) and Enteromorpha
(most eutrophied area) populations. On the other hand,
on average, higher specific exergy estimates were
associated with the populations in the intermediate eu-
trophied area, and in the most eutrophied area after
the macroalgae crash. According to the results, the
macroalgae crash may be interpreted as a disturbance
bringing the most eutrophied area to the same state as
the intermediate eutrophied area. Thus, higher exergy
levels and lower exergy content per unit of biomass
(specific exergy) seem to be associated with more sta-
bilized populations or less perturbed areas. This way,
these indices may provide different and complement-
ary indications about the structure/functioning of the
system. Additionally, from one viewpoint, the specific
exergy contributions of the several trophic groups in
the area B seem to oscillate between the levels found
in the areas A and C. On the other hand, the exergy
content per unit of biomass of detritus feeder and filter

feeder organisms are higher in the eutrophied areas,
particularly for the filter feeder organisms during late
spring and early summer. This is a putative indic-
ation of the shift from a primary production based
situation towards a detritus based food web (Marques
et al., 1997). Therefore, the results correspond to
field observations describing that in the intermediate
eutrophied area the recruitment of new individuals (ju-
veniles) may occur both from the macrophytes and the
macroalgae communities, but the levels of disturbance
do not stimulate the establishment of new organisms
(Pardal, 1998).

Results obtained from the estimation of both ex-
ergy and specific exergy, for the considered estuarine
system, were based on weighing factors (8) determ-
ined by the application of organisms’ nuclear DNA
contents (Fonseca et al., 2000). Results provided
good indications of the qualitative alterations occur-
ring in the system and are useful in the evaluation
of the environmental impact due to the eutrophication
process.

From a more global point of view, what might be
the contribution of this study for the general hypo-
thesis on exergy optimisation? It appears more and
more evident that a critical need in Ecology is to
develop theoretical scaffolding capable of explaining
results obtained up to now in terms of an accep-
ted pattern. The aim should be to build in Ecology
the equivalent of physical theory — ‘equivalent’ in
the sense that the laws explaining observations de-
rive from a very few fundamental laws (Jgrgensen
& Marques, 2001). The efforts of many researchers
over quite a few years will be necessary to develop
such a theoretical network, and progress will be step-
wise and, considering the difficulties, slow (Jgrgensen
& Marques, 2001). Exergy optimisation in develop-
ing ecosystems represents a node in this theoretical
network.

It is evidently critical to find ways to integrate large
sets of observations and databases, and to interpret the
scientific basis, results, and predictions clearly. In the
present paper we intended to contribute to establish a
bridge between empirical observations and theory. In
fact, why should empirical researchers, environmental
managers, and lay stakeholders care at all about the-
ory? The only possible answer is, because a theoretical
frame provides the context wherein researchers and
others can interpret and integrate empirical results.
Without integration and interpretation of raw obser-
vations within a consistent theoretical frame, only



description is possible, not basic understanding that
can be transmitted.
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