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Abstract

Comparative analysis of trophic networks was carried out to evaluate environmental management actions aimed at coun­
tering an environmental crisis in Orbetello Lagoon, Italy. Two mass-balance models of this shallow water coastal system 
were constructed, for 1995 and 1996. During this period, there was an observed change in the composition of the sub­
merged vegetation that indicated a significant improvement in the lagoon’s ecology. Mass-balance models were built using 
the Ecopath modelling software in order to explain the energy transfer through the trophic levels (TLs) of the lagoon’s eco­
system.

Comparative analysis of the two trophic networks allowed a complete description of the lagoon, and gave clear indications 
regarding the ‘eutrophication level’ sensu Nixon and the stage of system maturity sensu Odum of the ecosystem for the 2 years. 
The turnover rate (production/biomass ratio) of pleustophytes was proposed as an indicator of “environmental health” at the 
ecosystem level because it allows positioning the submerged vegetation as a whole along an axis of adaptation strategies to 
natural selection. All the indices of ecosystem maturity and stability examined showed that the lagoon was in a more stable 
condition in 1996 than in 1995, although the system was still in a condition of stress.

The effects of management actions carried out in the system were quantified by estimating the changes in primary production 
and accumulation of detritus in the system. Management of the lagoon as an extensive aquaculture operation was assessed by 
analysing the fishery catch, the transfer efficiencies at different trophic levels and the impact of cormorants, and it was found to 
contribute to system stability.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Coastal lagoons are ecosystems characterized by 
high productivity, typically 10-15 times that of conti­
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nental shelves (Carrada and Fresi, 1988; Duarte, 1995; 
Valiela, 1995). This is the result of intense bacterial 
activity which ensures ready re-mineralization of or­
ganic matter and recirculation of nutrients, including 
those in the sediments (Mann, 1988; Sorokin et al.,
1996). Complex food webs and resilience of the com­
munities to the changes on environmental conditions 
characterize these systems (Lankford, 1977; Carrada 
and Fresi, 1988). More than in other marine systems,
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the dynamics of primary production are linked to the 
role of benthic and planktonic producers (Mann, 1988; 
Izzo and Hull, 1991; Borum and Sand-Jensen, 1996). 
Coastal lagoons are “nursery” or “growing” areas for 
numerous valuable marine species and are areas where 
many species spend part of their biological cycle. Par­
ticular management activities are often necessary to 
maintain water exchange and migrations of fish be­
tween the sea and the lagoon, on which the productive 
activities of lagoons are based (Kapetsky and Lasserre, 
1984; Cataudella et al., 1995). The finfish harvest from 
lagoons is approximately 30% by weight of total aqua­
culture production in Italy, as in other countries of the 
Mediterranean area (FAO, 2000).

Orbetello Lagoon in central western Italy is a shal­
low coastal environment characterized by limited ex­
change with the sea and a high availability of nutrients.

Between 1975 and 1993, the basin showed increas­
ing eutrophication (Cognetti et al., 1978; Lenzi and 
Angelini, 1984; TEI, 1989; Bucci et al„ 1991, 1992; 
Bombelli and Lenzi, 1995; Cartei and Innamorati,
1997). During spring and summer, algal blooms oc­
curred with increasing frequency and often those 
blooms were accompanied by anoxic crisis, resulting 
in marked changes, notably in submerged vegeta­
tion composition, with a progressive substitution of 
phanerogams (Ruppia and Zostera) by pleustophytes 
(Ulva and Cladophora). These events were often 
accompanied by the death of aerobic organisms, 
particularly benthic fauna and finfish (Lenzi, 1992). 
During 1986 and 1993, 150 and 90tonnes, respec­
tively, of fish died during anoxic events (Lenzi, 1992; 
Innamorati, 1998). The last years of the 1980s were 
characterized by the increase of biomass of Chaeto­
morpha linum, until in 1995 Cladophora vagabonda 
dominated benthic community of primary produc­
ers of the lagoon, creating a monoxenic population 
(Bombelli and Lenzi, 1995).

Since 1993, a series of environmental management 
activities were carried out by the Government Man­
agement Authority, such as the abatement of nutrient 
load by reducing sewage input, increasing water circu­
lation and selective macroalgae harvesting (Lenzi and 
Mattei, 1998).

The selective harvest of macroalgae and the as­
sociated nutrient reduction are management tools of 
which the short-term effects are understood (Cecconi 
and Silvestrini, 1995; Lenzi and Mattei, 1998; Lavery

et al., 1999), but the mid- and long-term effects 
are still subject of debate (e.g. Duarte, 1995). Algal 
harvesting removes a source of organic carbon and 
nutrients from the system, reducing the likelihood 
of future anoxic conditions in the basin (Lenzi and 
Mattei, 1998; Lavery et al., 1999). In the long-term, 
such management activities can facilitate the return 
of species that are characteristic of more stable en­
vironments (Duarte, 1995; Silvestri et al., 1999), but 
it is not possible to determine when and how the 
re-colonization, in this case of phanerogams, will 
occur (Cecconi and Silvestrini, 1995).

Between 1995 and 1996, the first effects of the 
selective algal harvest and of the environmental 
management were observed. After 1994, there was 
a gradual change in macroalgae dominance from 
Cladophora to Gracilaria, this latter representing up 
to 70% of the biomass of the community in 1996. 
Further, from spring 1995, significant re-growth of 
phanerogams (Ruppia cirrhosa and Zostera noltii) 
was observed, although their biomass did not reach 
the 10% of the total standing crop of the macrophyte 
community (Alberotanza et al., 1998; Lenzi and 
Mattei, 1998). There was also an accompanying 
decrease in opportunistic species in the zoobenthic 
community (Lardicci et al., 1997; Lardicci and Rossi,
1998).

Aside from eutrophication-related problems, there 
is conflict between different types of exploitation in the 
lagoon as fish production conflicts with the wild bird 
fauna. The lagoon of Orbetello is situated along one of 
the main bird migratory routes between Europe, Asia 
and Africa, and a variety of species winter there in 
large numbers (Baccetti and Corbi, 1988). Cormorants 
play a central role at Orbetello in the regulation of the 
marketable finfish biomass present in the ecosystem 
(Baccetti et al., 1997).

In the present work, a comparison between the 
trophic networks in 2 years, namely 1995 and 1996, 
was used to quantify and analyse the trophic state and 
development stage of the ecosystem and evaluate the 
effects of management activities. The network indices 
and the quantification of energy flows in the ecosys­
tem structure were used to estimate energy transfer 
efficiency trough the trophic groups. Moreover, com­
parative network analysis allowed quantification of the 
importance of direct and indirect trophic interactions 
in the trophic network of this coastal environment.
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Fig. 1. Map of Orbetello Lagoon, Italy.

2. Materials and methods

2.1. Site description

Orbetello Lagoon (Fig. 1) consists of two basins 
with a depth of about 1 m and a total area of 27 km2. 
These shallow water basins are coastal ponds with 
brackish environments and no tidal influence. Thus, 
their morphological characteristics are different to typ­
ical lagoons systems elsewhere (Orme, 1990; Barnes,
1994). The bottom is slightly concave and there are 
no canals or shoal areas. The sediment structure and 
hydrological conditions are more typical of lacustrine 
systems (Brambati, 1988). Water circulation is mainly 
wind driven and limited exchange occurs with sea and 
the Albegna River via narrow channels (Fig. 1). Thus, 
the system acts as a sediment trap and the sediments 
are re-suspended only after strong wind events.

Fish barriers (lavorien) in the channels linking the 
lagoon with sea enable Orbetello Lagoon to be used 
extensively for aquaculture (Cataudella, 1988; EC,
1995). As well as naturally occurring species, finger- 
lings of commercial species have been introduced. 
Harvesting is carried out by a single fishery company, 
Orbetello Pesca Lagunare (OPL).

2.2. Trophic network analysis and mass balance

In order to evaluate the effects of management on 
the whole ecosystem and to evaluate how changes 
in primary production might propagate through a 
trophic network, we used an aggregated mass-balance 
model in which each compartment represents a func­
tional trophic group of the lagoon species. Such 
models can explain the energy transfer mechanisms 
between trophic levels (TLs) of the lagoon ecosys­
tem; trophic interactions of the lagoon community 
are represented within the model, including fishery 
impact.

Mass-balance models represent a static description 
or a ‘snapshot’ of the trophic flows in the ecosystem 
(Christensen, 1994). Such snapshots can be readily 
compared and therefore, used to explore the evolu­
tion of a system through a series of stages or stable 
states (Christensen and Pauly, 1993a). The analysis of 
trophic networks consists of algorithms that describe 
the flows of energy, the cycles and some properties of 
the system through examination of the trophic food 
chain (Ulanowicz, 1986; Odum and Peterson, 1996). 
The flow structures and their dimensions contain im­
portant information on the ecosystem (Ulanowicz, 
1986; Field et al., 1989; Wulff et al., 1989).

Network analysis has been widely applied as a tool 
in the management of coastal and lagoon environments 
(Mann et al., 1989; Christensen and Pauly, 1993b). 
Comparisons between systems or between different 
periods for the same system can help ecosystem man­
agers in determining the trophic state or the devel­
opment needs of the system concerned (Mann et al., 
1989; Wulff and Ulanowicz, 1989; DeLos Reyes and 
Martens, 1994; Christian et al., 1996; Monaco and 
Ulanowicz, 1997). Further, trophic network analysis 
can be used to evaluate the ‘health’ of the whole sys­
tem rather than only the fishery or primary producer 
components (Christensen, 1998).

Ecopath (Christensen and Pauly, 1992) has devel­
oped as a useful tool incorporating algorithms for 
the retrieval of the ecological, thermodynamic and 
informational indices needed for network analysis 
(Ulanowicz, 1993). Through a system of linear equa­
tions describing the energetic (or mass) balance for 
each functional component of the system, the over­
all ecosystem balance is obtained (Christensen and 
Pauly, 1992, 1993a,b; Pauly et al„ 1993).
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The basic equation that represents the balance for 
each trophic group, 1, of the network is:

where DC is the diet matrix, which describes the re­
lationships among groups whose elements DC;v rep­
resent the fraction of the prey i in the average diet of 
the predator j , Bj is the biomass of each group: P\!B\ 
and Qj/Bj are metabolic rates, i.e. production and con­
sumption per unit of biomass, respectively: and EE,- is 
the Ecotrophic Efficiency, which represents the frac­
tion of production of the group (r) used within the 
system as food for predators or catches of fisheries, 
and is also referred as the ability of a group to escape 
predation: while EX,- is the export of the compart­
ment 1 towards other ecosystems such as net migration 
and harvest by fishery (Christensen and Pauly, 1993a). 
Since the currency of the model is energy-related, the 
Unassimilated/Consumption ratio (UN/Ç) is used to 
quantify the fraction of the food [Qj] that is not assim­
ilated. More details on capabilities and limitations of 
the Ecopath suite of software are given in Christensen 
and Walters (2000).

2.3. The mass-balance models for Orbetello

A steady-state mass-balance model of Orbetello La­
goon was previously constructed using Ecopath II soft­
ware (Christensen and Pauly, 1992) by Auteri et al. 
(1993) to describe the trophic interactions, particularly 
of exploited fish over the period 1990-1992. The food 
web consisted of 16 functional groups, 10 of which 
were fish species. We were unable to extend the trophic 
network of Auteri et al. (1993) to better discriminate 
the submerged vegetation and zoobenthic groups and 
their relationship with detritus since there is a con­
siderable lack of knowledge regarding the phyto- and 
zoobenthic communities and their interactions with the 
upper trophic levels (Brando, 2000).

In order to perform network analysis of natural 
systems, it is often necessary to aggregate species 
into functional trophic groups (Carrer and Opitz, 
1999: Christian and Luczkovich, 1999). To minimize 
the unification errors we aggregated nekton species 
with these characteristics: (1) similar turnover rates, 
(2) similar feeding habits (referred as species with

Table 1
Species identified in the Orbetello Lagoon ecosystem and their 
aggregation into the 12 trophic groups used as components of the 
mass-balance model

Trophic group Taxa

Cormorant Phalacrocorax carbo sinensis
Seabass Dicentrarchus labrax
Eel Anguilla anguilla
Seabream Sparus aurata
Forage Dicentrarchus labrax (juvenile), Sparus 

aurata (juvenile), Anguilla anguilla 
(juvenile), Solea vulgaris, Atherina boyeri, 
Aphanius fasciatus, Engraulis encrasicolus, 
Sardina pilchardus, Diplodus annularis, 
Diplodus sargus, Diplodus vulgaris

Zoobenthos 
Mullets (juvenile)

‘Suspension feeders’, deposit feeders’

Mullets Mugil cephalus, Chelon labrosus, Liza 
aurata, Liza ramada, Liza saliens

Zooplankton -
Phytoplankton -
Pleustophytes Cladophora vagabunda, Gracilaria 

verrucosa, Ulva rigida, Enteromorpha sp.,
Detritus Chaetomorpha linum

common inputs), and (3) are exploited by the same 
predators and same fisheries (referred as species 
with common output). Thus, the trophic network was 
simplified by unifying in one group, “forage fish’’, 
consisting of juveniles of predator fish, sole and other 
small fish (Atherina boyeri, Aphanius fasciatus, En­
graulis encrasicolus, Sardina pilchardus). Juvenile 
mullet were not included in the unified group because 
they had no common inputs, being largely detritivores.

The resulting simplified network comprised of 
12 groups (Table 1). Biomasses are in tkm -2 (wet 
weight) and the balance was computed for a whole 
year: thus, retrieved flows are in t km-2 per year.

2.3.1. Description o f mass-balance parameters 
Most parameters in the models developed here

(Table 2) were taken directly from Auteri et al. (1993). 
However, some parameters estimated by Auteri et al. 
(1993) were updated after comparison with recent 
literature on Orbetello Lagoon and other temperate 
coastal basins.

2.3.1.1. Cormorants. Cormorants (Phalacrocorax 
carbo sinensis) arrive at the lagoon in October: the 
population reaches its maximum in January and the
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Table 2
Input parameter used for 1995 and 1996 models of the Orbetello Lagoon

B  (tkm -2) 1995-1996 P!B (per year) Q/B (per year) EE UN/Ç

Cormorant 0.050-0.052 0.04 58.40 0.20
Seabass 0.57 5.13 0.369 0.20
Eel 0.39 4.00 0.840 0.20
Seabream 0.99 4.74 0.800 0.20
Forage 1.70 14.20 0.800 0.20
Zoobenthos 4.10 17.00 0.900 0.40
Mullets (juvenile) 1.74 23.45 0.900 0.50
Mullets 0.54 23.45 0.750 0.50
Zooplankton 20.00 70.00 0.980 0.50
Phytoplankton 40.00 0.722
Pleustophytes 215-225 0.400
Detritus 18000

Metabolic rates such as production rate (P/B), consumption rate (Q/B), Ecotrophic Efficiency (EE) and Unassimilated ratio (UN/Q) are 
common to the two models, and biomasses (B) for cormorants and pleustophytes are given for each year. Missing values are estimated by 
Ecopath.

birds typically leave the area in March-April (Baccetti 
et al., 1988, 1997). Biomass of cormorants was ob­
tained by estimating the average annual number of 
individuals present in the basin; an average weight of 
3170g per individual was used (Auteri et al., 1993). 
We estimated that 430 and 450 individuals were 
present during the whole year for 1995 and 1996, 
respectively, corresponding to a biomass of 0.050 and 
0.052 tkm -2 , respectively. P/B and QIB were set to 
0.04 and 58.40 per year as in Auteri et al. (1993).

2.3.1.2. Finfísh. The analysis of the fishery harvest 
by Auteri et al. (1993) was used as the basis for the es­
timation of finfish parameters. The parameters of the 
forage fish group, including juveniles of Sparus au­
rata and Dicentrarchus labrax and small fish, were es­
timated with a weighted average of the species-related 
values (Auteri et al., 1993) using as weights the har­
vested biomass for each species. The resulting values 
were P/B = 1.7 per year; Q /B  = 14.2 per year; 
EE =  0.8; UN/<2 =  0.2.

2.3.1.3. Fishery harvests. Catch data for the trophic 
groups are presented in Table 3. The exclusive man­
agement of fishing activities in the basin by one com­
pany allows an accurate estimation of this parameter, 
which for other basins is often the cause of much un­
certainty (De La Cruz-Aguero, 1993; Palomares et al., 
1993; Carrer and Opitz, 1999). In 1996, there was a 
remarkable increase in seabream {S. aurata) harvest,

mainly due to the introduction of seabream finger- 
lings beginning in 1994. Considerable declines in eel 
(Anguilla anguilla) and mullet (both adult and juve­
nile Mugilidae) catches followed a decade-long trend 
(Brando, 2000); whilst catches of seabass (D. labrax) 
remained approximately constant.

2.3.1.4. Primary and secondary producers. Phyto­
plankton, Zooplankton and zoobenthos metabolic rates 
were compared with the input parameters for a simi­
lar Ecopath model of Etang de Thau (Palomares et al., 
1993), a meso-mediterranean lagoon system (Bianchi, 
1988). Weighted average P/B and Ç/5values for crus­
taceans and molluscs were derived for zoobenthos, 
based on benthic composition reported by Morgana 
and Naviglio (1989) and Rossi and Lardicci (1995). 
For phytoplankton values similar to those of other 
coastal lagoon models were used (De La Cruz-Aguero, 
1993; Lin et al., 1999).

Table 3
Fishery catch of commercial fish groups in Orbetello Lagoon 
(tkm-2 per year)

Group name 1995 1996 (1996 -  1995)/95

Seabass 0.652 0.602 — 7.6%
Eel 2.655 1.173 — 55.8%
Seabream 0.702 4.384 +524.6%
Forage 1.306 0.902 -30.9%
Mullets (juvenile) 3.051 2.826 -7 .4%
Mullets 1.571 1.020 -35.1%
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2.3.1.5. Macroalgae. Accurate estimates of macroal- 
gal coverage and standing crop were available for 
almost every month during the period of management 
activities. The biomass in 1995 was about 215tkm -2 
(~90% Cladophora) and 225tkm -2 in 1996 (~70% 
Gracilaria and 30% Cladophora) (Brando, 2000). 
During the selective algal harvesting macroalgae 
were harvested directly by the management authority 
(320 tkm -2 per year in 1995 and 165 tkm -2 per year 
in 1996) (Lenzi and Mattei, 1998).

2.3.1.6. Detritus. The estimate of organic matter 
content of the sediment was obtained from core sam­
plings carried out in the basin in 1997 and 1998 (Villa,
1999). Values of organic matter of 0.12 g OMg-1 
were extracted from cores 10 cm deep with a sedi­
ment density of about 1.5 kg 1—1. This is equivalent 
to 18kgOM m-2 , or 18,000tkm-2 . The weight of 
organic matter in the detritus included that of the 
microbial community, mostly bacteria, fungi and pro­
tozoans; because of the lack of knowledge in the 
local community, this community is not considered 
part of the model although it is clearly very impor­
tant for the organic matter re-mineralization and as 
the source of nutrients for scavengers (Mann, 1988; 
Sorokin et al., 1996; Rosado-Solórzano and Guzmán 
Del Proo, 1998; Lin et al„ 1999).

2.3.1.7. Diet composition. Diet data for the aggre­
gated functional trophic groups were obtained from 
the diet compositions reported in the model of Auteri 
et al. (1993) (Table 4).

2.3.2. Balancing the models: trophic networks for 
1995 and 1996

To depict the interactions within the trophic groups 
for 1995 and 1996, we used the network structure de­
fined by the diet composition matrix (Table 4) and 
the values of P/B, Q/B, EE and UN/Ç summarized 
in the input table (Table 2). Biomass values for cor­
morants and pleustophytes (Table 2) and fishery catch 
data (Table 3) for the 2 years were used to estimate 
the unknown biomasses and flows.

The model parameters were calibrated to obtain 
for all the groups EE values less than 1 and gross 
efficiency values (GE =  P /Q  within 0.1 and 0.3 
(Christensen et al., 2000).

2.4. Network description and analysis: indices used

2.4.1. Structural analysis
Trophic aggregation, effective trophic level (ETL) 

and the omnivory index (OI) were used to describe the 
structure of the networks in the Orbetello Lagoon.

“Trophic aggregation’’ here refers to the proce­
dures provided by Ulanowicz (1995) for simplifying 
complex food webs to simple concatenated chains of 
trophic interactions. Such chains are useful because 
they provide an accurate but uncomplicated picture of 
the system and allocate the different dietary interac­
tions in the systems to discrete trophic levels (sensu 
Ulanowicz, 1986). Aggregation was carried out in 
order to evaluate how each component of the ecosys­
tem contributes to the trophic levels of the idealized 
linear food chain, i.e. primary producers to herbivores

Table 4
Diet Composition for the Orbetello Lagoon mass-balance model (after Auteri et al., 1993)

Prey/predators 1 2 3 4 5 6 7 8 9

1 Cormorant
2 Seabass
3 Eel
4 Seabream
5 Forage 0.650 0.410 0.300 0.015
6 Zoobenthos 0.350 0.650 1.000 0.523 0.158 0.210 0.180
7 Mullets (juvenile) 0.350 0.240 0.050 0.002
8 Mullets
9 Zooplankton 0.460 0.211 0.050 0.100

10 Phytoplankton 0.158 0.900
11 Pleustophytes 0.211 0.410 0.410
12 Detritus 0.262 0.330 0.410
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to carnivores (Ulanowicz, 1995). Data on trophic ag­
gregation of flows allows estimation of the sum of all 
flows reaching detritus and the upper trophic levels, 
as well as transfer efficiencies.

The ETL is based on the diet composition (weighted 
average trophic level of the prey organisms ingested), 
and represents the weighted mean number of trophic 
interactions that one could count in the trophic chain 
from the organism down to the autotrophic organ­
isms or non-living organic matter (Christensen et al., 
2000 ) .

The 01 is calculated as the variance of the trophic 
level of a consumer’s prey groups (Christensen and 
Pauly, 1993b). It ranges from 0 to 1, where 0 indicates 
a highly specialized consumer and higher values in­
dicate predation on many trophic levels (Christensen 
et al„ 2000).

2.4.2. Network analyses
Some of the several parameters and indices devel­

oped for the network analysis were selected to de­
scribe the general system properties and the level of 
development and maturity of the Orbetello Lagoon.

The ratio of total system biomass to the Total Sys­
tem Throughput TST (5/TST) (Christensen, 1995), 
tends to be low in the development phase of an 
ecosystem and increases in value as the system ma­
tures and tends to conserve energy by storing it in its 
components (Odum, 1971; Ulanowicz, 1986).

The ratio of Net Primary Production to Total Respi­
ration (NPP/TR) is also considered an important index 
of the system maturity (Odum, 1969; Perez-Espana 
and Arreguin-Sanchez, 1999). Values of this ratio 
close to 1 indicate mature ecosystems whereby fixed 
energy is balanced by the energetic cost of system 
maintenance.

The net production of the system, corresponding 
to the difference between net primary production and 
total respiration (NPP — TR), should be nil in a truly 
balanced ecosystem. This difference can also indicate 
the maturity of a system (Odum, 1969).

The System Omnivory Index (SOI) attempts to char­
acterize interactions in the system as a whole through 
the variance in the trophic levels of all prey of preda­
tor groups (Pauly et al., 1993). A value close to 0 in­
dicates that consumers of the system are specialized, 
whilst a value close to 1 indicates that consumers are 
more omnivorous.

Cycling is considered to be an important indicator 
of an ecosystem’s ability to maintain its structure 
and integrity through positive feedback (Ulanowicz, 
1986; Monaco and Ulanowicz, 1997). The cycling 
level can used as an index of stress (Ulanowicz, 1986; 
Christensen and Pauly, 1993b) or as an indicator of 
the maturity stage (sensu Odum) of an ecosystem 
(Christensen, 1995; Vasconcellos et al., 1997). The 
cycling level is quantified with the Finn Cycling 
Index (FCI), which represents the fraction of TST 
cycled (Finn, 1976). Similarly, the Predatory Cycling 
Index (PCI), is calculated by excluding the cycling 
through detritus. Such cycling may result from short 
and fast cycles, typical of disturbed systems, or long 
and slow ones, typical of complex trophic structures 
(Odum, 1969; Kay et al., 1989; Christensen, 1995). 
The number of groups involved in a flow is used to 
quantify the length of the cycles. They are expressed 
by Finn’s mean Path Length (FPL) and the Finn’s 
straight-through path length with and without detritus.

Ascendancy (A) is the key index that characterizes 
the level of development and maturity of a sys­
tem, since it takes into account both the dimension 
(TST) and the organization (Information, I) of flows 
(Ulanowicz, 1986). The complement to ascendancy 
is system overhead, the cost to an ecosystem of cir­
culating matter and energy (Monaco and Ulanowicz, 
1997). Overhead represents the degrees of freedom 
a system has at its disposal to react to perturbations 
(Ulanowicz, 1986).

As suggested by Mann et al. (1989), the system-wide 
effects of eutrophication can be indexed using a com­
bination of A and TST, comparing the change of flows 
in the whole ecosystem during and after eutrophica­
tion. Eutrophication may be defined at the ecosystem 
level as an increase in A due to a rise in TST that 
more than compensates for a concomitant fall in I  
(Ulanowicz, 1986).

Relative ascendancy (A/C) is the fraction of possi­
ble organization that is actually realized (Ulanowicz, 
1986), and is negatively correlated with maturity 
(Christensen, 1995). Thus high values of this index 
seem related to low levels of maturity in the system 
and vice versa: this was demonstrated by comparison 
of a high number of models (Christensen, 1995).

Internal relative ascendancy (Ai/C)) represents the 
balance between the efficiency of carbon flows and 
the system redundancy, and is most suitable for



220 V.E. Brando et al. / Ecological Modelling 172 (2004) 213-232

comparing different ecosystems (Mann et al., 1989). 
Environments with a relatively high value of A\IC\ 
have a significant internal stability (Monaco and 
Ulanowicz, 1997).

Due to the complexity of the input parameters, no 
statistical tests are available to evaluate differences in 
the values of the various indices across ecosystems or 
between different phases of the same system (Monaco 
and Ulanowicz, 1997). However, these indices, when 
taken as a whole and based on rank ordering, help to 
determine differences and similarities between trophic 
networks (Monaco and Ulanowicz, 1997).

2.4.3. Pleustophytes
Macroalgae communities are often used as indicator 

of ecosystem health in coastal environments (Littler 
and Littler, 1980; Duarte, 1995; Nielsen, 1997; 
Silvestri et al., 1999). The turnover rate or the max­
imum growth rate can be used to position the sub­
merged vegetation as a whole along the ‘axis of 
adaptation strategies to natural selection’ described by 
Pianka (1970) and Grime (1979). This axis describes 
a continuum from fast-growing species such as Ulva, 
Enteromorpha and Cladophora, indicators of stressed 
and unstable environments (Littler and Littler, 1980), 
to slower-growing species such as phanerogams and 
Gracilaria (Nielsen, 1997) that require stable envi­
ronments (Duarte, 1991).

Adaptation strategies are related to the degree of 
development of the ecosystem (Odum, 1969; Ulano­
wicz, 1986).

Values of maximum growth rate (/r max) for the dom­
inant species of the submerged vegetation in a basin, 
can be estimated using an allometric relation (Nielsen 
and Sand-Jensen, 1990) that relates their general mor­
phology (surface area/volume ratio) to growth rate.

Pleustophytes PIB were estimated with the mass 
balance and represent an average of the turnover rates 
of all species of the submerged vegetation in the basin 
thus reflecting any change in composition. Therefore, 
pleustophytes PIB could be also a useful indicator of 
the environmental health of an ecosystem.

2.4.4. Conflicts between cormorants and fishery
In Orbetello Lagoon, cormorants are considered 

inimical to the fishery because the maximum numbers 
of cormorants, which occurs during December and 
January, coincide with the migrations of marketable

fishes to the sea. The consumption by cormorants has 
both a direct effect on the fishery by exploitation of 
forage species and juvenile mullet, and an indirect 
one, removing prey from marketable predators (eels 
and seabass).

In order to evaluate the conflict between cormorants 
and the fishery, we separated the total consumption of 
common target prey among cormorants, predator fish 
(seabass and eels) and the fishery.

The competition between cormorants and fish­
ery activities can be described through the ratio of 
consumption by cormorants to total fishery harvest 
(CQ/TLH). This index summarizes the direct and in­
direct effects of consumption by cormorants, but does 
not consider the variation in their diet composition. To 
evaluate the direct effects of cormorant predation, we 
introduced the ratio of consumption by cormorants to 
target species harvest (CQ/TSH) and for the indirect 
effects, we estimated the ratio of consumption by cor­
morants to that by nekton predators (CQ/NQ) and the 
ratio of consumption by cormorants to consumption 
by harvested nekton (CQ/NH).

3. Results

3.1. Structural analysis o f the two models

The results of the aggregation of biomasses and 
flows into trophic levels show the presence of six lev­
els. Lor each trophic group, the fractions of flows 
and biomasses involved in the six TLs are reported in 
Table 5. Since only small flows reach the highest TL 
and represent only a very minor fraction of the total 
flows, the TL VI was omitted from further analysis. 
Llows at the TL II largely involve the Zooplankton (the 
dominant herbivore), zoobenthos and the two groups 
of mullets. At TL III involves the remaining flows 
from zoobenthos, mullets but also the flows from the 
nekton groups. Cormorants and carnivorous fish (eels 
and seabass) dominate the flows at TL IV, and form a 
portion of TL V. This lead to the values of Effective 
TL (ETL, also in Table 5), varying from 2.11 for Zoo­
plankton to the highest value of 3.98 for cormorants.

The zoobenthos and juvenile mullets have the most 
diverse diets with an OI value of 0.38. Mullets have 
a more diverse diet (OI =  0.32) than cormorants, 
seabass and eels (OI about 0.20). Seabream, forage
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Table 5
Trophic aggregation of the groups in Orbetello Lagoon model (sensu Ulanowicz, 1995): breakdown of flows by discrete trophic levels (I-VI)

Trophic levels ETL OI

I II III IV V VI

Cormorant 0.26 0.64 0.11 0.01 3.98 0.21
Seabass 0.44 0.49 0.07 3.79 0.19
Eel 0.52 0.43 0.04 0.01 3.72 0.16
Seabream 0.75 0.25 3.47 0.00
Forage 0.87 0.13 3.32 0.05
Zoobenthos 0.75 0.25 - 2.47 0.38
Mullets (juvenile) 0.74 0.21 0.05 2.36 0.38
Mullets 0.82 0.13 0.05 2.26 0.32
Zooplankton 1 2.11 0.11
Phytoplankton 1 1.00 0.00
Pleustophytes 1 1.00 0.00
Detritus 1 1.00 0.42

Effective trophic level (ETL) and omnivory index (01) are also presented

fish and Zooplankton had low values. Since flows to 
detritus (natural mortality) operate at all trophic lev­
els, the high value for detritus (0.42) was expected.

The pattern of energy flows through the network is 
described in terms of the number of trophic interac­
tions of each group and the mean length of pathways 
(MLP) through the network (Table 6). For top preda­
tors, the number of connections was high (90-100) and 
with a high number of steps (MTP =  5). Mullets also 
belong in this category, even with a low ETT (2.26), 
because they are herbivores/detritivores (Table 4). For 
seabream, the MTP was also high (5.04), but unlike

Table 6
Flows from trophic level I (TL I) to consumers and from prey to 
top predators for the Orbetello Lagoon network

TL I-s . consumer Prey — top predators

Total 
no. of 
paths

Mean 
length of 
pathways

Total 
no. of 
paths

Mean 
length of 
pathways

Cormorant 90 5.09
Seabass 108 4.96
Eel 108 4.96
Seabream 27 5.04
Forage 50 4.22 3 1
Zoobenthos 28 3.96 13 1.92
Mullets (juvenile) 49 4.12 6 1.5
Mullets 99 4.87
Zooplankton 1 1 22 2.68
Phytoplankton 35 3.4
Pleustophytes 20 2.7
Detritus 20 2.7

other top predators, seabream had a low number of 
trophic interactions (27), due to a diet based only on 
zoobenthos. In the middle of the trophic chain, the for­
age fish, zoobenthos and juveniles mullets were both 
consumers (MTP =  4) and prey (MTP < 2). The 
groups at the base of the trophic pyramid (detritus, 
pleustophytes, and Zooplankton), were characterized 
by low numbers of trophic interactions (20) and path 
lengths (2.7), while phytoplankton had higher values 
for both parameters (35 and 3.4, respectively).

3.2. Comparison between the two networks

The network diagrams of Orbetello Tagoonfor 1995 
and 1996 (Figs. 2 and 3, respectively) show substantial 
similarities, the differences being in biomass values 
and the dimension of the flows associated with each 
trophic group.

All biomass values (Table 7) were estimated by the 
model, except for cormorants and pleustophytes. The 
estimated biomass of almost all trophic groups was 
lower in 1996 than in 1995 by 15-35%, except for 
seabream and eels. Eel biomass fell by 4.521 km-2 , or 
55%, while seabass biomass increased by 4.651 km-2 
(520%). For forage fish and juvenile mullets the 
changes in biomass from 1995 to 1996 (—32.2 and 
— 15.4%, respectively) were mediated by the trophic 
network.

Moreover, the biomass decrease in eels and the co­
incident increase in seabream were approximately the 
same magnitude (about 4.5tkm -2) and change the
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Table 7
Estimated biomass (tkm-2) of trophic groups for the 1995 and 
1996 Orbetello Lagoon networks

1995 1996 (1996 -  1995)/95

Cormorant 0.050 0.052 4.0%
Seabass 3.10 2.86 -7.7%
Eel 8.10 3.58 -55.8%
Seabream 0.89 5.54 522.5%
Forage 16.96 11.50 -32.2%
Zoobenthos 203.75 162.68 -20.2%
Mullets (juvenile) 6.38 5.40 -15.4%
Mullets 3.88 2.52 -35.1%
Zooplankton 67.39 52.78 -21.7%
Phytoplankton 85.58 67.18 -21.5%
Pleustophytes 215 225 4.7%
Detritus 18000.00 18000.00 0.0%

The relative changes are also reported.

ETL from 3.72 to 3.47 (Table 5). Since the flows in­
volving seabream are distributed (sensu Ulanowicz,
1995) between TLs III (75%) and IV (25%), while 
those involving eels are 52% in TL III and 43% in TL 
IV (Table 5), this change implies an increase in the 
biomass of TL III and a decrease of that in TL IV.

The 12% decrease in biomass of the network in 
1996 occurred mainly in the upper trophic levels: a 
37% drop in TL V. At TLs II, III and IV the decrease 
was about 20%, while at TL I it was only 3% (Table 8). 
The decrease in biomass was non monotonic, although 
this should be the case for a food chain based almost 
entirely on primary producers.

3.3. Network analysis

The aggregation of the flow (tkm-2 per year) 
web into a concatenated chain of transfers trough six 
trophic levels (after Ulanowicz, 1995) is presented

Table 8
Estimated biomass (tkm-2 ) at each trophic level for the 1995 and 
1996 Orbetello Lagoon networks (sensu Ulanowicz, 1995)

Trophic level 1995 1996 (1996 -  1995)/95

V 0.562 0.352 —37.4%
IV 8.066 6.314 —21.7%
III 73.885 59.488 -19.5%
II 227.981 180.747 -20.7%
I 300.58 292.18 -2.8%

Total (no detritus) 611.078 539.077 -11.8%

in Fig. 4. Flows from detritus and primary producers 
were almost the same magnitude for the 2 years (4.16 
and 23.28% versus 4.05 and 22.90%). Algal harvest­
ing (export of primary producers) for 1995 and 1996 
was 1.31 and 0.87% of TST. The sum of flows reach­
ing detritus was similar in the 2 years (28.38% versus 
28.24%), and the slight decrease in the contribution 
by primary producers (11.46% versus 11.91%) was 
partly balanced by a small increase of flows from TL 
II (14.58% versus 14.84%). The export of detritus 
also decreased slightly (24.07% versus 24.33%). The 
energetic transfer efficiencies (TEs) at TL II were 
similar in the 2 years (15%). TEs at levels III and IV 
were slightly higher for 1996 (7.4 and 7.9%) than for 
1995 (7.2 and 7.1%), while the reverse was true for 
trophic level V TE (5.7 and 4.8%).

There was a decrease in almost all aggregated flows 
in the trophic network from 1995 to 1996 (Table 9). 
The decrease was particularly strong in the trophic 
groups at TL I (2103.5tkm -2 per year), shared be­
tween pleustophytes (—815 tkm -2 per year) and phy­
toplankton (—1289tkm -2 per year). At TL II there 
were reduced flows for Zooplankton (—1023tkm -2 
per year) and zoobenthos (—698tkm -2 per year). 
Other trophic groups exhibited moderate decreases 
ranging between —1.2 and —77.5tkm -2 per year. 
Only for seabream and cormorants were there in­
creased flows (22.0 and 0.1 tkm -2 per year, respec­
tively) .

These changes were proportional in value to those 
in estimated biomass of the trophic groups in 1995 
and 1996 (Table 7). For pleustophytes, the decreased 
flow was due to the change in PIB associated with 
the change of dominant algal species as discussed 
above. The great reduction in detritus-related flows 
(—1604tkm -2 per year) was a consequence of the 
global decrease in all the other flows.

Table 10 reports some of the indices estimated 
through Ecopath for the trophic networks of 1995 
and 1996. A generalized decrease of the flows of 
the system from 1995 to 1995 is evident (reductions 
are estimated between —21.4 and —24.7%), and thus 
giving an analogous decrease on the informational 
indices (Ascendancy, Overhead, Capacity). However, 
different kind of flows show similar but not identical 
decrease, resulting in changes for most of the ecolog­
ical indices toward values indicating higher maturity 
and stability. In this sense can be viewed the increase
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1995
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1996
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24.07
28.24

Export
TL
TE

Res p.
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Fig. 4. The aggregation of the flows (tkm-2 per year) into a concatenated chain of transfers trough six trophic levels (alter Ulanowicz, 
1995). Flows out of the tops of the compartment represent exports and flows out to the bottom represent respiration. Recycling of non-living 
material is through compartment D (detritus). The percentages in the boxes represent annual trophic efficiencies.

of 5/TST and the decrease of Net System Produc­
tion and Primary Production on Total Biomass (see 
Table 10). A slight decrease o f -3% is also observed 
for Primary Production on Total Respiration index 
(PP/TR).

Although cycling in absolute values result as de­
creasing (both including and excluding detritus de­
crease of some between 20 and 21%), the cycling 
as percentage of the TST expressed through Finn’s 
and Predatory Cycling indices, are resulting as in­
creasing (FCI +2.8%, PCI +2.1%). A slight increase 
is also shown for the indices measuring the mean 
path length, evidencing a recycling through longer 
and slower paths, typical of more mature systems.

The structure of the networks for the years 1995 
and 1996 was unchanged, thus no changes are ob­
served for structure-related indices such as the Con- 
nectance Index and the Information derived from the 
Ulanowicz’s indices (Table 10). Finally, although in­
crease of catches was introduced with input data (and 
shown as an increase of +9.8%) thus did not change 
significantly the mean TT of the catches, changed 
from 4.006 to 4.1 (also reported in Table 10).

3.4. Pleustophytes

The estimated production rates (P/B) of pleusto­
phytes for the 2 years, of 13.381 per year and 9.165
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Table 9
Difference between estimated flows per trophic group and per trophic level, 1996-1995 (tkm-2 per year)

Group name D I II III IV V Total

Cormorant - - 0.0 0.1 0.0 0.1
Seabass - - -0 .5 -0 .6 -0 .1 -1 .2
Eel - - -9 .5 -7 .8 -0 .8 -18.1
Seabream - - 16.5 5.5 - 22.0
Forage - - -67.1 -10.3 -0 .0 -77.5
Zoobenthos - -523.3 -175.0 - - -698.2
Mullets (juvenile) - -17 .0 -4 .8 -1 .2 - -23 .0
Mullets - -26.2 -4 .3 -1 .4 - -31 .9
Zooplankton - -1022.8 - - - -1022.8
Phytoplankton -1288.6 - - - - -1288.6
Pleustophytes -814.9 - - - - -814.9
Detritus -1604.1 - - - - -1604.1

Total -1604.1 -2103.5 -1590.0 -244.0 -15.8 -0 .9 -5558.7

per year, indicate a decrease in turnover rate of 32% 
in 1996 (Table 11).

The ratio of PI B values between the 2 years did not 
correspond to the ratio of //max values for Cladophora 
and Gracilaria, but taking into account the pleusto­
phytes community structure, reported in Table 11 as 
the occurrence of these two main species, one could 
obtain weighted //max for 1995 and 1996 (0.215 and 
0.111, respectively) that have ratios close to that of 
PI B values.

3.5. Conflicts between cormorants and fishery 
activities

The cormorant ETT (3.98) and the average ETE of 
the fishery (4.006 in 1995 and 4.1 in 1996) are similar 
but the fishery has a wider “diet” (comparing Tables 3 
and 4).

In 1995, the total consumption of target species 
(TSQ) was 33.05tkm -2 of which the fishery caught 
13.2%, cormorants 8.8%, and predator fish 78% 
(Fig. 5). In 1996, consumption was 24.1 tkm -2 of 
which the fishery took 15.5%, cormorants 12.6%, 
and predator fish 72%. The total TSQ decreased from 
1995 to 1996 by 27%, with an increase in consump­
tion by cormorants of 4%, and decreases in fishery 
and predator fish consumption by 14.4 and 32.8%, 
respectively (Fig. 5).

The ratio of consumption by cormorants to total 
fishery harvest (CQ/TFH) was 0.294 in 1995 and 0.278 
in 1996, a slight decrease in 1996 (5.2%) due to the 
larger total harvest in that year (Table 12).

The ratio of consumption by cormorants to target 
species harvest (CQ/TSH) was 0.670 in 1995 increas­
ing by 21.6% in 1996 to 0.815 due to the reduced 
fishery harvest of these species. CQ/NQ increased by 
nearly 55% from 0.113 in 1995 to 0.175 in 1996, 
while CQ/NH rose by about 94% from 0.883 in 1995 
to 1.711 in 1996.

4. Discussion

The differences in estimated biomass reflect almost 
totally the fishery catch in the lagoon for the 2 years 
(Table 3).

The lower biomass of herbivores/detritivores and 
primary producers in 1996 than in 1995 suggest that 
the top-down control mediated by the fishery prop­
agates to the lower trophic levels. Moreover, the 
biomass decrease in eels and the coincident increase 
in seabream were approximately the same magnitude 
(about 4.5tkm -2) and change the ETL from 3.72 to 
3.47 (Table 5). Since the flows involving seabream 
are distributed (sensu Ulanowicz, 1995) between TLs 
III (75%) and IV (25%), while those involving eels 
are 52% in TL III and 43% in TL IV (Table 5), this 
change implies an increase in the biomass of TL III 
and a decrease of that in TL IV.

This change is propagated down in the trophic 
network with non-uniform changes in the TLs as re­
ported in Table 8. The estimated decrease in biomass 
was non monotonic, although a decrease in primary 
producer biomass should propagate monotonically



V.E. Brando et al. /Ecological Modelling 172 (2004) 213-232 227

Table 10
Summary of the indices estimated for the 1995 and 1996 using the relative trophic networks built for Orbetello Lagoon

Unit 1995 1996 Variance (1996 -  1995)/95

Ecosystem theory indices
Total system throughput tkm ~2 per year 24553.19 18994.94 -22.6%
Sum of all consumption tkm ~2 per year 8717.696 6867.085 -21.2%
Sum of all exports tkm ~2 per year 6304.715 4749.056 -24.7%
Sum of all respiratory flows tkm ~2 per year 2563.13 2015.265 -21.4%
Sum of all flows into detritus tkm ~2 per year 6967.649 5363.536 -23.0%
Sum of all production tkm ~2 per year 11098.8 8525.628 -23.2%
Export from detritus tkm ~2 per year 5973 4573 23.4%
Total biomass/total throughput (5/TST) Year 0.025 0.028 12.0%
Total primary production/total respiration (PP/TR) 3.46 3.357 -3.0%
Net system production (PP — TR) tkm ~2 per year 6304.715 4749.056 -24.7%
Total primary production/total biomass (PP/5) Per year 14.512 12.548 -13.5%
Total catches tkm ~2 per year 9.937 10.907 9.8%
Calculated total net primary production tkm ~2 per year 8867.84 6764.32 -23.7%
Gross efficiency (catch/net primary production) 0.0011 0.0016 45.5%
Mean trophic level of the catch 4.006 4.1 2.3%
Connectance index 0.223 0.223 0.0%
System omnivory index 0.229 0.217 -5.2%

Cycling indices
Throughput cycled (excluding detritus) tkm  2 per year 1022.6 808.8 -20.9%
Throughput cycled (including detritus) tkm ~2 per year 1745.8 1390.5 -20.4%
Finn’s cycling index % 7.1 7.3 2.8%
Predatory cycling index % 9.6 9.8 2.1%
Finn’s mean path length 2.77 2.81 1.4%
Finn’s straight-through path length (no detritus) 3.32 3.4 2.4%
Finn’s straight-through path length (with detritus) 2.57 2.6 1.2%

lformational indices
Ascendancy Flowbits 27273.34 21158.55 -22.4%
Overhead Flowbits 61014.11 47552.14 -22.1%
Capacity Flowbits 90297.44 69841.34 -22.7%
Information 1.11 1.11 0.0%
AS C 0.302 0.303 0.3%
A /Q 0.203 0.202 -0.5%

through all trophic levels in a system based almost 
entirely on primary producers (Odum, 1971). The 
non monotonic decrease in biomass gives the evi­
dence that a source of energy different from primary

Table 11
Estimated values of P!B and /tmax (per day) for the 1995 and 
1996 Orbetello Lagoon networks

Macroalgae community 1995 1996 1995/1996

Cladophora (/tmax =  0.232) 90% 30%
Gracilaria (/tmax =  0.059) 10% 70%
P!B (estimated by Ecopath) 13.381 9.165 1.46
/ ¿ m a x  community 0.215 0.111 1.94

The pleustophytes composition reported for the 2 years and /tmax 
for each species is used to estimate the /tmax of the community.

producer is very important for the Orbetello Lagoon: 
this result gives an indication of the important role 
played by detritus in this trophic network.

The substantial and generalized decreases in 
biomass of the groups produce the decrease in all 
flows of the system (Table 9). It should be pointed 
out that decrease in biomass of phytoplankton was 
slightly compensated by the increase of pleustophytes 
at TL 1 (Table 8), however, the lower production rate 
of this latter contribute to the generalized decrease of 
flows within the system (Table 9). Moreover, the PI B 
of pleustophytes estimated by Ecopath also showed 
a substantial decrease (Table 11), contributing to re­
duce the primary production of the system and the
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Fig. 5. Total consumption (TSQ) of target species (forage fish and juvenile mullets) divided into consumption by cormorants (CQ), nekton 
predators (NQ) and fishery harvest (TSH) in the 1995 and 1996 Orbetello Lagoon networks.

related indices (PP/TR, PP — TR, PPIB, shown in 
Table 10). The ratio of PI B  values between the 2 
years did not correspond to the ratio of /xmax values 
for Cladophora and Gracilaria because, while /xmax 
is species specific, P/B depends on environmental 
limitations (principally nutrients and temperature).

The higher transfer efficiencies at trophic levels III 
and IV in the 1996 model suggested better flow of the 
energy within this network, largely due to the increase 
in biomass of seabream, the fish species with the high­
est gross efficiency (0.21) of the fishery-related trophic 
groups.

Table 12
Ratios of consumption by cormorants to total fishery harvest 
(CQ/TFH), consumption by cormorants to target species harvest 
(CQ/TSH), consumption by cormorants to consumption by nekton 
predators (CQ/NQ), and consumption by cormorants to harvest 
of nekton predators (CQ/NH), estimated for the 1995 and 1996 
Orbetello Lagoon networks

CQ/TFH CQ/TSH CQ/NQ CQ/NH

1995 0.294 0.670 0.113 0.883
1996 0.278 0.815 0.175 1.711
1996 -  1995 -5 .2% 21.6% 54.7% 93.7%
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The reduction of flows at TL I expresses the de­
crease in primary production in 1996, thus quantifying 
the effects of environmental management.

Since no changes in the water circulation were 
observed between 1995 and 1996, we assumed resus­
pension and related detritus exports had same values 
in the 2 years. Thus, the results that the steady-state 
balance of the detritus-related flows implies an ex­
port (reported in Table 10), is actually be seen as an 
accumulation of detritus. As shown this accumula­
tion decreased by 23% from 5973tkm -2 in 1995 to 
4573tkm -2 in 1996. Since eutrophication can be de­
fined as ‘an increase in the rate of supply of organic 
matter to an ecosystem’ (Nixon, 1995) the reduction 
in the accumulation rate of organic matter in the 
Orbetello system suggests a decrease in the tendency 
toward eutrophication in the basin.

The gross efficiency of the system, which tends 
to be very low in systems where the fishery is con­
centrated on top predators (Christensen et al., 2000), 
increased from 0.0011 in 1995 to 0.0016 in 1996 
(Table 10). The 45% increase in gross efficiency 
was mainly due to the increased catch of seabream, 
following the introduction of fingerlings of this 
species.

The 6% decrease of SOI in 1996, is related with 
the change from eels to seabream discussed earlier. 
Similar values of SOI (0.2-0.3) have been reported 
for estuarine environments (Monaco and Ulanowicz,
1997).

The cycled fraction of TST appears to be a similar 
magnitude to that reported for other lagoons (10% 
in Wolff, 1994) or other coastal and very productive 
systems (Heymans and Baird, 2000, reported in their 
analysis FCI between 4 and 15% for some coastal 
ecosystems). Moreover, Manickchand-Heileman et al. 
(1998) found the same value for the FCI applying 
Ecopath to a lagoon dominated by the detrital pathway, 
although they found higher number of steps in the 
cycling analysis.

In this environment, the cycling seems to be mainly 
due to the groups at the base of the trophic pyra­
mid (detritus, pleustophytes, and Zooplankton), which 
showed a value of 2.7 for MLP (Table 6), while the 
cycling through the higher portion of the network 
(MLP > 4) appear to be minimal. Moreover, both 
values of FPL were lower than those previously re­
ported for brackishwater environments at low stage

of maturity (4.91, 4.1-6.0, Wolff, 1994; Monaco and 
Ulanowicz, 1997).

A JCi values for the Orbetello Lagoon networks in 
the 2 years (0.202 and 0.203) did not show remark­
able difference between them, but both were lower 
than those reported (about 0.4) for three estuarine en­
vironments by Monaco and Ulanowicz (1997). These 
results, although revealing a higher maturity level of 
Orbetello Lagoon compared with those ecosystems, 
indicate that thermodynamic-informational indices do 
not reveal a significant difference between the 2 years. 
Since ecological indices based on the Odum’s theory 
show a certain degree of improvement in 1996, this 
could be interpreted to indicate that the informational 
indices are less sensitive to such small, but still inter­
esting differences.

The decrease of biomass of species targeted by cor­
morants (Table 7) produce a decrease for both nek­
ton predators consumption and fishery harvest on this 
target species (Fig. 5). However, a slight increase of 
cormorants consumption is estimated (Fig. 5). These 
results, together with the increase in the three inter­
nal indices (CQ/TSH, CQ/NQ, CQ/NH) from 1995 
to 1996, show the better efficiency of cormorants as 
predators on target species. Moreover, the changes of 
the ratios between 1995 and 1996 are increasing in 
the order CQ/TSH < CQ/NQ < CQ/NH (Table 12), 
showing that the competition effect with nekton is am­
plified through the network by the indirect competi­
tion between cormorants and the nekton fishery. The 
global index (CQ/TFH) was constant because it con­
siders also the fishery harvest of seabream and mullets 
that do not compete directly with cormorants. This is 
a further validation of the extensive aquaculture man­
agement of the lagoon. These four indices can be used 
to analyse the exploitation of target species.

5. Conclusions

Our comparative network analysis of Orbetello La­
goon for 1995 and 1996 appears to have quantified 
in part the observed improvement in ‘health’ of the 
lagoon’s ecosystem during this period as a result of 
algal harvesting and other management interventions.

The food webs had a similar structure in the 2 years 
but there was a decrease in biomass in all the trophic 
groups for 1996. The change in turnover rate (P/B) of



230 V.E. Brando et al. /Ecological Modelling 172 (2004) 213-232

pleustophytes from 1995 to 1996 corresponded with 
observed change in the composition of the submerged 
vegetation of the basin during this period. Total pri­
mary production fell 20% during the 2 years.

Detritus was shown to have a key role in the sys­
tem. In both years, flows to detritus were about 30% 
of the system throughput. Most of those flows (about 
85%) were entrapped within the ecosystem acting as 
an organic matter and nutrient reserve. Such reserve, 
if available to the system, would increase the tendency 
to eutrophication. However, the 23% fall in TST in 
1996, resulting in a proportional reduction in detritus 
accumulation, indicated a decrease in the tendency for 
eutrophication, a clear effect of environmental man­
agement activities of the basin.

The large increase in gross efficiency of the system 
(45%), mainly due to the increased catch of seabream 
and the increase in transfer efficiencies at TLs III and 
IV, supported the validity of introducing fingerlings 
in such basins. This intervention would have shown 
minimal effects even if no environmental management 
activities were carried out in the system, and indeed 
the seeding of the basin offset the superior efficiency 
of the cormorants as predators compared to the fishery.

The four attributes of ecosystem maturity and sta­
bility (5/TST, NPP/TR, NPP — TR, PP IB) indicate un­
equivocally that Orbetello Lagoon in 1996 was in a 
more stable condition than in 1995, although the sys­
tem was still rather distant from values reported for 
other aquatic environments.
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