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Abstract

Ecological modelling tools are applied worldwide to support the ecosystem-based

approach of marine resources (EAM). In the last decades, numerous applications were

attempted in the Mediterranean Sea, mainly using the Ecopath with Ecosim (EwE) tool.

These models were used to analyse a variety of complex environmental problems.

Many applications analysed the ecosystem impacts of fishing and assessed manage-

ment options. Other studies dealt with the accumulation of pollution through the

food web, the impact of aquaculture or the ecosystem effects of climate change. They

contributed to the scientific aspects of an ecosystem-based approach in the region

because they integrated human activities within an ecosystem context and evaluated

their impact on the marine food web, including environmental factors. These studies

also gathered a significant amount of information at an ecosystem level. Thus, in the

second part of this review, we used this information to quantify structural and

functional traits of Mediterranean marine ecosystems at regional scales as the

illustration of further potentialities of EwE for an EAM. Results highlighted differential

traits between ecosystem types and a few between basins, which illustrate the

environmental heterogeneity of the Mediterranean Sea. Moreover, our analysis

evidenced the importance of top predators and small pelagic fish in Mediterranean

ecosystems, in addition to the structural role of benthos and plankton organisms. The

impact of fishing was high and of a similar intensity in the western, central and

eastern regions and showed differences between ecosystem types. The keystone role of

species was more prominent in protected environments.
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Ciènces del Mar

(ICM-CSIC), Passeig

Marı́tim de la

Barceloneta, 37-49,

08003

Barcelona, Spain

Tel.: +34932309500

Fax: +34932309555

E-mail: mcoll@icm.

csic.es

Received 12 Aug 2010

Accepted 22 Mar 2011

F I S H and F I S H E R I E S , 2012, 13, 60–88

60 DOI: 10.1111/j.1467-2979.2011.00420.x � 2011 Blackwell Publishing Ltd



Ecological analyses and comparisons of food web traits 68

Food web effects of multiple stressors 69

Climate change 69

Aquaculture, pollution and bioaccumulation 69

Quantification of ecological traits of Mediterranean

ecosystems using EwE models

69

Ecosystem properties of the Mediterranean Sea 69

Key species of Mediterranean marine ecosystems 71

Ecosystem impacts of fishing at a basin scale 77

Challenges and future research 79

Acknowledgements 82

References 82

Supporting information 88

Introduction

Marine ecosystems are impacted by a diversified

number of anthropogenic stressors including fishing

(e.g. Pauly et al. 2002), aquaculture (e.g. Naylor

et al. 2000), chemical pollution (e.g. Ueno et al.

2004) and eutrophication (e.g. Vitousek et al.

1997), which act simultaneously and sometimes

synergistically (e.g. Jackson et al. 2001; Pandolfi

et al. 2003; Lotze et al. 2006). As target and non-

target species of above stressors interact by estab-

lishing complex relationships (e.g. Jennings and

Kaiser 1998; Jackson et al. 2001), human activities

have direct and indirect impacts whose analysis is

notably challenging. Marine ecosystems are also

influenced by environmental natural fluctuations

and variability (Cury et al. 2008; Link et al. 2010).

Thus, the ability to understand how these human

activities, environmental factors and ecological

components interact and influence each others,

and eventually how the services and products

provided to humans are affected, is a key issue that

is of growing importance. Understanding these

interactions and influences requires adoption of an

ecosystem approach to the management of marine

resources.

The need to consider natural changes and human

activities when analysing and managing marine

resources evidences the urge to adopt an integrated

view of complex systems, which would make it

possible to consider not only the dynamics of target

species but also non-target organisms, trophic

relationships and flows, and environmental factors

(Botsford et al. 1997; Duda and Sherman 2002;

Sherman and Duda 2002; Cury et al. 2003). This

implies a progress towards what is called the

ecosystem-based approach to marine resources

management (EAM), and when dealing specifically

with fishing activities, the ecosystem-based ap-

proach to fisheries (EAF) (Botsford et al. 1997;

Costanza et al. 1998; FAO, 2003, Garcia et al.

2003; Pikitch et al. 2004).

For the EAM, adaptations to the scientific method

are required, in parallel with changes in the way

ecological, social and economic issues are integrated

to manage marine resources (Browman et al.

2005a,b). New methodological tools have been

developed that contribute to an EAM, such as a

selection of ecosystem indicators (e.g. Pauly and

Christensen 1995; Cury et al. 2005; Jennings 2005;

Shin and Shannon 2010) and ecological models

(e.g. Walters et al. 1997; Christensen and Walters

2004; Fulton and Smith 2004; Shin et al. 2004;

Plagányi 2007; Fulton 2010).

At present, the software package Ecopath with

Ecosim (EwE, Pauly et al. 2000; Christensen and

Walters 2004; http://www.ecopath.org) is applied

worldwide and used for building ecological models

under the context of EAM (Christensen and Pauly

2004; Christensen et al. 2009; Palomares et al.

2009). Some studies have questioned the potential

of EwE models to contribute to EAM (Longhurst

2006). However, the EwE models have been widely

used to study the structure and functioning of

marine ecosystems (e.g. Lin et al. 2001; Heymans

et al. 2004), perform ecosystem comparisons (e.g.

Heymans et al. 2004; Moloney et al. 2005), derive

emergent properties (e.g. Christensen 1995; Pauly

and Christensen 1995), assess the impacts of

human activities (e.g. Manickchand-Heileman et al.
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2004; Shannon et al. 2008; Mackinson et al.

2009), analyse management options for marine

resources (e.g. Pitcher 2001; Criales-Hernandez

et al. 2006; Araújo et al. 2008) and describe bioac-

cumulation of toxins in the food web (e.g. Booth and

Zeller 2005). Recently, the Institute for European

Environmental Policy concluded that, among the

available models of marine ecosystems, EwE was the

most suitable for the development of scenarios for

exploring future trends of marine biodiversity and

changes in ecosystem services (Sukhdev 2008).

EwE currently allows to integrate a large body of

information from the ecosystem in a coherent

description of aquatic food webs and makes it

possible to place human activities in an ecosystem

context which accounts also for environmental

changes (Christensen and Walters 2004). A sum-

mary of the main equations and assumptions of the

EwE is reported in Appendix S1 (in online Support-

ing Information), and critical overviews are avail-

able in the literature (Christensen and Walters

2004; Plagányi 2007; Coll et al. 2008b).

Several EwE applications have been developed for

ecosystems in the Mediterranean and Black Sea. The

Mediterranean basin is a complex and fascinating

region with high biological diversity and much

human activity extending over a long period of time

(Bianchi and Morri 2000; Blondel and Aronson

2005). The landmass surrounding the sea has been

inhabited for millennia and it is now heavily

populated. The basin includes more than 20 coun-

tries with very different socioeconomic traits and

some of the most renowned marine tourist destina-

tions in the world. As a result of this complex

socioeconomic and ecological context, the manage-

ment of Mediterranean resources is seldom proac-

tive with respect to environmental problems and

actions are usually taken only after problems have

appeared.

Recently, there has been an increase in public

awareness, leading to a demand for better manage-

ment of marine resources in the Mediterranean area

(e.g. WWF/IUCN, 2004, UNEP, 2009) and to

progress towards the development of an ecosys-

tem-based approach (e.g. Nicholls and Hoozemans

1996; Pavasovic 1996; Van der Meulen and

Salman 1996; EU, 2001, Massoud et al. 2003;

GFCM-SAC, 2005). Several countries around the

Mediterranean Sea have signed international trea-

ties and agreements, such as the Convention on

Biological Diversity (CBD) or the UN Framework

Convention on Climate Change (UNFCCC), which

require the adoption of a more holistic ecosystem

approach to the management of resources. Thus,

contributions to the implementation of an EAM

process have been increasing and are especially

abundant in the context of conservation and

fisheries (e.g. CIESM, 1999, 2000, 2008, Cori

1999; Goñi et al. 2000; Fraschetti et al. 2002;

Pinnegar et al. 2003; Danovaro et al. 2004; Tudela

2004; WWF/IUCN, 2004; Karakassis et al. 2005;

GFCM, 2007, IUCN, 2007; Tsikliras et al. 2007;

Cochrane and de Young 2008; Abdulla et al. 2009;

Stergiou et al. 2009; Linares et al. 2010). The

scientific community around the Mediterranean

has shown a growing interest on ecosystem-based

studies, with an increase in research on ecosystem

indicators (e.g. Pinnegar et al. 2003; Tudela et al.

2005; Sardà et al. 2009) and in the development of

ecological models such as EwE (Table 1) and

economic models. An example of this type of model

is the MEFISTO bioeconomic model, e.g. Merino

et al. (2007). Other multispecies models are poorly

applied in the Mediterranean Sea: size-based models

such as OSMOSE are being used in studies of the

Gulf of Lion and age-structured models are only

applied to single species (e.g Santojanni et al. 2005).

Moreover, at present, there are no applications of

other ecosystem models such as Atlantis (Fulton

et al. 2005) or multispecies virtual population

analysis, and few other models were specially built

for a specific context and therefore are non-stan-

dardized and difficult to use for comparison. There-

fore, available ecosystem modelling applications are

mainly EwE models that are based on a large

amount of information collected in the last

30 years.

As the Mediterranean has east–west and north–

south gradients of physical, ecological and socio-

economic factors, this region can be used as a model

of the world’s oceans. The comparison of modelling

contributions to EAM in such a broad, complex and

heterogeneous region as the Mediterranean Sea can

provide insights into the ecosystem-based processes

in other regions. Therefore, the aims of this contri-

bution are threefold:

1. To investigate the contribution of existing

applications of EwE models towards an EAM

in the Mediterranean Sea;

2. To quantify ecological traits of Mediterranean

ecosystems taking advantage of information

standardized in available EwE models; and
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3. To assess the ecosystem impacts of fishing at a

basin scale as an illustration of modelling

potentialities for an EAM.

This work represents the first contribution of its

kind to our understanding of the Mediterranean

Sea. It concludes with a discussion on the available

contributions of ecosystem modelling to an EAM

process and reflects on future directions for

research.

The Mediterranean Sea and the Ecosystem

Approach

The Mediterranean Sea, including the Black Sea

basin, is the largest (3 405 400 km2) and deepest

(average 1460 m, maximum 5267 m) enclosed sea

on Earth (Fig. 1). It is located between Africa, Europe

and Asia, and it is connected through the Strait of

Gibraltar to the Atlantic Ocean in the west and

through the Suez Canal to the Red Sea and the Indian

Ocean in the south-east. In the Strait of Sicily, a

shallow ridge at 400 m depth separates the island

of Sicily from the coast of Tunisia. This ridge

divides the sea into the western (area = 0.85

million km2) and the eastern (area = 1.65 million

km2) regions. The Mediterranean and Black Seas

have, generally, narrow continental shelves and a

large area of open sea. The widest continental shelves

are located in the Adriatic Sea, in the Gulf of Gabes

and in the north-western side of the Black Sea.

General oceanographic conditions in the Medi-

terranean have been previously described in detail

(e.g. Bethoux 1979; Hopkins 1985; Pinardi et al.

2006; Bas 2009). The annual mean sea surface

temperature shows a high seasonality and impor-

tant gradients from west to east and from north to

south (Hopkins 1985). The basin is generally

oligotrophic, but local and regional features such

as river discharges, municipal sewage, local upwell-

ing because of winds and currents result in locally

enriched coastal areas (Estrada 1996; Bosc et al.

2004). The biological production decreases from

north to south and from west to east and it is

inversely related to temperature and salinity. The

Black Sea presents peculiar features being eutrophic

because of the high influence of the nutrient

discharge from big rivers and characterized by a

permanent deep anoxic layer rich in hydrogen

sulphides (Özsoy and Ünlüata 1997).

The Mediterranean Sea is also a hot spot of

biodiversity and hosts approximately 7–10% of the

world’s marine species with high percentages of

endemic species (Tortonese 1985; Bianchi and

Morri 2000; Boudouresque 2004; Coll et al.

2010a). This sea has emblematic species of conser-

vation concern, such as the Bluefin tuna (Thunnus

thynnus thynnus, Scombridae) and the Mediterra-

nean monk seal (Monachus monachus, Phocidae)

(e.g. Groombridge 1990; Reijnders et al. 1997;

Bearzi et al. 2004; MacKenzie et al. 2009). There

are as well several unique, endangered and sensitive
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Figure 1 EwE models developed within the Mediterranean basin. Model details are provided in Table 1.
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habitats such as the seagrass meadows of the

endemic Posidonia oceanica (Posidoniaceae), the

coralligenous assemblages, the rocky outcrops or

biogenic reefs and deep-sea habitats (Bellan-Santini

et al. 1994; Ballesteros 2006; IUCN-MED, 2009,

Sardà et al. 2009).

Given the demographic density generally high on

its shores, the long history and diversity of human

impacts and the enclosed feature of this sea, the

Mediterranean have been altered in many ways

since historical periods (Blondel and Aronson 2005;

Lotze et al. 2006; Costello et al. 2010). At present,

habitat loss and degradation, fishing impacts, pol-

lution, climate change, eutrophication and the

introduction of alien species are the most important

threats (Coll et al. 2010a). A large amount of

studies exists on threats to marine biodiversity and

marine resources in the Mediterranean Sea (e.g.

Galil 2000; Danovaro 2003; Abdulla 2004; Bianchi

2007; Tsounis et al. 2007; Ben Rais Lasram et al.

2010; Lejeusne et al. 2010). However, there is still

the need to investigate how human and natural

drivers interact and how they affect communities

and ecosystems as a whole. In this context, the need

to move towards an EAM is evident. Ecosystem

models are an essential tool in this direction, both

for accounting of the complexity of ecosystem effects

and for producing quantitative future scenarios.

Contributions of existing applications of EwE

models towards an EAM in the Mediterranean

A total of 40 Ecopath models describing Mediterra-

nean ecosystems have been fully developed and

documented (Fig. 1 and Table 1). Trophic models

were composed of a mean of 25 ± 1.9 (standard

deviation, sd) functional groups or ecological com-

partments, with a maximum of 55 and a minimum

of seven groups. The models covered depths from

0 m to 2000 m and represented several ecosystems,

from past states beginning in the 1960s to the

present. Some of these available models were also

used to project ecological scenarios into the future

by developing dynamic simulations.

In terms of ecosystem types, the modelling

applications were mainly developed to describe

continental shelf and upper slopes, followed by

lagoons and coastal areas (Table 1 and Fig. 2).

There were several applications that covered more

than one ecosystem type, including, for example,

shelves and slopes together. The applications were

located in the north-western Mediterranean and

north-central Mediterranean (mainly in the Adriatic

Sea), followed by applications including the north-

eastern basin and the Black Sea (Fig. 2). Most of the

models available were developed to represent

exploited ecosystems (75%), but some studies rep-

resented protected or slightly exploited ecosystems

(25%). No applications were found for the southern

areas, except for one recent model developed for the

Gulf of Tunis (Fig. 1 and Table 1).

Most of EwE applications used the static tool

Ecopath, the dynamics of which are then explored

using Ecosim followed by a comparative study of

models (Fig. 3a). EwE was also used to develop new

indicators, to couple different types of models and to

perform spatial analysis with the module Ecospace.

Several applications aimed at assessing fishing

impacts on Mediterranean ecosystems through the

description of ecosystem structural and functional

traits and the examination of positive and negative

impacts under different fisheries management

regimes. These included changes in fishing effort

and the establishment of marine protected areas

(Fig. 3b). Common topics for the application of EwE

were the analysis of the ecological roles of species
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Figure 2 Ecosystem models developed within the Mediterranean Sea (n = 39, excluding the Gulf of Tunis in the Southern-

Central Mediterranean) by ecosystem type, sub-basins and fishing activities.
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within food webs and the role of the environment in

shaping ecosystem properties and dynamics. In the

following subsections, the main EwE application in

the Mediterranean (Table 1) is presented by topic to

highlight modelling potentialities for an EAM.

Habitat loss and degradation

The first models developed in the Mediterranean Sea

represented coastal areas and lagoons of the north-

western and central Mediterranean Sea (e.g. Auteri

et al. 1993; Palomares et al. 1993). Several models

were developed in the Venice Lagoon (northern

Adriatic Sea, Italy) to describe the trophic structure

of different sites (Carrer and Opitz 1999; Granzotto

et al. 2003) and to analyse two different lagoon

habitats, the seagrass meadows of Zostera spp.

(Zosteraceae) and Cymodocea sp. (Cymodoceaceae)

and the fishing grounds of the Manila clam (Tapes

philippinarum, Veneridae) (Libralato et al. 2002).

These two models highlighted the potential regres-

sion of seagrass meadows because of the stress

induced by the new fishery targeting the Manila

clam and evidenced higher species diversity and

complexity in the seagrass meadows, which ap-

peared to represent an ecosystem at a higher stage

in the ecological succession.

Introduction of alien species

Applying EwE, Pranovi et al. (2003) constructed

two models comparing the Venice Lagoon in 1988–

1991 and 1998, i.e., the period before the intro-

duction of the Manila clam into the lagoon (1983)

and the period after its spreading that was followed

by the expansion of a new intensive exploitation

Methodological applications

0

0.1

0.2

0.3

0.4

0.5

St
at

ic

Te
m

po
ra

l

C
om

pa
ris

on
s

N
ov

el
 in

di
ca

to
rs

C
ou

pl
in

g 
m

od
el

s

Sp
at

ia
l

Pr
op

or
tio

n 
of

 a
pp

lic
at

io
ns

Applications by topic

0

0.1

0.2

0.3

0.4

0.5

Fi
sh

in
g 

Fu
nc

tio
ni

ng

Ec
ol

og
ic

al
 ro

le
s

M
an

ag
em

en
t

En
vi

ro
nm

en
t

M
PA

A
qu

ac
ul

tu
re

A
lie

ns

Po
llu

tio
n

Pr
op

or
tio

n 
of

 a
pp

lic
at

io
ns

(a)

(b)

Figure 3 Applications (%) of EwE

models in the Mediterranean Sea by

(a) methodology, and (b) topic (total

number of applications = 79).
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using mechanical dredges. This study described the

complex impacts of clam mechanical harvesting in

the area and highlighted how Manila clam popula-

tion benefited from the dredging activity because of

the nutritional advantages from the re-suspended

organic matter.

At the same time, models from the Black Sea

(Örek 2000; Daskalov 2002; Gucu 2002) facilitated

the study of the structure and functioning properties

of this peculiar ecosystem, the description of a

trophic cascade because of fishing impacts and, in

particular, the analysis of the ecological role of the

invasive comb jellyfish Mnemiopsis leidy (Bolinopsi-

dae). Afterwards, the analysis of the jellyfish blooms

in relation to environmental and exploitation

changes in the Mediterranean Sea had been also

highlighted using Ecosim simulations and the meta-

analysis of model outputs (Pauly et al. 2009).

Eutrophication effects

Another application of EwE to shallow waters was

the construction of two models to describe the

coastal ecosystem of Orbetello Lagoon (central

western Italy) for 1995 and 1996 (Brando et al.

2004). In this case, the application analysed the

effectiveness of management activities to control

eutrophication. The Orbetello Lagoon is character-

ized by limited exchange with the sea and a high

availability of nutrients, and it had shown increas-

ing eutrophication since 1975. From 1993, a series

of management activities were carried out to reduce

nutrient loading, increase water circulation and

carry out selective harvesting of macroalgae.

Results obtained with EwE modelling revealed the

positive effects of management activities at the

ecosystem level as well as the potential indirect

effects with fisheries and seabirds.

Fishing effects and assessments of management

options

Moving to ecosystems located at deeper depths in

the Mediterranean Sea, later EwE applications

focussed on continental shelves and slopes of

various areas (such as the South Catalan, north

and north-central Adriatic, North Aegean and

North Ionian seas, Coll et al. 2006a, 2007; Bara-

usse et al. 2009; Piroddi et al. 2010; Tsagarakis

et al. 2010). These applications aimed at describing

the structure and functioning of shelf ecosystems as

well as to quantify the effects of fishing, which has

the greatest impact on the areas examined. Results

highlighted the key role of bentho-pelagic coupling

and the ecological importance of small pelagic

fishes, such as anchovy (Engraulis encrasicolus,

Engraulidae) and sardine (Sardina pilchardus, Clu-

peidae) in both the western and eastern Mediterra-

nean ecosystems. They also indirectly underlined

the importance of the microbial food web.

Meanwhile in coastal areas, Albouy et al. (2010)

recently described the Bonifacio Straits Natural

Reserve of Corsica and examined management

options for recreational fisheries. Valls (2009)

studied the impacts of recreational fisheries, and

the ecological roles of coastal species in Port-Cross

National Park MPA and Errais (2010) described the

ecosystem impacts of fishing in the Gulf of Tunis.

Many EwE applications were also used to explore

management strategies for exploited areas. Applica-

tions related to fishing management in the Adriatic

Sea were designed to assess the effectiveness of

MPAs of different sizes (Zucchetta et al. 2003;

Fouzai 2010). In the Catalan Sea, spatial analyses

were used to explore the options for recovery of

important commercial species such as the European

hake (Merluccius merluccius, Merlucciinae) (Vargiu

et al. 2009) and temporal analysis was developed to

explore the impact of aquacultural activities of

Bluefin tuna (Forestal 2010). In the same area,

Ecosim dynamic simulations were used to evaluate

selectivity measures for trawling within an ecosys-

tem context (Coll et al. 2008a).

Ecological analyses and comparisons of food web

traits

Another interesting EwE application to an EAM

process was the cross-system comparison of stan-

dardized models which made possible an examina-

tion of the differences within ecosystems in the

Mediterranean Sea and between Mediterranean

ecosystems and those elsewhere (e.g. Coll et al.

2006b, 2008d, 2009a,b; Mackinson et al. 2009;

Shannon et al. 2009a,b; Tsagarakis et al. 2010). It

was also possible to examine the ecosystem effects of

protection (Libralato et al. 2006b, 2010b). Coll et al.

(2006b) standardized an ecological model repre-

senting a north-western (NW) Mediterranean

exploited ecosystem and compared it with four

standardized models from coastal upwelling ecosys-

tems described elsewhere (Moloney et al. 2005). The

high fishing pressure in this Mediterranean ecosys-

tem was highlighted relative to its low primary

Ecosystem approach in the Mediterranean Sea M Coll and S Libralato

68 � 2011 Blackwell Publishing Ltd, F I S H and F I S H E R I E S , 13, 60–88



production. The importance of pelagic-demersal

coupling and the relevance of gelatinous zooplank-

ton in the Namibian and Mediterranean case-

studies were in remarkable contrast to the other

ecosystem models examined. Results highlighted

similarities between Mediterranean and Namibian

ecosystems that may be related to effects induced by

high fishing pressure.

Recently, Navarro et al. (2011) used both food

web models and stable isotope analyses to describe

in a comparative way the marine food web topology

of the Southern Catalan Sea and the results showed

several similarities among the two methodologies.

Food web effects of multiple stressors

Fewer studies have explored the additional effects of

environmental forcing on Mediterranean ecosystem

dynamics (Daskalov 2002; Coll et al. 2008e,

2009b,c; Piroddi et al. 2010) because of the general

lack of long time series of biological data in the

Mediterranean Sea. Results from available applica-

tions showed that Mediterranean ecosystems have

gone through important changes in the last decades

and that climate change and eutrophication were

important drivers of marine resources, in addition to

fishing. Models fitted to fishing and environmental

data were also used to evidence that declines in the

populations of many commercial species and top

predators produced proliferation of lower trophic

level organisms, such as invertebrates, jellyfish

or bentho-pelagic fish because of trophic cascades

(e.g. Daskalov 2002; Coll et al. 2008e, 2009c;

Piroddi et al. 2010).

Climate change

Recent EwE applications dealt with the effects of

climatic changes on the marine food web. First,

they were studied by applying time series of

environmental forcing to influence primary pro-

duction directly in ecosystem models (e.g. Coll et al.

2008e, 2009c). However, more complicated down-

scaling has been produced recently by linking

climatic model outputs to nutrient discharges to

coastal areas, eventually used in an extended end-

to-end food web model representing also the

biogeochemical cycles (Libralato and Solidoro

2009; Libralato et al. 2010a). These downscaling

approaches allowed inferring the potential changes

in the food web of the Adriatic Sea in different

scenarios of CO2 emission, assuming that change in

run-off is the major climatic effect for coastal areas.

Results showed substantial differences in the eco-

system dynamics under different scenarios, espe-

cially in the first years after changes in climatic

conditions. These unexpected differences in the

transient phases suggest short-term adaptive fish-

eries management being necessary to avoid critical

situations.

Aquaculture, pollution and bioaccumulation

Other applications in western and central areas of

the Mediterranean Sea dealt with human impacts

such as aquaculture and pollution. Dı́az López et al.

(2008) used trophic models to study the ecosystem

effects of aquaculture on the Aranci Bay ecosystem

(Sardinia, Italy), and in particular, to estimate the

potential effects of finfish aquaculture, to quantify

the key role of the species within the ecosystem and

to examine potential conflicts with top predators.

Trophic flows estimated by Ecopath permitted the

direct coupling with an ecotoxicological model and

provided a representation of the bioaccumulation of

organic pollutants in the food web of the Venice

Lagoon (Carrer et al. 2000). Moreover, food web

flows obtained from a model developed for the same

ecosystem (Libralato et al. 2002) were used to

evaluate uncertainty in the parameters of the

bioaccumulation model and highlighted critical

processes and functional groups (Ciavatta et al.

2009).

Quantification of ecological traits of

Mediterranean ecosystems using EwE models

As illustrated above, existing EwE models were used

to the study several topics that are relevant for the

Mediterranean Sea in the EAM context. Moreover,

they also contain an important amount of informa-

tion at the ecosystem level that we used here to

calculate structural and functional traits of Medi-

terranean and Black Sea marine ecosystems and to

identify key species of the basin, aiming to further

illustrate EwE potentialities for an EAM.

Ecosystem properties of the Mediterranean Sea

For each of the 39 available models, excluding the

model for the Gulf of Tunis as it was the only

application of the method in the southern Mediter-

ranean Sea, we calculated a series of ecological

indicators: total system throughput (TST,
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t km)2 year)1), total biomass (excluding detritus,

TB, t km)2), total detritus (TD, t km)2), the sum of

all flows into detritus (SD, km)2 year)1), total

primary production (PP, km)2 year)1), the ratio of

PP/TST, SD/TST, TB/TD, TB/TST (year)1), the

System Omnivory Index (SOI), the Finn’s Cycling

Index (FCI), the total mean transfer efficiency (TEm,

%), mean transfer efficiencies from primary produc-

ers (TEpp, %) and from detritus (TEd, %), and the

mean trophic level of the whole community

(mTLco1) and of the consumers only (with TL ‡ II,

mTLco2) (Ulanowicz 1986; Christensen 1995;

Pauly and Christensen 1995; Pauly et al. 1998;

Christensen and Walters 2004; Christensen et al.

2005).

We used the non-parametric multivariate per-

mutational analysis of variance (PERMANOVA, in

PRIMER with PERMANOVA+ v. 6, PRIMER-E Ltd.,

Plymouth, UK) on the Euclidean distance matrix to

investigate differences of indicators between factors.

PERMANOVA calculates a pseudo-F-statistic that is

directly analogous to the construction of the

traditional F-statistic for multifactorial univariate

ANOVA models, but uses permutation procedures

(here 9999 permutations) to obtain P-values for

each term in the model (Anderson et al. 2008). The

following variables were considered: (i) ecosystem

types, including four levels: lagoons, coastal areas,

continental shelves and shelves-slopes, (ii) sub-

basins with three levels: north-western, north-

central and north-eastern, (iii) fishing at two levels:

fishing and non- or light fishing, and (iv) years with

three time periods: 1960s–1970s, 1980s–1990s

and 2000s. Because of the lack of replication, and

an unbalanced design among factors, we performed

a one-way analysis with each variable using first all

the indicators together and then each indicator

separately. As the number of functional groups and

aggregation used to represent food webs influence

model outputs and analyses (e.g. Dunne et al.

2002; Pinnegar et al. 2004), we included the

number of functional groups of each model as a

covariate in the PERMANOVA analysis to directly take

into account the robustness of indicators to

changes in the model design. We used a Type I

(or sequential) partition of the sum of squares (SS)

because individual SS terms were not independent

when including covariates. We developed the

multivariate analysis with (39 models) and without

the Black Sea (32 models) to evaluate the potential

differences of including these unusual ecosystems in

the comparison.

For each test, we first assessed skewness and

individual correlations between food web proper-

ties by constructing a matrix of plots of each

property against the others and examining the

resulting Spearman rank correlations. Properties

skewed to the right (TST, TB, TD, SD, PP, TB/TD,

TB/TST, TC, mTLc, GE and Lindex) were log(x) or

log(x+1) transformed. We removed one of each

pair of properties that were significantly corre-

lated (q ‡ 0.95); thereby reducing redundancy in

the data. Because the properties represented

different measures (e.g.: %, counts, etc.), they

were normalized prior to the construction of the

Euclidean distance matrix (Clarke and Gorley

2006).

When comparing all the indicators together, we

found global differences between ecosystem types

including and not including the Black Sea in

the analysis (pseudo-F = 4.239, P = 0.001, and

pseudo-F = 6.622, P = 0.001, respectively). The

pair-wise test evidenced significant differences

between all the ecosystem types (P-value <0.05),

except between shelves and shelves/slopes that

presented similar ecosystem structural and func-

tional traits when the Black Sea was included. We

found significant differences between sub-basins

(pseudo-F = 2.11, P = 0.017), but we did not find

any difference when the Black Sea was excluded

from the analysis. In fact, the pair-wise test provided

evidence for significant differences between the

north-western and the north-eastern Mediterranean

only when the Black Sea data were considered

(pseudo-F = 1.684, P = 0.009). The north-western

and north-central Mediterranean and the north-

central and north-sastern Mediterranean showed

overall similar functional traits. The analysis

between the two fishing levels showed significant

results between exploited and non- to lightly

exploited ecosystems, both including and excluding

the Black Sea (pseudo-F = 6.023, P = 0.0001, and

pseudo-F = 9.218, P = 0.001), giving evidence for

the overall effects of fishing on the ecosystem traits

of the Mediterranean Sea. Results including year as

a factor did not show significant results. In addition,

the analysis highlighted a strong and significant

effect of the covariate (functional groups) with

ecosystem type, basin and fishing factors. Neverthe-

less, even given the variation of the indicators

because of the functional groups of the models,

there was still a significant variability detected.

Univariate PERMANOVA of each of the indicators

revealed differences on structural and functional
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traits between Mediterranean ecosystems classified

by using three of the four factors (Table 2). Several

indicators showed significant differences between

ecosystems types: TB decreased from lagoons to

deeper areas significantly (Fig. 4a), as well as TD

and TB/TST (Fig. 4b,e). On the contrary, PP/TST

(total primary production/TST) and mTLco1 (the

mean trophic level of the whole community)

increased from lagoons to deeper areas (Fig. 4c,f ).

TB/TD and mTLco2 (mTL of the consumers, with

TL‡II) showed higher values in the coastal areas

(Fig. 4d). We also found significant differences

between Mediterranean basins, such as an increase

in SD/TST (Sum of all flows into detritus/TST) and

mTLco1 from the north-western to the eastern side

(Fig. 5a,e). We also observed a decrease in SOI

(System Omnivory Index) from west to east, and the

mTLco2 was lowest in the north-central basin and

highest in the north-western (Fig. 5b,f). The effi-

ciency in which the energy is transferred from

lower to higher trophic levels was the lowest in the

central areas (mainly Adriatic Sea, Fig. 5c,d),

providing evidence for the higher production of

the Adriatic basin, and the lower primary produc-

tion of the east, in accordance with observed

productivity patterns (Bosc et al. 2004). We found

as well a decrease in TB from the west to the east

(Table 2). These results highlight large differences

on the structure and functioning of ecosystems

with depth and between basins because of produc-

tivity and environmental gradients in the Mediter-

ranean Sea. Exploited ecosystems showed lower

TB/TD, while a decreasing marginally significant

trend was also observed for TB, mTLco1 and

mTLco2 and an increasing trend was observed for

the TEpp (mean transfer efficiencies from primary

producers) (Table 2). Year as a factor did not have

significant effects. Interestingly as well, of the

sixteen ecological indicators included in the anal-

ysis, six indicators showed a strong and significant

effect of the covariate with the ecosystem type and

fishing factors, five showed an effect with the basin

factor and four showed an effect with the year

factor (Table 2). However, there was still a signif-

icant variability detected among ecosystem type,

basin and fishing. These results were similar when

the models of the Black Sea were included, with the

exception of mTLco2 and PP/TST, which did not

show significant results between ecosystems and

ecosystem-type factors, and TD was significantly

different between basins (Appendix S2 in online

Supporting Information).

Key species of Mediterranean marine ecosystems

Key species are those with important roles in the

food web and include keystone and structuring

species (Power et al. 1996). Keystone species are

defined as relatively low-biomass species with

disproportionate high effects on the food web

(Power et al. 1996; Libralato et al. 2006a), which

need to be distinguished from structuring functional

groups that have high effects because of their

biomass (Piraino et al., 2002). Results from Ecopath

models were used to calculate the absolute overall

effect of a species on the food web as the sum of all

the direct and indirect effects quantified through the

mixed trophic impact analysis (Ulanowicz and

Puccia 1990). The absolute overall effect together

with the biomass proportion of the functional group

was used to identify key species (or groups of

species) other than keystone indicator as proposed

by Libralato et al. (2006a). Appendix S3 (in online

Supporting Information) summarizes how keystone

species are identified quantitatively using Ecopath

results.

Results from the keystone indicator showed a

high variety of functional groups acting as

keystones in the Mediterranean Sea food webs

(Table 3). Top predators such as large fishes, marine

mammals and seabirds ranked high in several

ecosystems, especially in food webs representing

open sea areas such as the Adriatic Sea, Catalan

Sea, Aegean Sea, Ionian Sea and Black Sea. Seabirds

were also keystone species in coastal areas such as

the Venice Lagoon and the Bay of Calvi, Corsica.

Interestingly, small pelagic fish played important

roles in several models (Table 3), including the ones

developed to represent the Black Sea and various

open areas of the western, central and eastern

Mediterranean, because of their high overall effect

despite biomasses being not ‘disproportionately low’

(Power et al. 1996). Plankton and benthic inverte-

brates were also important in several case-studies,

and jellyfish were important groups in all the Black

Sea models, in line with time series of data docu-

menting the impact of these organisms in this basin

(Daskalov 2002; Gucu 2002; Kideys 2002).

These results also highlighted potential problems

in the weighting of biomass proportion in the index

proposed by Libralato et al. (2006a) which mea-

sures the degree to which a species is a keystone

species, labelled the ‘index of keystoneness’. The

methodology, however, can be made useful by

analysing estimates of absolute overall effects and

Ecosystem approach in the Mediterranean Sea M Coll and S Libralato

� 2011 Blackwell Publishing Ltd, F I S H and F I S H E R I E S , 13, 60–88 71



T
a

b
le

2
E

co
sy

st
em

p
ro

p
er

ti
es

o
f

th
e

M
ed

it
er

ra
n

ea
n

S
ea

(n
=

3
2

m
o

d
el

s,
ex

cl
u

d
in

g
th

e
B

la
ck

S
ea

a
n

d
th

e
G

u
lf

o
f

T
u

n
is

m
o

d
el

s
fr

o
m

T
a

b
le

1
).

sd
=

st
a

n
d

a
rd

d
ev

ia
ti

o
n

.
R

es
u

lt
s

b
y

y
ea

r

a
re

n
o

t
sh

o
w

n
b

ec
a

u
se

o
f

th
ey

w
er

e
n

o
t

si
g

n
ifi

ca
n

t.
R

es
u

lt
s

in
cl

u
d

in
g

B
la

ck
S

ea
m

o
d

el
s

a
re

sh
o

w
n

in
A

p
p

en
d

ix
S

2
(i

n
o

n
li

n
e

S
u

p
p

o
rt

in
g

In
fo

rm
a

ti
o

n
).

In
d
ic

a
to

rs

(m
e
a
n

±
s
d
)

E
c
o
s
y
s
te

m
ty

p
e

S
ig

.*

B
a
s
in

S
ig

.*

L
e
v
e
l
o
f

fi
s
h
in

g

S
ig

.*

L
a
g
o
o
n

C
o
a
s
ta

l
S

h
e
lf

S
h
e
lf
-s

lo
p
e

N
W

N
C

N
E

N
o
n
-/

lo
w

fi
s
h
in

g
F

is
h
in

g

M
e
a
n

s
d

M
e
a
n

s
d

M
e
a
n

s
d

M
e
a
n

s
d

M
e
a
n

s
d

M
e
a
n

s
d

M
e
a
n

s
d

M
e
a
n

s
d

M
e
a
n

s
d

T
S

T
3
9
1
2
3
.4

4
2
2
1
5
.2

1
5
0
7
0
.1

1
6
4
9
6
.1

4
0
6
6
.7

2
9
8
0
.1

3
8
9
3
.3

1
8
7
.7

0
.2

9
1
5
6
3
9
.3

1
6
5
5
9
.4

1
4
8
5
8
.8

3
1
4
9
1
.4

2
0
7
6
.4

3
2
3
.4

0
.2

9
1
2
2
1
2
.6

1
5
4
0
7
.0

1
4
5
5
5
.0

2
6
7
7
1
.6

0
.6

7

T
B

1
5
4
2
.0

1
3
6
1
.9

1
7
4
9
.2

3
2
8
7
.6

9
4
.1

4
9
.1

5
6
.6

9
.3

0
.0

0

(c
)

1
2
4
2
.6

2
5
5
5
.0

5
5
3
.7

1
0
9
4
.7

3
9
.9

6
.0

0
.1

3
1
4
6
4
.8

2
9
1
0
.1

4
6
7
.0

9
6
6
.0

0
.0

8

T
D

1
5
5
8
2
.3

7
2
2
7
.4

2
6
2
.5

2
0
8
.8

1
8
8
.1

1
8
0
.1

7
0
.0

0
.0

0
.0

0

(c
)

3
5
5
4
.6

6
8
8
8
.7

2
8
8
1
.3

7
4
5
5
.9

5
7
.1

2
2
.2

0
.0

9

(c
)

1
7
3
.4

1
0
5
.7

4
0
4
1
.4

7
6
0
5
.1

0
.2

4

(c
)

S
D

1
5
1
9
2
.6

1
9
3
4
3
.1

4
6
2
1
.4

4
7
7
3
.9

1
3
8
5
.5

9
9
9
.2

1
6
0
2
.0

2
5
.5

0
.4

3
4
7
8
0
.6

5
2
2
9
.9

6
2
8
4
.8

1
4
0
1
5
.5

6
9
2
.3

1
1
2
.7

0
.3

8
3
8
4
7
.4

4
4
3
0
.6

5
5
2
6
.5

1
1
6
3
4
.9

0
.6

0

P
P

3
4
6
1
3
.7

5
6
5
2
4
.4

3
7
0
3
.2

3
0
4
3
.1

1
1
4
6
.0

6
3
0
.6

1
5
6
7
.5

2
8
.9

0
.0

9
3
9
0
8
.6

3
3
4
9
.0

1
6
8
8
0
.5

4
2
2
2
7
.2

6
2
1
.7

7
4
.7

0
.4

9
3
1
0
3
.8

2
9
1
9
.1

1
2
4
1
1
.2

3
4
6
5
3
.1

0
.3

8

P
P

/T
S

T
0
.3

2
0
.0

8
0
.4

7
0
.5

3
0
.3

0
.0

6
0
.4

0
.0

1
0
.1

2

(c
)

0
.4

1
0
.4

1
0
.3

3
0
.0

9
0
.3

0
.0

1
0
.7

7

(c
)

0
.4

4
0
.4

7
0
.3

2
0
.0

8
0
.3

3

(c
)

S
D

/T
S

T
0
.3

7
0
.0

9
0
.3

0
.0

9
0
.3

5
0
.0

3
0
.4

1
0
.0

2
0
.0

8
0
.3

1
0
.0

8
0
.3

8
0
.0

7
0
.3

3
0

0
.0

4
0
.3

2
0
.0

9
0
.3

6
0
.0

7
0
.0

9

T
B

/T
D

0
.2

6
0
.2

3
2
0
.2

3
8
.3

0
.6

2
0
.2

0
.8

1
0
.1

3
0
.0

0

(c
)

1
1
.0

5
2
8
.9

7
0
.5

6
0
.3

5
0
.7

6
0
.2

5
0
.1

8

(c
)

1
7
.8

5
3
6
.0

8
0
.4

9
0
.2

8
0
.0

0

(c
)

T
B

/T
S

T
0
.0

8
0
.1

3
0
.1

2
0
.1

8
0
.0

3
0
.0

1
0
.0

1
0

0
.0

4
0
.0

8
0
.1

5
0
.0

6
0
.1

0
.0

2
0

0
.6

7
0
.1

1
0
.1

7
0
.0

5
0
.0

8
0
.1

8

S
O

I
0
.2

0
.0

9
0
.2

1
0
.0

8
0
.1

8
0
.0

3
0
.2

1
0
.0

1
0
.6

6
0
.2

4
0
.0

6
0
.1

7
0
.0

6
0
.1

5
0
.0

3
0
.0

2
0
.1

9
0
.0

9
0
.2

0
.0

5
0
.7

7

F
C

I
1
5
.3

8
1
0
.5

3
1
2
.6

1
1
0
.8

1
6
.2

1
8
.1

9
5
.9

0
.9

3
0
.3

9
1
3
.4

1
0
.6

1
3
.1

8
9
.1

9
1
7
.7

2
5
.7

9
0
.7

0
(c

)
1
2
.9

1
1
0
.6

7
1
4
.0

9
8
.9

9
0
.8

4

T
E

t
9
.0

3
4
.2

4
1
3
.4

9
6
.7

4
1
1
.2

2
3
.1

3
1
1
.8

5
1
.2

2
0
.5

1
1
3
.4

7
4
.0

1
9
.0

9
4
.0

3
1
2
.4

5
0
.0

5
1
0
.3

7
5
.9

5
1
1
.6

4
3
.7

9
0
.2

7

T
E

p
p

9
.0

9
4
.7

8
1
0
.8

7
4
.1

9
1
2
.6

6
4
.2

1
1
2
.1

5
0
.8

6
0
.7

2

(c
)

1
2
.2

7
1
.5

5
9
.3

6
4
.6

7
1
5
.7

4
.6

0
.0

2

(c
)

9
.7

2
4
.4

7
1
1
.8

7
3
.9

6
0
.0

8

(c
)

T
E

d
8
.3

4
4
.4

1
3
.8

7
7
.7

7
1
0
.5

1
3
.2

6
1
1
.7

8
2
.0

8
0
.3

8
1
3
.3

2
5
.3

4
8
.8

6
3
.9

9
1
0
.7

6
.2

2
0
.1

1

(c
)

1
0
.5

4
7
.0

4
1
1
.0

5
4
.1

5
0
.5

2

(c
)

m
T

L
c
o
1

1
.1

2
0
.1

1
1
.2

7
0
.1

4
1
.4

2
0
.1

1
1
.5

3
0
.1

1
0
.0

0

(c
)

1
.3

1
0
.2

2
1
.2

8
0
.1

4
1
.5

3
0
.1

4
0
.0

5

(c
)

1
.3

4
0
.1

8
1
.3

1
0
.1

9
0
.9

9

(c
)

m
T

L
c
o
2

2
.3

5
0
.1

2
.4

5
0
.1

2
2
.2

8
0
.1

3
2
.4

3
0
.1

4
0
.0

4
2
.4

6
0
.1

1
2
.2

8
0
.0

9
2
.3

4
0
.1

5
0
.0

0
2
.4

2
0
.1

5
2
.3

3
0
.1

3
0
.1

0

N
W

,
n
o
rt

h
-w

e
s
te

rn
;

N
C

,
n
o
rt

h
-c

e
n
tr

a
l;

N
E

,
n
o
rt

h
-e

a
s
te

rn
;

F
C

I,
F

in
n
’s

C
y
c
lin

g
In

d
e
x
;

S
C

,
s
o
u
th

-c
e
n
tr

a
l;

S
O

I,
s
y
s
te

m
o
m

n
iv

o
ry

in
d
e
x
;

T
B

,
to

ta
l
b
io

m
a
s
s
;

T
D

,
to

ta
l
d
e
tr

it
u
s
;

T
S

T
,

to
ta

l
s
y
s
te

m
th

ro
u
g
h
p
u
t.

*P
E

R
M

A
N

O
V

A
te

s
t.

In
b
o
ld

=
P

-v
a
lu

e
<

0
.0

5
,

in
b
o
ld

a
n
d

it
a
lic

s
=

P
-v

a
lu

e
<

0
.0

1
,

(c
)

=
s
ig

n
ifi

c
a
n
t

e
ff

e
c
t

o
f

th
e

c
o
v
a
ri
a
te

.

Ecosystem approach in the Mediterranean Sea M Coll and S Libralato

72 � 2011 Blackwell Publishing Ltd, F I S H and F I S H E R I E S , 13, 60–88



biomass proportion. In fact, these estimates might

be used to distinguish two kind of key species:

(i) keystone that have high overall effect but low

biomass and (ii) structuring functional groups with

high overall effects because of their high biomass

(Power et al. 1996; Piraino et al. 2002). The
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analysis of biomass proportion and overall effect

helped distinguishing these key groups in the

Mediterranean Sea (Figure 6a; black diamonds,

grey squares and open circles are indicating key-

stone, structuring and non-key species, respectively)

that might be difficult to disentangle in terms of

keystoneness index (Figure 6b). Ranking the func-

tional groups of the models that represent Mediter-

ranean marine ecosystems in terms of overall effects

(Figure 6c) highlighted that many key groups were

keystones having a low proportion of the biomass

(black diamonds and bars), whereas benthic pro-

ducers, such as Pleustophytes in Orbetello Lagoon,

(Brando et al. 2004) and benthic organisms, such as

in the Orbetello Lagoon and the Adriatic Sea,

(Brando et al. 2004; Coll et al. 2007) were mainly

key structuring species having a high proportion of

the biomass (grey squares and bars).

Overall, of the 627 analysed functional groups of

the ecosystem models that include fishing, 14 (2%)

were identified to be keystone groups following

Libralato et al. (2006a) and 23 (4%) were structur-

ing functional groups. Interestingly, in the 188

functional groups of non-fished (or slightly fished)

ecosystems, 11 (6%) emerged as keystones and 7

(4%) were structuring functional groups. These

proportions are in line with those that can obtain

from Figure 6c with the first 60 functional groups of

the models. Thus, we found a higher proportion of

keystone functional groups in non-fished or slightly

fished ecosystems in comparison with exploited

areas, despite a consistently stable proportion of

structuring species. This result is of particular

interest and may indicate that fishing negatively

affects keystone species and/or that the keystone

role is more prominent and distributed among

different functional groups in protected environ-

ments. This insightful result merits further study to

verify its generality.

Ecosystem impacts of fishing at a basin scale

Many of the EwE applications on the Mediterranean

Sea were developed to study and quantify the

ecosystem impacts of fishing. These studies con-

firmed that the Mediterranean Sea has been under a

high fishing impact (e.g. Libralato et al. 2002,

2008; Coll et al. 2006a,b, 2007, 2008d, 2009a,c,

2010b; Piroddi et al. 2010; Tsagarakis et al. 2010).

Taking advantage of the fact that EwE models

contained standardized information, we also anal-

ysed some indicators measuring fishing intensity

and impacts on the ecosystems in relation to the

above reported four factors: ecosystem type, basin,

fishing level and year. These indicators were as

follows: the mean trophic level of the catch (mTLc),

the gross efficiency (GE, catch/net p.p.), the primary

production required to sustain the catch (PPR%)

and the probability of an ecosystem being sustain-

ably fished (Psust) (Christensen 1995; Pauly and

Christensen 1995; Pauly et al. 1998; Christensen

and Walters 2004; Christensen et al. 2005; Cury

et al. 2005; Libralato et al. 2008). We also included

total catch (TC, t km)2 year)1) as an indicator of

fishing pressure, and we followed the procedure

described above to perform the analysis with PER-

MANOVA, including the total number of functional

groups as a covariate.

The analysis testing for differences of factors using

all fishing indicators together showed an overall

difference between ecosystem types including or not

including the Black Sea in the analysis (pseudo-

F = 4.154, P = 0.0003, pseudo-F = 4.4003, and

P = 0.001, respectively). The pair-wise test evidenced

significant differences between coastal areas and

continental shelves (pseudo-F = 2.279, P = 0.026,

and pseudo-F = 2.297, P = 0.032). Significant dif-

ferences between lagoons and shelves/slope ecosys-

tems, between coastal areas and continental shelves,

and between coastal areas and shelves/slopes were

shown including the Black Sea (pseudo-F = 1.928,

P = 0.024, pseudo-F = 2.789, P = 0.001, and pseu-

do-F = 1.799, P = 0.041, respectively). When we

excluded this area from the analysis, only the

difference between coastal areas and continental

shelves was still significant (pseudo-F = 2.789,

P = 0.0002). The analysis testing for differences of

fishing impacts by basins showed overall significant

differences between basins only when the Black

Sea was included (pseudo-F = 2.643, P = 0.034).

The pair-wise tests showed that these differences were

observed between the north-central and the

north-eastern Mediterranean (pseudo-F = 1.805,

P = 0.036). The analysis testing for differences on

fishing impacts by exploited or non/lightly exploited

ecosystems showed differences both when including

and excluding the Black Sea (pseudo-F = 6.033, P =

0.003, and pseudo-F = 10.51, P = 0.0001, respec-

tively). When the Black Sea was included, we found

significant results between year levels (pseudo-

F = 3.119, P = 0.014) suggesting that, overall,

fishing indicators have changed with time. Results

showed again a strong and significant effect of the

covariate (functional groups) with ecosystem type,
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basin, fishing factors and year. Nevertheless, even

given the variation of the indicators because of the

functional groups of the models, there was still a

significant variability detected.

Univariate PERMANOVA of each of the indicators

revealed few differences of Mediterranean sites

between ecosystem types regarding fishing indica-

tors (Table 4). Ecosystem types showed different

PPR% (Figure 7a), which was the lowest in coastal

areas because of inclusion of protected sites and the

highest in shelf ecosystems, and TC decreased from

lagoons to deeper areas (Figure 7b). These results

evidence the high catch of primary producers from

some of our models representing lagoon ecosystem

with intense algal harvesting, such as Orbetello

Lagoon (Brando et al. 2004), and coastal areas with

aquaculture activities, such as Aranci Bay (Dı́az

López et al. 2008). Differences in fishing indicators

between exploited and non- to lightly exploited

ecosystems were evident for PPR%, Psust and TC

(Figure 7c,d,e), with high PPR% and catch and low

sustainability in highly exploited ecosystems. In

addition, the mTLc was notably higher in non/

lightly exploited ecosystems (mTLc = 3.72 ± 0.25)

in comparison with highly exploited ones

(mTLc = 2.78 ± 0.67) (Figure 7f), as has been

previously documented by Pauly et al. (1998). We

did not find significant differences between basins

and between years regarding fishing indicators,

and fishing indicators were robust to model con-

figurations because the covariate did not influence

results significantly (Table 4). Similar results were

observed when the models of the Black Sea were

included in the analysis, with the exception of

mTLc and TC, which showed significant differences

between basins (Appendix S4 in online Supporting

Information).

Challenges and future research

There is an important set of modelling applications

in the Mediterranean Sea using EwE tools.

Although applications for the study of the effects

of fishing are prominent, they varied notably on the

scope and regional coverage and were applied to

assess different scientific questions at different

scales.

EwE applications started in the early 1990s in

lagoons and coastal areas to tackle important

environmental problems such as the introduction

of alien species, eutrophication, pollution and the

impacts of fishing and of aquaculture. Afterwards,

applications moved towards deeper areas, mainly to

assess the ecosystem impacts of fishing and alter-

native management options including the establish-

ment of marine protected areas, and taking into

account climatic changes. These applications dem-

onstrated the utility of EwE models to advance

towards an ecosystem-based approach to marine

resources (EAM) in the Mediterranean Sea because

they covered essential topics and integrate human

activities within the ecosystem context, evaluating

their impact along the food web and including

commercial and non-commercial organisms. This is

required not only to evaluate comprehensively the

effects of a stressor on ecosystems including indirect

effects but also when the effects of different stressors

and environmental variability have to be evaluated

simultaneously.

Therefore, existing applications of the EwE model

can provide insights about Mediterranean ecosys-

tems that may be important for management,

especially regarding fishing activities (Cochrane

and de Young 2008). For example, ecological

indicators highlighted that apex predators such as

seabirds and cetaceans may be keystone species in

the Mediterranean Sea, and thus important popu-

lation declines of these groups (e.g. Cooper et al.

2003; Bearzi et al. 2008) may be unsustainable at

an ecosystem level. Small pelagic fish were identified

as key species at mid-trophic levels, and models

illustrated how food web features such as flow

control and trophic interactions, fishing activity and

environmental factors played significant roles in

driving small pelagic fish dynamics over time (Coll

et al. 2008e, 2009c; Piroddi et al. 2010). Therefore,

the high exploitation rates on these groups (Palo-

mera et al. 2007) can cause important impacts on

the structure and functioning of Mediterranean

marine ecosystem. In addition, model results

regarding fishing showed the important impacts of

this activity in all Mediterranean areas. Fishing can

cause important changes in the food web traits and

may be translated into proliferation of species that

are not as commercially valuable as the ones that

were depleted or that can have important socioeco-

nomic impacts, such as jellyfish. Existing models

can be easily used in the near future to develop

applications dedicated to tacked specific conserva-

tion issues of ecologically important species and to

perform comparisons of subsets of models.

Available EwE models also provided an impor-

tant set of coherently organized information on

ecosystems that can be further used to investigate

Ecosystem approach in the Mediterranean Sea M Coll and S Libralato
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ecosystem properties of the Mediterranean Sea. We

illustrated how this information may be useful to

generate further knowledge. For example, we

found notable differences in ecosystem structure

and functioning between ecosystem types, and

some ecological differences were observed between

western and eastern basins. These results are

important in the EAM context because different

ecosystems may respond differently to management

initiatives and regulations. Moreover, ecosystem

traits were different overall between non- or

slightly exploited and highly exploited ecosystems

demonstrating the ecosystem effects of protection,

although we did not find significant differences

with time, which may be a response to the

important changes that have taken place in

Mediterranean ecosystems before the 1960s (e.g.

Lotze et al. 2011).
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Figure 6 Functional groups of the Mediterranean models in terms of (a) absolute overall effects versus biomass proportion,

and (b) and keystoneness versus relative overall effect. In (c) the first 60 groups ranking high in terms of overall effect are

represented (Note that some models might have more than one FG and some models have none). Clearly identified

keystones (with high overall effect and low biomass) are in black diamonds and bars, structuring species (with high overall

effect due to high biomass) are in grey squares and bars.
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Our results also showed the existence of

important limitations of Mediterranean EwE appli-

cations. One of these limitations is related to the

fact that fewer ecosystem studies have been

developed to represent non-exploited marine eco-

systems. Thus, studies in non-fished ecosystem are

needed to provide a reference point for how

Mediterranean marine ecosystems are structured

and how they function in the absence of fishing

or when other human impacts are low. EwE

applications are almost absent from the southern

and the most eastern sites of the Mediterranean.

Future research will benefit from the wider

application of the EwE methodology in the Med-

iterranean basin with new case-studies and will

make it possible to extend our comparisons in

fruitful meta-analyses, as was carried out, for

example, with existing worldwide models using a

new measure of ecosystem effects of fishing

(Tudela et al. 2005; Coll et al. 2008c; Libralato

et al. 2008). The addition of more models to

describe traits of the Mediterranean Sea will allow

the reinforcement of such analyses and to set new

references for the basin itself, while accounting for

its peculiarities.

Given that even ‘relatively imprecise models,

coupled with a thoughtful exploration of uncer-

tainty, can advise and inform policy decisions’

(Essington 2007), the assessment of uncertainty of

model inputs and propagation of errors is of

overwhelming importance and should be included

in future ecosystem modelling exercises and appli-

cations as has been already carried out in few

applications (e.g. Coll et al. 2008a; Ciavatta et al.

2009). Although the constrains because of data

availability is a recognized issue, fitting models to

time series of data for their validation should be

considered as a priority in the future. Moreover, to

move towards more realistic representation of

marine ecosystems and given the general impor-

tance of spatial management (e.g. MPA), the

application of spatio-temporal dynamics for captur-

ing spatial ecosystem features and patterns should

be pursued. The link of EwE with biogeochemical

and hydrodynamic models will allow accounting for

possible synergistic effects of impacts, including
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climate change and nutrient inputs. First attempts

to couple biogeochemical and EwE models have

shown promising potential to link low and high

trophic levels in an end-to-end description of

ecosystems (Libralato and Solidoro 2009; Libralato

et al. 2010a). The challenges and drawbacks of this

linkage, however, have not yet been revealed in all

their detail, and thus future progress, applications

and insights are expected in this field.

We conclude that EwE models have been widely

applied in the Mediterranean Sea to analyse rele-

vant issues under the context of an EAM approach,

were used to illustrate results of management

options and can be useful to derive further knowl-

edge at the ecosystem level. Despite this, modelling

tools are not yet being used for real management of

marine resources in the Mediterranean Sea. It is

hoped that the growing interest and attention in

developing ecosystem models, and the accumula-

tion of ecosystem-based knowledge that has

occurred over the past decades, will be translated

into useful applications of models towards a real

implementation of an ecosystem-based manage-

ment of Mediterranean marine resources in the

future.
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Naturelle, Paris.

Ben Rais Lasram, F., Guilhaumon, F., Somot, S., Thuiller,

W. and Mouillot, D. (2010) The Mediterranean Sea as a

‘‘cul-de-sac’’ for endemic fishes facing climate change.

Global Change Biology 16, 3233–3245.

Bethoux, J.P. (1979) Budgets of the Mediterranean Sea -

their dependance on the local climate and on the

characteristics of the Atlantic waters. Oceanologica Acta

2, 157–163.

Ecosystem approach in the Mediterranean Sea M Coll and S Libralato

82 � 2011 Blackwell Publishing Ltd, F I S H and F I S H E R I E S , 13, 60–88



Bianchi, C.N. (2007) Biodiversity issues for the forthcom-

ing tropical Mediterranean Sea. Hydrobiologia 580, 7–

21.

Bianchi, C.N. and Morri, C. (2000) Marine biodiversity of

the Mediterranean Sea: Situation, problems and pros-

pects for future research. Marine Pollution Bulletin 40,

367–376.

Blondel, J. and Aronson, J. (2005) Biology and Wildlife of

the Mediterranean Region, Vol. Oxford University Press,

USA.

Booth, S. and Zeller, D. (2005) Mercury, food webs and

marine mammals: implications of diet and climate

change for human health. Environmental Heath Perspec-

tives 113, 521–526.

Bosc, E., Bricaud, A. and Antoine, D. (2004) Seasonal and

interannual variability in algal biomass and primary

production in the Mediterranean Sea, as derived from 4

years of SeaWiFS observations. Global Biogeochemical

Cycles 18, 17 pp, doi:10.1029/2003GB002034.

Botsford, L.W., Castilla, J.C. and Peterson, C.H. (1997) The

management of fisheries and marine ecosystems. Science

277, 509.

Boudouresque, C.F. (2004) Marine biodiversity in the

Mediterranean: status of species, populations and com-

munities. Scientific Reports of Port-Cros National Park,

France 20, 97–146.

Brando, V.E., Ceccarelli, R., Libralato, S. and Ravagnan, G.

(2004) Assessment of environmental management

effects in a shallow water basin using mass-balance

models. Ecological Modelling 172, 213–232.

Browman, H.I., Cury, P.M., Hilborn, R. et al. (2005a)

Perspectives on ecosystem-based approaches to the

management of marine resources. Marine Ecology Pro-

gress Series 274, 269–303.

Browman, H.I., Stergiou, K.I., Agardy, T. et al. (2005b)

Politics and socio-economics of ecosystem-based man-

agement of marine resources. Marine Ecology Progress

Series 300, 241–296.

Carrer, S. and Opitz, S. (1999) Trophic network model of a

shallow water area in the northern part of the Lagoon of

Venice. Ecological Modelling 124, 193–219.

Carrer, S., Halling-Sørensen, B. and Bendoricchio, G.

(2000) Modelling the fate of dioxins in a trophic

network by coupling an ecotoxicological and an Ecopath

model. Ecological Modelling 126, 201–224.

Christensen, V. (1995) Ecosystem maturity - towards

quantification. Ecological Modelling 77, 3–32.

Christensen, V. and Pauly, D. (1992) ECOPATH II - A

software for balancing steady-state ecosystem models

and calculating network characteristics. Ecological Mod-

elling 61, 169–185.

Christensen, V. and Pauly, D. (1993) Trophic models of

aquatic ecosystems, Vol. ICLARM Conference Proceedings.

Christensen, V. and Pauly, D. (2004) Placing fisheries in

their ecosystem context, an introduction. Ecological

Modelling 172, 103–107.

Christensen, V. and Walters, C. (2004) Ecopath with

Ecosim: methods, capabilities and limitations. Ecological

Modelling 72, 109–139.

Christensen, V., Walters, C.J. and Pauly, D. (2005) Ecopath

with Ecosim: A User’s Guide. University of British

Columbia, Fisheries Center, Vancouver, 154.

Christensen, V., Walters, C.J., Ahrens, R. et al. (2009)

Database-driven models of the world’s Large Marine

Ecosystems. Ecological Modelling 220, 1984–1996.

Christian, R. and Luczkovich, J. (1999) Organizing and

understanding a winter’s seagrass foodweb network

through effective trophic levels. Ecological Modelling

117, 99–124.

Ciavatta, S., Lovato, T., Ratto, M. and Pastres, R. (2009)

Global uncertainty and sensitivity analysis of a food-web

bioaccumulation model. Environmental Toxicology and

Chemistry 28, 718–732.

CIESM (1999) Precautionary Approach to Local Fisheries in

the Mediterranean Sea, Vol. CIESM Workshop Series,

Kerkenna Island (Tunisia).

CIESM (2000) Fishing Down the Mediterranean Food Webs?

CIESM commission,, Kerkyra, pp. 26–30.

CIESM (2008) Climate Warming and Related Changes in

Mediterranean Marine Biota, Vol. CIESM Workshop

Monographs, Monaco.

Clarke, K.R. and Gorley, R.N. (2006) PRIMER v6: User

Manual/Tutorial (Plymouth routines in multivariate ecolog-

ical research), Vol. Primer-E Ltd., Plymouth.

Cochrane, K. and de Young, C. (2008) Ecosystem

approach to fisheries management in the Mediterra-

nean. United Nations Food and Agriculture Organization.

Options Mediterranean Series 62, 71–85.

Coll, M. (2006) Trophic web modelling and ecological

indicators for assessing ecosystem impacts of fishing in

the Mediterranean Sea. PhD Thesis, Autonomous Uni-

versity of Barcelona, Spain.

Coll, M., Palomera, I., Tudela, S. and Sardà, F. (2006a)
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douresque, C. and Pérez, T. (2010) Climate change

effects on a miniature ocean: the highly diverse, highly

impacted Mediterranean Sea. Trends in Ecology & Evo-

lution 25, 250–260.

Libralato, S. (2004) Marine ecosystem functioning ana-

lyzed by means of indicators and models. PhD Thesis,
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