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ABSTRACT: We used a process-oriented model (Ecosim) to characterize changes in marine resources
in the north-central (NC) Adriatic Sea (Mediterranean) from 1975 to 2002, and to explore the extent
to which these changes were driven by trophic interactions, environment and ﬁshing. Fishing efforts
and ﬁshing mortalities were used to drive the ecosystem model, and available biomass and catch data
were compared to the model predictions. We calibrated and assessed the ﬁt of the model using the
sum of the squared deviations of the observed and predicted biomass values. Trophodynamic indicators were then calculated and used to analyse changes to the ecosystem. Trophic interactions, ﬁshing,
and environmental conditions were important driving factors of the ecosystem. Predictions from the
model adequately matched observed biomass and catch data for each year. Observed trends and predicted data for biomasses decreased with time for several species, including Norway lobster, hake,
red mullets, ﬂatﬁsh, and anchovy. The environmental functions resulting from the ﬁtting procedure
predicted that primary production and nutrients increased beyond the baseline from 1975 level, and
then showed a decrease. They were negatively correlated with mean sea surface temperature and
positively correlated with the Mediterranean Oscillation Index. Our results suggested that the NC
Adriatic ecosystem became more degraded over time due to expanding ﬁshing effort, bottom-up
effects, and climatic anomalies. Possible mechanisms involved are discussed. Comparing our ﬁndings
with descriptions of the south Catalan Sea ecosystem showed certain similarities between these 2
Mediterranean ecosystems and revealed unique features of the Adriatic Sea.
KEY WORDS: Food-web modelling · Ecopath with Ecosim · Fishing impacts · Environmental factors ·
Ecosystem indicators · Adriatic Sea · Mediterranean
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INTRODUCTION
The north-central (NC) region of the Adriatic Sea
constitutes the widest continental shelf in the Mediterranean Sea (Pinardi et al. 2006) and features a diversity
of environmental habitats. This environmental diversity is reﬂected by the great marine biodiversity (Ott
1992), and ﬁshing from the area is of great economic
interest to Italy and other European countries (Bombace 1992).
Notable changes in abundance and biomass of
marine organisms have been described for the Adriatic
Sea, due primarily to environmental changes and the
impact of ﬁshing. On the one hand, ﬁshing catch

increased from the mid-1970s to the mid-1980s due to
an overall increase in catch, especially of small pelagic
ﬁsh. This increase was followed by ﬂuctuations in
annual catch. Since the late 1980s, catch progressively
declined primarily due to a decrease in the biomass of
small pelagic ﬁsh, particularly anchovy Engraulis
encrasicolus, sardine Sardina pilchardus (Cingolani et
al. 1996, Azzali et al. 2002, Santojanni et al. 2003,
2005), and demersal ﬁsh (Coll et al. 2007). Several
demersal target species are known to be overexploited
(e.g. Jukić-Peladić et al. 2001, Vrgoć et al. 2004, Bombace & Grati 2007), and a large amount of discards is
produced (Wieczorek et al. 1999, Pranovi et al. 2001,
Tudela 2004).
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On the other hand, environmental factors notably
affect primary and secondary production in the Adriatic Sea (e.g. Agostini & Bakun 2002, Santojanni et al.
2006a, Grbec et al. 2002, 2008, Marasović et al. 2005).
Runoff from the Po River inﬂuences the productivity of
the marine ecosystem and has been linked to anchovy
landings during its spawning season in the northern
areas (Revelante & Gilmartin 1977, Santojanni et al.
2006a). Anchovy spawning is greatest along the western Adriatic basin where primary production is highest. Water circulation and primary productivity may
indeed regulate the intensity of anchovy spawning
(Regner 1996). Po river runoff and sardine recruitment
are also weakly correlated (Santojanni et al. 2006b). In
the southeastern Adriatic Sea, northern hemisphere
climate ﬂuctuations were related to the amount of
small pelagic ﬁsh landings. The advection of Levantine
Intermediate Water (LIW), which sinks to intermediate
depths of 300 to 500 m due to its salinity and density
(Artegiani et al. 1997), was correlated with increased
production and ﬁsh abundance (Marasović et al. 1995,
Grbec et al. 2002). The progressive increase in water
temperature of the Adriatic Sea (Smith & Reynolds
2004) may cause increasing abundance of certain
warm-water species and the disappearance of less
heat-tolerant species (Dul<ić et al. 1999). These environmental changes may intensely inﬂuence ﬁsh species dynamics (Grbec et al. 2002, 2007, 2008).
Target and non-target species show complex interactions, and environmental factors can intensely inﬂuence ecosystem dynamics. Fishing can cause direct
and indirect ecological impacts that may be synergistic
to oceanographic modiﬁcations and anthropogenic or
natural disturbances (Cury et al. 2003). To advance our
understanding of the NC Adriatic Sea ecosystem, a
mass-balance model was recently developed (Coll et
al. 2007). It included the best available data, and represented the marine food web of the mid-1990s, after the
collapse of the anchovy stock and the decrease of other
small pelagic ﬁsh species in the area (Cingolani et al.
1996, Azzali et al. 2002, Santojanni et al. 2003, 2005).
This ecosystem model established a baseline for the
NC Adriatic Sea, from which temporal simulations may
be developed using dynamic modelling tools to
explore the ecological roles of different factors. The
ecosystem modelling tool Ecopath with Ecosim (EwE)
(Christensen & Walters 2004) has led to substantial
progress in incorporating temporal dynamics into
ecosystem analyses while accounting for trophic interactions, exploitation, and environmental conditions
(Walters et al. 1997). The temporal dynamic module
Ecosim allows researchers to calibrate and ﬁt models to
available time series data while exploring the contribution of different ecosystem drivers to marine
resource dynamics (e.g. Heymans 2004, Shannon et al.

2004, Araújo et al. 2006, Guénette et al. 2006). The
ability to calibrate and ﬁt ecological models increases
conﬁdence in model predictions, and can be used to
analyze ecosystem dynamics.
To explore the drivers of changes in Adriatic marine
resources, we extended the available mass-balance
model of the NC Adriatic Sea to reﬂect changes over
time. We calibrated and ﬁtted this time-dynamic model
with the time series data from 1975 to 2002. Trophodynamic indicators were used to analyze temporal
dynamics of the food web. The 3 major aims of this
study were (1) to explore the dynamics of marine
resources in the NC Adriatic Sea from 1975 to 2002
considering ﬁshing and environmental factors as primary external drivers, (2) to quantify the structural and
functional changes of the ecosystem using indicators
obtained from modelling simulations, and (3) to formulate generalities by comparing these results with
changes described for the northwest Mediterranean
Sea (Coll et al. 2008a). This comparison was performed
with similarly derived results from the south Catalan
Sea. The Mediterranean Sea, a large marine ecosystem, is highly heterogenic. While some similarities
occur, regional differences are important (Agostini &
Bakun 2002, Bosc et al. 2004). The Adriatic Sea differs
greatly from the northwestern Mediterranean Sea,
including different geographic and oceanographic patterns (e.g. showing a wider continental platform with
shallower waters and lower water exchange with other
Mediterranean water bodies), environmental conditions (e.g. higher temperatures and salinity), and ecological features (e.g. higher primary and secondary
production). These differences also translate into differences in ﬁshing activity (Papacostantinou & Farrugio 2000, Pinardi et al. 2006). Comparison of the NC
Adriatic with the Catalan Sea allowed us to highlight
similarities and differences in marine resource trends
in these 2 subsystems of the Mediterranean basin during the last 3 decades. This constitutes the ﬁrst comparison of 2 trophodynamic models calibrated and ﬁtted to time series data in this basin and allows an
in-depth analysis of biological changes of these
ecosystems facing anthropogenic pressures and widespread climatic events.

MATERIALS AND METHODS
Area of study. We chose the NC Adriatic Sea as a
study area because it has largely consistent ecological
and ﬁshing characteristics (Bombace 1992). We considered a depth range between 10 and 200 m (mean
depth 75 m) and covered approximately 55 500 km2
(Fig. 1). The area within 3 n miles from the coast and
less than 10 m depth, where the artisanal ﬂeets mainly
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Fig. 1. The north-central (NC) Adriatic Sea. Study area highlighted in light grey, land in dark grey

operate and trawling is banned, were excluded from
the western study area. The area within 12 nm from
the coast, i.e. the Croatian territorial waters with its
rocky archipelagos, was excluded from the eastern
study area. Due to river runoff and oceanographic conditions, the NC Adriatic Sea exhibits 2 gradients of
nutrient content and production (north to south and
west to east) (Zavatarelli et al. 1998). Water circulation
in this region is generally baroclinic and 3 primary
water bodies have been identiﬁed in the Adriatic Sea
(Artegiani et al. 1997): surface water, deep water, and
modiﬁed Levantine Intermediate Water. Several studies inform on distribution and abundance of marine
fauna and ﬂora of the NC Adriatic Sea (e.g. Riedl 1986,
5upanović & Jardas 1989, Groombridge 1990, Zotier et
al. 1999, Jukić-Peladić et al. 2001, Bearzi et al. 2004).
Mass balance and temporal dynamic modelling. Following the procedure described in Coll et al. (2008a), a
mass-balance trophic model representing the annual
conditions in NC Adriatic Sea during the last half of the
1990s (Coll et al. 2007) was extended back to 1975, incorporating historical information (Scaccini 1965, Arneri
1981, Piccinetti & Piccinetti Manfrin 1984, 5upanović &
Jardas 1989, 2imunović 1997, Azzali et al. 2002, Cingolani et al. 2002a, Santojanni et al. 2003) and biological
data from the Istituto di Scienze Marine-Sede di Ancona.
Modiﬁed input-biomass values (Bi ), several production/
biomass (P/B) i and consumption/biomass ratios (Q/B) i, as
well as catch (Yi ), and output parameters of the model
from 1975 are shown in Table 1. Initial diet information
was taken from the model for the 1990s, based on scientiﬁc literature (Coll et al. 2007). This new ecological
model provided the initial conditions used in performing
the trophodynamic simulation described below.
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The 1975 model was composed of 40 functional
groups (deﬁned as species, groups of species, or developmental stages of species), representing the main
trophic components of the ecosystem, from primary
producers to top predators. These functional groups
included natural detritus and discards from ﬁshing
activities. The most common ﬁshing activities performed by regional operating ﬂeets were also included
in the analysis (bottom and beam trawls, mid-water
trawls, purse seines and tuna ﬁshing ﬂeets). Migratory
patterns of large pelagic ﬁsh and seabirds were considered by modelling a proportion of the diet composition of these groups as imports to the ecosystem, and
by describing a migratory ﬂux of production in the area
(Coll et al. 2007).
Enough data was available only for hake to
describe 2 age groups within the model: namely, the
vulnerable ‘hake (1)’ group of ﬁsh < 40 cm in length
mainly caught by trawling, and non-vulnerable ‘hake
(2)’ group of ﬁsh > 40 cm, which is mainly not ﬁshed.
Production/biomass ratio (P/B)i and diet composition
were recorded for both groups, and biomass Bi and
consumption/biomass ratio (Q/B)i were recorded only
for ‘hake (1)’ (Abella et al. 1997, Caddy & Abella
1999, Vrgoć et al. 2004). To ensure consistency between ontogenetic groups, multiple stanza representation was used in the modelling procedure (Christensen & Walters 2004). Moreover, several novel
ecological parameters from previously published
models were introduced to our hake analysis, namely
the annual value from the von Bertalanffy growth
function (k = 0.16) and the ratio of weight at maturity
to the weight at inﬁnity (Wmat /Winf = 0.055; Vrgoć et
al. 2004).
The Ecopath and Ecosim approach (EwE) version 5.1
(Christensen & Walters 2004) was used to ensure
energy balance of the new model. The model equation
is as follows:
Pi = ∑ B j M 2ij + Yi + E i + BAi + Pi (1 − EE i )

(1)

j

EwE divides the production (P ) of the ith component,
or functional group (i), into predation mortality (M2ij ),
caused by the biomass of the other predators (Bj );
exports from the system from ﬁshing catches (Yi ), and
emigration (Ei ); biomass accumulation in the ecosystem (BAi ); and other mortality (1 – EEi ), where EEi is
the ecotrophic efﬁciency of the group within the system, or the proportion of the production Pi that is
exported out of the ecosystem (i.e. by ﬁshing activity)
or consumed by predators.
Eq. (1) can be expressed as:
B ( P /B )i =

∑j B j (Q /B) j DC ij + Yi + E i + BAj + Bi (P /B)i (1 − EE i )

(2)
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Table 1. Input (regular) and output (italic) parameters for the ecosystem components used in the north-central (NC) Adriatic Sea
model (1975). B: biomass (t km–2), P/B: production/biomass ratio (yr–1), Q /B: consumption/biomass ratio (yr–1), EE: ecotrophic
efﬁciency, U/Q: unassimilated food, landings and discards expressed in t km–2 yr–1, TL: trophic level
Functional
group
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
a

Phytoplankton
Micro- and mesozooplankton
Macrozooplankton
Jellyﬁsh
Suprabenthos
Polychaetes
Commercial bivalves and gastropods
Benthic invertebrates
Shrimps
Norway lobster
Mantis shrimp
Crabs
Benthic cephalopods
Benthopelagic cephalopods
Hake (1)
Hake (2)
Other gadiformes
Red mullets
Conger eel
Anglerﬁsh
Flatﬁsh
Turbot and brill
Demersal sharks
Demersal skates
Demersal ﬁsh (1)a
Demersal ﬁsh (2)a
Benthopelagic ﬁsha
Anchovy
Sardine
Other small pelagic ﬁsh
Horse mackerel
Mackerel
Atlantic bonito
Large pelagic ﬁsh
Dolphins
Loggerhead turtle
Sea birds
Discards
By-catch
Detritus

B

P/B

Q/B

16.658
9.512
0.545
2.172
1.010
9.984
0.893
79.763
0.338
0.037
0.049
0.542
0.153
0.060
0.200
0.23
0.243
0.061
0.008
0.018
0.070
0.037
0.055
0.069
0.285
0.127
0.658
2.529
4.518
1.071
1.346
0.638
0.300
0.117
0.012
0.032
0.001
0.733
0.004
200.0

69.07
24.00
21.28
14.60
8.40
1.90
1.06
1.06
3.21
1.25
1.50
2.44
2.96
3.11
1.00
0.50
1.59
1.90
1.92
1.04
1.43
1.43
0.63
1.11
2.40
2.40
1.07
0.87
0.75
1.10
0.99
0.99
0.39
0.37
0.08
0.17
4.61

61.00
53.14
50.48
54.36
11.53
3.13
3.13
7.20
4.56
4.56
5.00
6.00
26.47
4.34
1.90
4.38
8.02
6.45
4.58
9.83
5.34
4.48
7.08
7.68
5.68
7.99
11.02
9.19
11.29
7.57
6.09
4.54
1.99
11.01
2.54
69.34

EE

0.34
0.88
1.00
0.17
1.00
0.11
0.01
0.05
0.95
0.98
0.67
0.99
0.99
0.61
0.99
0.00
0.34
0.54
0.86
0.96
0.99
0.95
0.99
0.44
0.99
0.95
0.95
0.99
0.83
0.49
0.29
0.52
0.00
0.00
0.23
0.76
0.22
0.37
0.00
0.45

U/Q

0.40
0.16
0.10
0.27
0.58
0.43
0.43
0.20
0.20
0.20
0.20
0.13
0.35
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.30
0.30
0.30
0.30
0.20
0.20
0.20
0.20
0.20
0.20
0.20

Landings

Discards

0.011
0.025
0.028
0.031
0.006
0.180
0.080
0.181
0.075
0.060

0.009
0.009

0.004

0.017
0.042
0.0100

0.018
0.090
0.019
0.034
0.029
0.274
0.033
0.039
0.727
0.767
0.044
0.042
0.009
0.002
0.006

0.069

0.001
0.004
0.003
0.021
0.001

0.0002
0.004
0.001

TL

1.00
2.05
3.03
2.66
2.11
2.00
2.00
2.00
3.03
3.69
3.26
2.96
3.25
4.13
3.98
4.10
3.34
3.13
4.16
4.49
3.81
4.12
4.00
4.12
3.29
3.62
3.69
3.05
2.97
3.23
3.46
3.31
4.04
4.23
4.27
3.01
4.12
1.00
1.00
1.00

Deﬁned performing multivariate analysis (Coll et al. 2007)

where (P/B)i indicates the production of i per unit of
biomass, and is equivalent to total mortality (Z ) under
steady-state conditions (Allen 1971); (Q/B)i is the consumption of i per unit of biomass; and DCij indicates
the proportion of i that is in the diet of predator j in
terms of volume or weight. EwE parameterizes the
model by describing a system of linear equations for all
the functional groups in the model, where for each
equation at least 3 of the basic parameters Bi , (P/B)i ,
(Q/B)i or EEi must to be known for each group i. The
unassimilated food rate or the fraction of the food consumption not assimilated (U/Q) and the fate of detritus
are also required parameters in this model. The energy

balance within each group is guaranteed when consumption by group i equals production by i, respiration
by i, and food unassimilated by i.
The NC Adriatic Sea ecosystem model extending to
1975 was then used to analyze the main temporal
dynamics of the food web. The model was calibrated
and ﬁtted for the period 1975 to 2002 using the temporal dynamic module Ecosim (Walters et al. 1997).
Ecosim uses a system of time-dependent differential
equations from the baseline mass-balance model, where
the biomass growth rate is expressed as:
dBi /dt = (P /Q )i ∑ Q ji − ∑ Qij + I i − (M i + Fi + ei ) Bi

(3)
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where (P/Q)i is the gross efﬁciency; Mi is the natural
non-predation mortality rate; Fi is the ﬁshing mortality
rate; ei is the emigration rate; I i is the immigration rate;
and Bi is the biomass of the functional group i. Calculations of consumption rates (Qij) are based on the ‘foraging arena’ theory, where the biomass of prey i is
divided into vulnerable and a non-vulnerable fractions
(Walters & Juanes 1993). Vulnerabilities (νij) express
the maximum increase in predation mortality under
conditions of high predator/prey abundance. Low vulnerability (close to 1) indicates that an increase in
predator biomass will not result in any substantial
increase in predation mortality, and can be related
with bottom-up effects. High vulnerability indicates
that if the predator biomass is doubled, it will result in
an approximate doubling of the predation mortality for
a given prey species, and can be related with top-down
effects (Christensen et al. 2005). A limit to consumption
rate can be introduced by modifying default behavioural parameters (e.g. the effective search rate of species, feeding time, and handling time), or by including
seasonal or long term forcing effects and mediation
functions (Christensen et al. 2005). By calculating the
consumption of each functional group, Ecosim allows
us to consider different mechanisms of ﬂow control, the
ecological behaviour of organisms, and forcing elements such as environmental variables. A review of
EwE approach, capabilities and limitations can be

found in Christensen & Walters (2004), Christensen et
al. (2005) and Plagányi (2007).
Calibration procedure and simulations. The following procedure modiﬁed from Shannon et al. (2004) and
Araújo et al. (2006), and similar to the one followed in
Coll et al. (2008a), was applied to calibrate the model
of the NC Adriatic Sea (Table 2) for the period 1975 to
2002. A reduction in the sum of squared deviations (SS)
of observed log biomass from predicted log biomass
values was used as a metric in assessing the ﬁt of the
model (Christensen et al. 2005):
(1) Input of data: data was read into EwE from csv
ﬁles. Fishing effort and mortality data were used to
drive the model from 1975 to 2002. To assess the ﬁt of
the model, absolute and relative biomass data were
compared to predicted model results, and the baseline
goodness-of-ﬁt of the model was calculated (SSi, i =
initial). Catch data were utilized only for comparison
purposes due to the incomplete nature of the dataset.
(2) Search for vulnerabilities: the Ecosim module ‘ﬁt
to time-series’ was used to identify prey-predator
interactions that were most sensitive to changes in νij,
and these interactions were reﬁned to improve the ﬁt
of the model. The 20 most sensitive νij values were
recorded, and a vulnerability search was performed to
estimate the νij values that would minimize the SSi.
(3) Search for environmental anomaly functions (EF):
by implementing a non-parametric routine incorpo-

Table 2. Time series data used to simulate the temporal dynamics in the north-central (NC) Adriatic Sea (1975 to 2002) regarding
data used to drive and to ﬁt the model, and to compare results. ISTAT, IREPA: governmental statistical institutes, ISMAR–CNR:
Instituto di Science Marine—Sede di Aucona, VPA: virtual population analysis, ICCAT: International Commission for the Conservation of Atlantic Tunas
Functional group

Time series of data

Observations

Norway lobster

Total catches (t km–2 yr–1) 1975 to 2000
(corrected for reporting errors)
Fishing effort by ﬂeet 1975 to 2002
CPUEs 1982 to 2002
Total catches (t km–2 yr–1) 1975 to 2000
(corrected for reporting errors)
Fishing effort by ﬂeet 1975 to 2002
CPUEs from 1982 to 2002
Total catches (t km–2 yr–1) 1976 to 2002
(corrected for reporting errors)
Absolute biomass (t km–2) 1976 to 2002
Fishing effort of purse seine and
mid-water trawling 1975 to 2002
Total catches (t km–2 yr–1) 1975 to 2002
(corrected for reporting errors)
Absolute biomass (t km–2) 1975 to 2002
Fishing effort of purse seine and
mid-water trawling from 1975 to 2002
Catches (t km–2 yr–1) from the
Mediterranean Sea 1980 to 2002
Total biomasses (t km–2) estimated
using VPA for the Mediterranean Sea
Fishing mortality

ISTAT, IREPA, ISMAR–CNR

Hake(1), mullets,
anglerﬁsh, conger,
ﬂatﬁsh, demersal
sharks and skates
Anchovy

Sardine

Large pelagic ﬁsh

To drive To ﬁt To compare
model model
results
x

ISTAT, IREPA
Scientiﬁc surveys (Grund data)
ISTAT, IREPA, ISMAR–CNR

x

ISTAT, IREPA
Scientiﬁc surveys (GRUND data)
ISTAT, IREPA, ISMAR–CNR

x

x
x
x
x

Standardized from VPA

x
x

ISTAT, IREPA, ISMAR–CNR

x

Standardized from VPA

x
x

Biomass and catch data for
Thunnus thynnus from 1980
and for Xiphias gladius
from 1985 (ICCAT)

x
x
x
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rated in Ecosim, we performed a search for primary
production or nutrient anomalies (Christensen et al.
2005) to continue minimizing the SS. Primary production anomalies impact the initial phytoplankton P/B
value by adding annual modiﬁers every year (e.g.
Shannon et al. 2004, Guénette et al. 2006). Nutrient
anomalies are linked to potential nutrient limitation of
primary production rates (e.g. Piroddi 2008). An estimate of the F statistic (SSreduced/SSbase) was used to
assess the anomaly reliability and to test for the probability that the corresponding decrease on SS values
were due to chance alone.
(4) Reverse order procedure: procedures 2 and 3
were reversed in order to estimate the productivity
pattern and the νij values. In addition, both the vulnerability and environmental anomaly searches were run
together with the νij values and the productivity patterns calculated accordingly.
(5) Analysis of results: observed and predicted biomass and catch trends were compared to the empirical
data. The primary production and nutrient anomalies
obtained from the calibration process were correlated
with the available environmental data. Trophodynamic indicators were calculated from model results.
During the calibration process, ecological parameters related to species behaviour were set by default
(Christensen et al. 2005), with the exception of vulnerabilities (νij) and the parameters linking the age stanzas for hake.
Time series data. The available time series data
were compiled and used with the temporal dynamic
ecosystem model as follows (Table 2):
(1) Absolute biomass and ﬁshing mortality data for
anchovy and sardine were obtained from stock assessment analyses conducted in the area by the Istituto di
Scienze Marine, Sede di Ancona using Virtual Population Analysis (VPA) (Santojanni et al. 2005, 2006a, last
update discussed at the General Fisheries Commission
for the Mediterranean meeting, September 2007). We
used the ﬁshing mortality to drive the dynamics of
anchovy and sardine.
(2) Relative biomass data for various demersal species were obtained through scientiﬁc trawl surveys
conducted annually between 1982 and 2002 (GRUND
surveys: courtesy of Prof. Corrado Piccinetti, Laboratorio di Biologia Marina e Pesca, Fano, Italy). This data
was collected from the western Adriatic basin and
covered the bathymetry of the Adriatic Sea from 0 to
200 m depth of the Italian territorial and international
waters. GRUND surveys were conducted during autumn
using an Italian commercial net (Vrgoć et al. 2004).
(3) Ofﬁcial landings statistics from 1975 to 2000 were
obtained from the governmental statistical institutes
(ISTAT and IREPA). To partially complement this dataset we incorporated discard information from the re-

gion (e.g. Wieczorek et al. 1999, Cingolani et al. 2000,
Affronte & Scaravelli 2001, Santojanni et al. 2005) and
partial estimates of illegal, unregulated, or unreported
landings (Mattei & Pellizzato 1996, Santojanni et al.
2005, Cingolani et al. 2002a,b, E. Arneri, C. Froglia &
C. Piccinetti unpubl. data). Catch data were corrected
using independent catch surveys collected from the
Istituto di Scienze Marine-Sezione di Ancona (Santojanni 2005, 2006a). Catches from artisanal ﬁsheries
located on the immediate coastal area and aquaculture
were excluded from the analysis.
(4) Nominal ﬁshing effort in bottom trawling (including both beam and bottom trawling), mid-water trawling and purse seining were expressed in units of horsepower (HP) and number of boats (data from ISTAT,
IREPA and ISMAR-CNR). We aggregated the data to
represent the NC Adriatic ﬂeets. Trawling data were
available from 1975 to 1995 through ISTAT and from
1996 to 2002 through IREPA. The 2 datasets did not
align perfectly, so we extended the ISTAT series
through 2002, extrapolating the general trend of the
series. We used 2 different simulation scenarios, (a)
assuming that trawling HP was constant from 1995 to
2002 (as the ofﬁcial data series from IREPA suggested),
(b) assuming that the HP increased from 1975 to 1995
(Fig. 2). We used these data as a proxy for ﬁshing
effort.
(5) Fishing mortality, absolute biomass, and catch
data for blueﬁn tuna and swordﬁsh were obtained from
International Commission for the Conservation of
Atlantic Tunas (ICCAT) evaluations of the Mediterranean Sea and Atlantic Ocean stocks (ICCAT 2003,
2004). We used the ﬁshing mortality to drive the
dynamics of blueﬁn tuna and swordﬁsh.
(6) Several environmental parameters from 1975
to 2002 were included: (a) sea surface temperature
(SST, annual and winter means, Smith & Reynolds
2004); (b) Po River runoff (annual mean, m3 s–1, data
provided by SINAPSI project, funded by Italian Ministry for research); (c) North Atlantic Oscillation (NAO)
Index (www.cru.uea.ac.uk/cru/data/nao.htm), both
annual and winter means, (d) Salinity (mean percent
values for the layer 50 to 150 m for the middle Adriatic
Sea, Stn CJ009; Gbrec et al. 2007), and (e) Mediterranean Oscillation Index (MOI; Gbrec et al. 2007).
The primary production anomaly and nutrient anomaly functions resulting from the calibration procedure
were correlated with these available environmental
data. Linear correlations were obtained by analyzing
the anomaly function and the available data with Pearson’s product moment correlation along with Spearman’s rank correlation when the distribution was not
normal. A simple analysis based on a multiple linear
regression was also implemented to assess whether the
anomaly could be predicted through combinations of
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Fig. 2. (a) Nominal ﬁshing efforts from beam and bottom trawling, midwater trawling and purse seine expressed in units of horsepower (HP) (ISTAT and ISMAR-CNR) over time. Trawling data was available from 1975 to 1995 and is extrapolated in 2 ways to
simulate an increasing or constant trend from 1995 to 2002. (b) North Atlantic Oscillation (NAO, annual and winter) and Po River
runoff (annual mean, m3 s–1). (c) Sea surface temperature (SST, annual mean and winter mean). (d) Mediterranean Oscillation
Index (MOI) and salinity (mean values for the depth layer 50 to 150 m for the central Adriatic Sea)

different types of environmental data. A time series
of chlorophyll a concentrations was available through
satellite images for the periods 1979 to 1985 (Coastal
Zone Color Scanner, CZCS) and 1998 to 2002 (Seaviewing Wide Field-of-view Sensor, SeaWiFS) (N.
Bahamon unpubl. data) so it was only included in the
correlation analysis.
Ecosystem indicators and analysis. When only partial or anecdotal information was available, or when
data was available but not included in the calibration
due to low quality, we analyzed the projected time
series of catches and biomasses in order to further
explore species dynamics. Ecosystem indicators predicted from the model were then examined in order to
describe the main structural and functional changes in
the ecosystem over time:

(1) The total demersal biomass to pelagic biomass
ratio (D/P) was used as an indicator of the processes
beneﬁting demersal or pelagic compartments. The
total invertebrate to ﬁsh biomass ratio (Inve/Fish) was
used as an indicator of changes in the ﬁsh community.
This ratio is expected to increase with ﬁshing (Rochet
& Trenkel 2003, Cury et al. 2005), while D/P is
expected to decrease and is also linked with bottom-up
effects (De Leiva et al. 2000).
(2) We calculated a modiﬁed version of Kempton’s
index of biodiversity, the biomass diversity index Q ’.
This measures the relative index of biomass diversity,
calculated from Kempton’s Q 75 index expressing species diversity (Kempton & Taylor 1976, Ainsworth &
Pitcher 2006). This index includes species and functional groups with a trophic level (TL) of 3 or higher. It
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increases with growing biomass of high trophic level
organisms, and decreases with increased ﬁshing impacts.
(3) The mean trophic level of the community (mTLco)
and mean trophic level of the catch (mTLc) were calculated as well. The mTLc reﬂects the ﬁshing strategy in
terms of selected food-web components, and is calculated as the weighted average TL of harvested species
(Pauly et al. 1998). The mTLco reﬂects the structure of
the community and is calculated as the weighted average TL of all species (Rochet & Trenkel 2003). Both
indicators generally decrease with increased ﬁshing
impact, due to a reduction in the number of large
predators, and a relative increase in lower trophic level
organisms. However, they can increase when species
with lower or intermediate TLs decrease in the ecosystem, such as small pelagic ﬁsh or invertebrates (Coll
et al. 2008a).
(4) Total ﬂow to detritus (FD) was calculated as the
amount of the total trophic ﬂow that contributed to
detritus (t km–2 yr–1). As ﬁshing impact increases, this
factor may increase, due to food-web energy path disruption (Walsh 1981, Shannon et al. in press).
(5) The mean transfer efﬁciency (TE) summarizes the
inefﬁciencies of the food web present at each step of
the trophic chain (Lindeman 1942). These inefﬁciencies may be due to respiration, excretion, egestion and
other natural mortalities. The TE was calculated as the
ratio of production of a given TL, and the preceding
TL (Lalli & Parsons 1993, Pauly & Christensen 1995).
This ratio may increase with increased ﬁshing impact
(Libralato et al. 2005).
(6) The Fishing in Balance index (FIB index) assesses
whether catch rates are in balance with ecosystem
trophic production due to catch at a given TL is related
to assimilation efﬁciency of the ecosystem. Therefore,
you expect higher catches at lower TLs due to this
energy transfer. FIB index = 0 indicates higher production at lower trophic levels, so ﬁshing is in balance. FIB
index > 0 indicates that the ﬁshery has expanded, or
that bottom-up effects are occurring, so there is more
catch than expected. FIB index < 0 when discarding
occurs and it is not considered in the analysis or when
the ﬁshing impact is so high that the ecosystem function is impaired (Christensen 2000).
(7) The loss in production index (L) quantiﬁes the
theoretical depletion of secondary production due to
ﬁshing in an exploited ecosystem (Libralato et al. 2008,
Coll et al. 2008b). This index was proposed as a proxy
for characterizing the effects of ﬁshing on the ecosystem, and for estimating the probability that the ecosystem is being ﬁshed in a sustainable manner. This index
takes into account both the properties of the ecosystem
(the primary production and TE) as well as the characteristics of ﬁshing activity (mTLc and the primary pro-

duction required to sustain the ﬁshery, and PPR; Lindeman 1942, Pauly & Christensen 1995, Pauly et al.
1998). The L index increases with ﬁshing impact.
A trend analysis was performed to assess the signiﬁcance of model-predicted changes in the time series for
biomass, catch data and trophodynamic indicators.
Our results were relatively short time series and were
frequently characterized by auto-correlation. Thus a
simple linear trend model was ﬁt to each of the predicted time series using a generalized least-squares
regression framework (as in Coll et al. 2008a), which
modelled the temporal correlations in error using a
2-stage estimation procedure. The signiﬁcance of the
trend (i.e. whether the predicted slope was signiﬁcantly
different from zero) and corresponding p-value and
coefﬁcient of variation (R2) were recorded. Potential
violations of the regression assumptions in terms of
non-stationarity and nonlinearity were highlighted.
To derive generalities or differences occurring in 2
Mediterranean marine ecosystems during the past 3
decades, results from the trend analysis were compared with those obtained in the south Catalan Sea
(Coll et al. 2008a).

RESULTS
Model setup and calibration
After the mass-balance model for the NC Adriatic
Sea during mid-1990s was modiﬁed to represent the
ecosystem in 1975, the initial catch estimates for mantis shrimp, squid and mullets were corrected and lowered to better reproduce the population dynamics of
these species.
Data from trawling efforts (beam and bottom trawls)
was available from 1975 to 1995 from ISTAT, and show
an increase in ﬁshing with time. The IREPA data from
1996 to 2002 show a more constant effort. We therefore
extrapolated the time series of ISTAT to 2002, with
consideration of the general trend. Then, we used the
IREPA data by making 2 different simulations of trawling: constant or increasing HP (Fig. 2). The best results
from the ﬁtting were obtained when the HP from
trawling was modelled to increase from 1995 to 2002,
as it did from 1975 to 1995. After appropriately modifying the data, the model was ﬁtted to the data.

Trophic interactions, fishing and the environment as
ecosystem drivers
The goodness-of-ﬁt of the model was notably improved as the variability found in biomass time series
when food-web conﬁguration and environmental data
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function anomaly. In both cases, the predicted function increased beyond the baseline from 1975 level,
then decreased signiﬁcantly with time. Both functions
showed a positive and signiﬁcant correlation (Pearson
r = 0.884, p < 0.001).
Correlation analysis between the environmental
anomalies and environmental data showed a signiﬁcant negative correlation between phytoplankton
anomaly and the mean annual SST (Pearson r = –0.394,
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were included in the simulations, driven by both ﬁshing mortality and ﬁshing effort. We observed an 89%
reduction in variability when we searched for vulnerabilities and then for environmental anomaly. A 71%
reduction was obtained when we searched ﬁrst for the
environmental anomaly and then for vulnerabilities.
However, the best ﬁt resulted when searching for both
parameters at the same time (91% reduction of variability). The food-web conﬁguration contributed to a
reduction of 83, 45 and 84%, while the environmental
anomaly did by 6, 26 and 7%, when we ﬁrst considered
the vulnerabilities and then the environmental function or when both factors were considered together
during the ﬁtting.
Trophic interactions. Changes in vulnerability default
values specifying the strength of food-web interactions
notably improved the goodness-of-ﬁt of the model.
Vulnerabilities (νij ) resulting from the model are shown
in Table 3. Low values (νij close to 1) were described for
15 interactions, where crabs, polychaetes, benthic
invertebrates, shrimps and anchovy were most important as prey. High values (νij >> 1) were shown by 5
interactions, where ﬂatﬁsh, red mullets, sardine and
micro-mesozooplankton were important predators.
Environmental factors. The environmental functions
predicted by the model were signiﬁcant (p < 0.001),
when we ﬁrst considered the vulnerabilities and then
the environmental function during the ﬁtting, vice
versa, or considered both factors simultaneously. The
3 functions were similar, therefore only the value
obtained from searching for both vulnerabilities and
environmental anomaly is shown, both in terms of
phytoplankton biomass and nutrient loading (Fig. 3).
Similar results were obtained when we searched for
relative phytoplankton production or nutrient loading

L

Relative phytoplankton biomass

Phytoplankton
Micro-mesozooplankton
Suprabenthos
Polychaetes
Benthic invertebrates
Shrimps
Crabs
Other gadiformes
Demersal ﬁsh (2)
Benthopelagic ﬁsh
Anchovy

Crabs

Prey

Micromesozooplankton

Table 3. The 20 most sensitive interactions in the NC Adriatic Sea model to changes in the vulnerability parameter. L: low value,
Vulnerabilities (νij) close to 1. H: High value, νij >> 1)

Slope = –0.02, p = 0.000, R2 = 0.731
Slope = –0.05, p = 0.000, R2 = 0.701 (A)

0.0
1970 1975

1980

1985

1990
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Year
Fig. 3. Environmental anomaly expressed as ‘Phytoplankton
biomass’ and ‘Nutrient loading’, resulting from the calibration
process for the period 1975 to 2002, relative to the baseline
1975 model. The estimated trends (dashed lines) are shown
with the value of the slope, the p-value and the coefﬁcient of
variation (R2) for the regression model (ﬁrst phytoplankton
trend). ‘A’: data was corrected for autocorrelation and a generalized least squares model was applied for the regression
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p = 0.038) and signiﬁcant positive correlation with
MOI (r = 0.416, p = 0.028). The nutrient anomaly was
negatively correlated with SST (r = –0.435, p = 0.021)
as well, and positively correlated with mean winter sea
surface temperature, SSTw (r = 0.465, p = 0.013) and
MOI (r = 0.491, p = 0.008). Multiple regression models
adequately predicted the anomaly functions by integrating the available environmental data, and best
regression models included the SST and SSTw as predicting variables (R2 = 0.414, p = 0.002, and R2 = 0.544,
p < 0.001, respectively).
Fishing. By looking at the contribution of each parameter to the functional groups ﬁtted to the data, we
classiﬁed the groups predominantly driven by ﬁshing
or environmental anomalies. Fishing mortality and
ﬁshing efforts contributed substantially to modelling
the time series variability of biomass data for several
species: hake (1), anglerﬁsh, conger, ﬂatﬁsh, demersal
sharks, demersal skates, anchovy and large pelagic
ﬁsh. Environmental anomaly was the most important
factor in explaining the dynamics of sardine, and to a
lesser extent, Norway lobster and red mullets.

ﬁsh, the normality assumption was violated. Autocorrelation and normality statistical results are not shown,
but are indicated in each ﬁgure.

Changes in catch
The time series of catch trends estimated by Ecosim,
when compared with independent data, showed an
overall satisfactory match between predictions and
observed data (Fig. 5a,c,e–g,i,k). The model overestimated catches for hake (1), conger eel and demersal
skates, but showed a long-term trend similar to that observed (Fig. 5b,d,h). Catch trends predicted from the
model showed a signiﬁcant decrease of anglerﬁsh and
ﬂatﬁsh over time (Fig. e,i,f), while a non-signiﬁcant increase was predicted for large pelagic ﬁsh (Fig. 5k). An
increase and posterior decrease in catches were predicted for Norway lobster, red mullets, demersal sharks,
anchovy, sardine and large pelagic ﬁsh (Fig. 5a,c,g,i,k).
Strong autocorrelations were observed in the predicted
catch time series. Total catch predicted for 1975 through
2002 notably matched with time series data available for
the NC Adriatic Sea during the same period (Fig. 6).

Changes in biomass
The biomass trends estimated by Ecosim when compared with independent observed data showed an
overall satisfactory match between predicted and available data (Fig. 4a,e–f,i–j). Exceptions were observed
for hake (1) at the beginning of the empirical time
series (1982 to 1987), although the rest of biomass data
from scientiﬁc surveys adequately matched model predictions (Fig. 4b). Poor ﬁtting of the model was also
observed for red mullets, where data showed increases
in biomass with time, and for conger eel and demersal
sharks, for which the data showed indistinct trends
(Fig. 4c–d,g). Demersal skates showed higher predicted
biomasses than those estimated from scientiﬁc independent campaigns, although both time series showed
a decreasing trend (Fig. 4h). Large pelagic ﬁsh were
predicted to have declined from the early 1980s to
2002, while ofﬁcial data available for the Mediterranean
Sea show that these species ﬁrst increased and subsequently decreased during this period (Fig. 4k). Similar
results were obtained in searching for a nutrient loading function (which are not shown). The trend analysis
highlighted that the predicted time series showed a
signiﬁcant decreasing trend in biomass of several species (Fig. 4a–i,k). Sardine biomass showed an overall
increase from 1975 to 1981, followed by a persistent
decline (Fig. 4j). The model showed a good ﬁt to the
sardine data, but did not reﬂect the peak in biomass of
the mid-1980s. Most of the biomass time series showed
strong autocorrelation (Fig. 4), and in the case of ﬂat-

Ecosystem indicators
The predicted biomass trends of other functional
groups for which no empirical or high-quality data was
available showed clearly decreasing trends for hake
(2) (Fig. 7d). Jellyﬁsh, benthopelagic ﬁsh, other small
pelagic ﬁsh and horse mackerel showed large ﬂuctuations and a general decrease with time (Fig. 7a,c,f,g).
Shrimps, gadiformes and seabirds ﬁrst showed an increase followed by a decrease in biomass (Fig. 7b,e,i),
and mackerel showed only minor changes with time.
These trends were matched with independent data in
the case of benthopelagic ﬁsh, other small pelagic ﬁsh,
and horse mackerel.
A modiﬁed version of Kempton’s index of biodiversity
and the mTLco (excluding TL = 1) showed a signiﬁcantly
decreasing trend through time (Fig. 8a,d). The mTLco (including all trophic levels), the mean trophic level of the
catch, and the ﬂow to detritus decreased as well, but
these were not signiﬁcant (Fig. 8e–g). The demersal/
pelagic biomass ratio showed an increase and then a decrease with time, due to both an increase and a decrease
in demersal and pelagic biomass (Fig. 8b). The invertebrates/ﬁsh biomass ratio and TE showed an increase
with time (Fig. 8c,h), signiﬁcant for the former. The FIB
index increased from 1975 to 1981 and then decreased
till 2002, showing negative values after 1997. There was
a non-signiﬁcant increase in the secondary production
index (L index) with time, both when production from
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primary producers and when both production from primary producers and detritus were considered in the
analyses (Fig. 9). The probability that this ecosystem is
ﬁshed sustainably was lower than 75% for the entire
time period analysed, and it was lower than 50% for
most of the analysis, when both production sources
where included in the analysis (Fig. 9).
Norway lobster
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0.08

Comparison with the south Catalan Sea
Similarities on predicted trends of biomass were
observed for several species both from the Catalan Sea
(Coll et al. 2008a) and the Adriatic Sea (Table 4). Both
models predicted a signiﬁcant decline in demersal
sharks through time. Norway lobster, hake, other
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Fig. 4. Biomass trends (t km–2) for 11 species or groups of commercial ﬁsh (a–k) as estimated by Ecosim (solid lines) from the available data (dots) for the period 1975 to 2002. Relative biomass values are scaled from initial value of the baseline model. The estimated
trends (dashed lines) are shown with the value of the slope, p-value, and coefﬁcient of variation (R2) for the regression model. ‘A’: data
was corrected for autocorrelation and a generalized least squares model was applied for the regression. ‘N’: normality assumption
violated. Hake (1): vulnerable hake group of ﬁsh < 40 cm in length mainly caught by trawling
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Fig. 5. Catch trends (t km–2 yr–1) for 11 species or groups of commercial ﬁsh (a–k) as estimated by Ecosim (solid lines) and from
available data (dots) for the period 1975 to 2002. The estimated trends (dashed lines) are shown with the value of the slope,
p-value, and coefﬁcient of variation (R2) for the regression model. ‘A’: data was corrected for autocorrelation and a generalized
least squares model was applied for the regression. ‘N’: normality assumption violated

gadiformes, conger eel, anglerﬁsh, anchovy, mackerel
and large pelagic ﬁsh showed an overall decline with
time as well. In both models, sardine biomass showed
an increase followed by a decrease. Flatﬁsh and loggerhead turtle biomass predictions differed in the
2 models. However, for several groups, namely jellyﬁsh, suprabenthos, polychaetes, shrimps, crabs, cephalopods, other benthic invertebrates, red mullets, dem-

ersal ﬁsh, benthopelagic ﬁsh, horse mackerel, Atlantic
bonito, seabirds and dolphins, the results were similar
in both the Catalan and the Adriatic Sea during the
ﬁrst half of the time series. All these groups showed an
increase in biomass. During the second half of the time
series, these groups showed a decline in Adriatic Sea
biomass, while continuing to increase in the Catalan
Sea.
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Fig. 6. Total catch data from the north-central
(NC) Adriatic Sea as predicted from the ecosystem model (black) compared with ofﬁcial catch
data (dark grey) and catch data corrected to account for discards and unregistered catch (light
grey). The estimated trends are shown (dashed
lines) with the value of the slope, p-value, and coefﬁcient of variation (R2) for the regression model
(top: total predicted catch, middle: total corrected
catch, bottom: total ofﬁcial catch). ‘A’: Data was
corrected for autocorrelation and a generalized
least squares model was applied for the regression. ‘N’: normality assumption violated
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Table 4. Comparison of predicted biomass trend and signiﬁcance by functional group resulting from the ﬁtting process of the north-central (NC)
Adriatic model (present study) and the south Catalan Sea model (Coll et
al. 2008a). i: increase, d: decrease, u: unclear pattern, x: ﬁtted to time
series, (–): not ﬁtted, na: not similar group available for comparison.
**: Signiﬁcant trend with p < 0.05
Functional groups

NC Adriatic Sea
Fitting Trend

Phytoplankton
Micro and mesozooplankton
Macrozooplankton
Jellyﬁsh
Suprabenthos
Polychaetes
Commercial bivalves and gastrop.
Benthic invertebrates
Shrimps
Norway lobster
Mantis shrimp
Crabs
Benthic cephalopods
Benthopelagic cephalopods
Hake (1)
Hake (2)
Other gadiformes
Red mullets
Conger eel
Anglerﬁsh
Flatﬁsh
Turbot and brill
Demersal sharks
Demersal skates
Demersal ﬁsh (1)
Demersal ﬁsh (2)
Bentopelagic ﬁsh
Anchovy
Sardine
Other small pelagic ﬁsh
Horse mackerel
Mackerel
Atlantic bonito
Large pelagic ﬁsh
Dolphins
Loggerhead turtle
Sea birds

id**
u
u
id**
id**
id
id
id**
id
id**
d**
id
id**
id
id**
id**
id**
id**
id**
id**
d**
d**
d**
id**
id**
id
id
id**
id
id**
id**
id**
id
id**
id
d**
id**

x

x
x
x
x
x
x
x

x
x

x

S Catalan Sea
Fitting Trend

na

na

x
x
x
x
x
x
na
x
na

x
x
x
x
x
x

u
u
u
i
i
i
na
i**
i**
d**
na
i**
i**
i**
id
d**
d**
i
id
d**
i**
na
d**
na
u
i**
i**
id
id
u
i
d**
i
id
i
i
i**

Table 5. Comparison of predicted ecosystem indicators trend and signiﬁcance by functional group that resulted from the ﬁtting process of the
north-central (NC) Adriatic model (present study) and the south Catalan
Sea model (Coll et al. 2006, 2008a). i: increase, d: decrease, u: unclear
pattern, **: signiﬁcant trend with p < 0.05
Indicators
Demersal/pelagic biomass
Invertebrates/ﬁsh biomass
Q ’ biomass diversity index
TLco (all TL)
TLco (TL ≥ II)
TLc
L index
Total ﬂow to detritus
Transfer efﬁciency
FIB index
Total catch
Discards

NC Adriatic Sea
Trend Sig.
d
i
d
d
id
id
i
id
i
id
id
id

**
**

**
**

South Catalan Sea
Trend
Sig.
i
i
d
i
d
id
i
i
i
u
id
i

**
**
**
**
**

**
**

We found similar results in both ecosystems for the invertebrates/ﬁsh biomass ratio,
the transfer efﬁciency, and the L index, all of
which increased through time (Table 5). The
biomass diversity index Q’ and the mTLco
(excluding TL = I) were predicted to decrease
in both Mediterranean regions, although the
latter index showed an increase during the
beginning of the time series in the Adriatic
Sea. The mTLc and total catch showed an
increase followed by a decrease with time in
both cases. Contradictory results were described for mTLco (including all TLs) and the
D/P biomass ratio, which showed a decline
with time in the Adriatic Sea, and an increase
in the Catalan Sea. The total ﬂow of detritus
and discards were predicted to increase in
both the Adriatic and the Catalan Seas during the ﬁrst half of the analysis period, but
they decreased in the Adriatic Sea. The FIB
index showed a clear increase followed by a
pronounced decrease in the Adriatic Sea,
while in the Catalan Sea it showed large variations through time, as a function of the continuous expansion of ﬁsheries and decreases
in marine resources (Coll et al. 2006).

DISCUSSION
Ecosystem drivers of the Adriatic Sea food
web
Our results showed that trophic interactions likely played a key role in the biomass
patterns observed throughout NC Adriatic
Sea, similar to the south Catalan Sea (Coll
et al. 2008a). Benthic invertebrates and
anchovy were key prey elements of the system, while small demersal ﬁsh, sardine and
micro-mesozooplankton were important predators. Hence an important proportion of the
trophic ﬂow in this ecosystem is controlled by
lower and intermediate trophic-positioned
organisms.
Fishing was also an important driver of
invertebrate and ﬁsh populations of the Adriatic Sea. Simulations showed that, similar to
the Catalan Sea (Coll et al. 2008a), ﬁshing
effort has increased from the 1970s to the
1990s, and is likely to continue to increase
through the 2000s, although nominal ﬁshing
effort showed a constant trend from 1996 to
2002. Here we assumed that HP was linearly
correlated with catching power, which could
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be an underestimation. However, predicted catches
from the model (Fig. 6) showed a good agreement with
available data, validating our ﬁshing effort series as a
proxy.
Results also showed that environmental drivers acted
as key elements in the dynamics of marine resources in
the Adriatic Sea. These drivers contributed to explain
higher variability of the data than in the Catalan Sea
(Coll et al. 2008a), and in both sites, environment was
crucial in explaining the dynamics of small pelagic ﬁsh
such as sardine. However, unlike the northwestern
case study where a clear trend was not found, the
anomaly functions predicted for the Adriatic Sea
showed ﬁrst an increase and then a signiﬁcantly negative decreasing trend. Although the magnitude of the
projected trend may be exaggerated, the phytoplankton biomass time series predicted by the model was
signiﬁcantly correlated with short time series of chlorophyll-a mean annual values from SEAWIFS for 1997 to
2002 (Spearman’s rank r = 0.821, p = 0.023), showing a
decrease with time (slope = –0.024, p = 0.015, R2 =
0.546). These results contrast to predictions for the
southern-central Adriatic, where an increasing trend
for primary production with time was observed due
to advection of Mediterranean waters (Marasović et
al. 1995, 2005). The positive correlation observed between the environmental anomaly and MOI is consistent with results of a detailed study from the northwestern Mediterranean Sea where MOI was positively
related to abundance of target demersal species
(Massuti et al. 2008). The anomaly functions were
negatively correlated with SST, which showed a progressive increase. These results are consistent with
previous studies suggesting that water warming and
changing inﬂow of highly saline Mediterranean water
into the Adriatic Sea may greatly effect ﬁsh communities (Dul<ić et al. 1999, Grbec et al. 2002, 2007,
2008).
Due to limited data, we did not include other parameters in the correlations, such as oxygen concentration, benthic anoxia and mucilage events, nutrient
loading and eutrophication, or wind anomalies, that
can be pertinent in explaining the environmental
anomaly (Zore-Armanda et al. 1988, Barmawidjaja et
al. 1995, Degobbis et al. 2000, Agostini & Bakun 2002,
Grbec et al. 2002, 2003, 2008, Sangiorgi & Donders
2004). For example, the Adriatic Sea receives considerable enrichment from river and land runoffs. Sangiorgi & Donders (2004) describe progressive eutrophication beginning in the 20th century in the
north-western Adriatic Sea, where eutrophication
reached a maximum level around 1978, and where
eutrophication levels were still high during the early
1990s but then showed a decline. Our results are consistent with the eutrophication peak (Sargiorgi & Don-

ders 2004) that coincides with the predicted environmental anomaly peaks, as well as the pro- gressive decline with time (Sangiorgi & Donders (2004).
Barmawidjaja et al. (1995) analysed benthic foraminifera records in the northern Adriatic basin, and
describe intense and prolonged anoxic events during
the 1980s due to eutrophication, highlighting that the
ecological health of this area was at risk. These results
are in line with data presented by Justić (1987) and
Degobbis et al. (2000). Interestingly, a similar trend in
catches (increase followed by a decrease) was
described to occur in the Venice lagoon (Libralato et
al. 2004) and has been related to changes in nutrient
loading. In this lagoon, however, the effect of decreasing nutrient loading was observed 5 to 10 years
earlier, from 1970 to 1980.
The correlation between an increase in SST and a
decrease in phytoplankton and nutrients may in reality
indicate a decrease in water column mixing and an
increase of thermocline periods and depth, so that
nutrients from the bottom of the sea can not reach the
surface. Moreover, a decline in river and land runoff
may then affect the highly productive front area where
nutrient-enriched and riverine-inﬂuenced waters meet
the more saline Mediterranean surface waters in the
western Adriatic Sea (Agostini & Bakun 2002). Boero
& Bonsdorf (2007) describe the Adriatic ecological
history evolving from normal benthic and pelagic production with high ﬁsheries production towards depleted production. This is attributed to several ecological phenomena including overﬁshing and jellyﬁsh
blooms during the 1980s, which possibly changed the
abundance of other species, followed by red tides,
mucilage events and high microbial activity. The high
vulnerability of the system to interactions at low and
intermediate trophic-positioned organisms could be
related with high ﬁshing impact and the removal of
higher trophic levels. That, in addition, can make the
system more vulnerable to environmental factors. A
combination of various environmental and anthropogenic factors, including ﬁshing, increasing temperature and salinity, changes in eutrophication events and
oceanographic patterns, is likely to explain the environmental anomaly functions revealed by our modelling. The detailed mechanisms involved need further
examination.

Changes in biomasses and catch
Our results showed important biomass and trophic
changes in the food web of the NC Adriatic Sea
between 1975 and 2002, and our study revealed 2 distinct patterns: (1) commercially ﬁshed species such
as anglerﬁsh, hake, ﬂatﬁsh, Norway lobster, demersal
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sharks and skates, and anchovy decreased with time.
(2) Biomass of other species increased between 1975
and 1980, then declined until 2002. This pattern was
observed in low and intermediate trophic position
organisms such as invertebrates, small and medium
size demersal, and pelagic ﬁsh and seabirds.
The ﬁrst pattern is related to the progressive
exhaustion of demersal resources as a result of increasing ﬁshing impact, as trawling efforts have
increased over the last several decades (Fig. 2). This is
consistent with other studies on marine resources in
the Adriatic basin (Jukić-Peladić et al. 2001, Vrgoć et
al. 2004, Bombace & Grati 2007). Similar trends were
described in the Catalan Sea (Coll et al. 2008a) for
commercial species, with the exception of ﬂatﬁsh,
which were predicted to increase in the north-western Mediterranean. In the Adriatic Sea, higher ﬁshing
rates are posed to ﬂatﬁsh due to beam trawling (Pranovi et al. 2001). Demersal sharks are non-target species, but showed marked declines due to by-catch of
trawl ﬁshing. This is consistent with studies from the
northern and southern Catalan Sea, where decreasing
catch and relative biomass trends were also recorded
for demersal sharks from 1950 (Bas et al. 2003, Coll et
al. 2008a), and from the Gulf of Lions, where bottom
trawling has intensely impacted sharks from 1960 to
1990 (Aldebert 1997). The decline of marine turtles in
the Adriatic Sea, unlike what was predicted in the
Catalan Sea, may be related to high ﬁshing mortality
due to bottom trawling by-catch (Casale et al. 2004).
Consumption of discards by marine turtles has been
described to occur in the Western Mediterranean. It is
less clear in other areas (Godley et al. 1997, Tomas et
al. 2001), which may be due to limited data on stomach content in turtles.
The second pattern may be related to the indirect
effects of ﬁshing and eutrophication or other environmental factors. The removal of top predators from the
Adriatic marine food web, along with increases in
eutrophication may have produced an increase of prey
biomass due to decreases in predatory mortality during the initial years of our time series and possibly
before. This could explain the trends in small pelagic
ﬁsh in the Adriatic Sea, such as the trends in sardine
biomass from 1870 to 2000, where an increasing trend
was described on landings during the early 1960s
(Grbec et al. 2002). This was also the case in the south
Catalan Sea where changes in biomass, mediated by
the trophic web, were predicted to have direct and
indirect impacts on the ecosystem (Pace et al. 1999),
including the proliferation of non-commercial species
at lower trophic levels (e.g. benthic invertebrates) or
with higher turnover rates (e.g. cephalopods and benthopelagic ﬁsh) (Coll et al. 2008a). This is furthermore
consistent with information from other areas of the
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Mediterranean Sea (e.g. Pipitone et al. 2000, Daskalov
et al. 2007). However, unlike the Catalan Sea, the
Adriatic Sea showed a posterior decrease in biomass of
intermediate trophic-positioned species. This decrease
may be due to a progressive impoverishment of the
ecosystem due to increasing ﬁshing impacts (JukićPeladić et al. 2001, Bombace & Grati 2007). Other contributing environmental factors have already been
discussed and may include the negative effects of
eutrophication on species with a near-bottom phase in
their life cycles (Benović et al. 1987, De Leiva Moreno
et al. 2000, Sangiorgi & Donders 2004) as well as
increasing temperature (Dul<ić et al. 1999, Grbec et al.
2002, 2007, 2008). This ecological impoverishment has
been observed both in the pelagic and demersal components.

Ecosystem indicators and comparison
Overall, ecosystem indicators showed ecological
deterioration in the Adriatic Sea as a result of ﬁshing
impacts and bottom-up effects. An increase in ﬁshing
impacts was indicated by the decrease of the mTLco
(excluding TL = 1) and the modiﬁed version of Kempton’s index of biodiversity. Furthermore, the loss of
production due to ﬁshing indicated a low probability
that the ecosystem was being sustainably ﬁshed during the studied period. These results are in line with
results from other Mediterranean areas and a global
assessment for the Mediterranean Sea (Libralato et al.
2008, Coll et al. 2008b). The FIB index showed that
catch increases at the beginning of the time series
were not matched with higher production at lower
trophic levels, but were due to previously described
expansion of ﬁsheries and bottom-up effects. However,
this index fell below 0 between 1997 and 2002, possibly indicating the deterioration of the ecosystem
(Christensen 2000).
Similarities with the Catalan Sea (lower mTLco,
lower biodiversity index, and higher L index) indicated similar processes of increased ﬁshing effort
and impact with time (Coll et al. 2008a) during the
ﬁrst part of the time series. Differences between the
2 ecosystem regions are mainly related to decreases
in biomass and production after the 1980s. This indicates that the Mediterranean is a heterogeneous
ecosystem, and the fact that the Adriatic basin shows
higher production and higher rates of eutrophication
than the Catalan Sea, and lower rates of water exchange (Agostini & Bakun 2002, Bosc et al. 2004)
that other areas, may affect the dynamics of marine
resources differently. Further ecosystem comparisons
are expected to substantially contribute to this discussion.
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increasing ﬁshing effort and increasing ecological
impacts were linked through time. Differences
between the 2 Mediterranean areas were mainly
related to an overall decrease in biomass and production from 1980s to 2002 in the Adriatic Sea, which indicate the heterogeneity of the Mediterranean Sea.

Limitations of the analysis
Our modelling was limited due to lack of data availability and data quality. Monitoring programs along
the Mediterranean Sea are scarce, and data is fragmented, sometimes not standardized and very often
not available to the broad scientiﬁc community. Our
model was also limited as near shore waters were not
included, but may be the refuge for prey species and
early stages of predator juveniles. Further developments may overcome this problem. Our model-based
discussion regarding environmental variables related
to environmental function was also limited by the
available time series data. Other environmental parameters may be important in explaining the results,
including anoxia events, nutrients, as well as changes
in patterns of salinity and water circulation. Due to
data quality, catches were not included in the ﬁtting
procedure, but rather were used only to compare
results. However, the model adequately predicted biomass and catches during the studied time period so
these results indicated notable prediction capabilities
of the calibrated model.
In this study we used a basic method for trend analysis correcting for autocorrelation. Our results suggested that most of the data was in fact autocorrelated,
and only a few trends showed violations of the regression assumptions in terms of non-stationarity and nonlinearity. But more sophisticated trend analysis may
show diverse species patterns.
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In summary, our Ecosim trophodynamic processoriented model suggests that trophic interactions, ﬁshing activity and environmental factors are essential
elements in explaining changes in the NC Adriatic Sea
food web during the last 3 decades. Crucial changes in
the ecosystem included a change in the biomass of several commercial and non-commercial species. Two
clear patterns emerged from our study. (1) There was
a decrease of biomass with time, mainly observed in
commercial species. This decrease was related to the
progressive exhaustion of commercial resources due to
increased ﬁshing impacts. (2) First an increase and
then a decreasing trend in biomass of low and intermediate trophic level organisms, as well as pelagic ﬁsh
and seabirds, was observed. This pattern was related
to indirect effects of ﬁshing, eutrophication and climatic anomalies. Ecosystem indicators were consistent
with ecosystem degradation over time in the Adriatic
Sea, evidencing increasing ﬁshing pressures and
changing bottom-up effects and environmental factors.
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