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INTRODUCTION

During the last decades marine ecosystems have
changed at surprising rates under the impacts of
global, regional and local stressors, including climate
change, biological invasions and direct human pres-

sures such as overexploitation, pollution and habitat
modification (Costello et al. 2010, Halpern et al.
2015). Variations in the abundance of marine species
and their distributions have been documented (Carl-
ton & Ruiz 2005, Perry et al. 2005, Lotze et al. 2006),
affecting the structure and functioning of marine
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ABSTRACT: An important challenge for conserving and managing marine ecosystems is to
advance our understanding of how multiple human stressors, environmental factors and marine
resources interact and influence each other. The ecosystems of the Israeli Mediterranean coast
have undergone significant ecological changes in recent decades, caused primarily by the intro-
duction of alien species, fishing and the warming of the waters. Here we used a food-web model
representing the continental shelf of the Israeli Mediterranean coast to explore the historical
dynamics of the area considering the combined effect of alien species, fishing activities and
changes in sea surface temperature and primary productivity. The food-web model was fitted to
available time series of data from the early 1990s to 2010 using the temporal dynamic module of
the Ecopath with Ecosim modeling approach. An important challenge was to model the numerous
alien species inhabiting the Eastern Mediterranean Sea, one of the most invaded marine ecosys-
tems of the world. Historical model simulations satisfactorily matched observed data, especially
regarding alien groups. However, lack of data from the pelagic environment limited our ability to
compare model output with historical observations. Trophic interactions, climate change and fish-
ing were important factors explaining the historical dynamics of the ecosystem, which showed a
degradation pattern over time. Results also highlighted an increasing proportion of alien species
in biomass and catch over time, with important effects on the food web. This study represents an
important step forward in understanding the changes that are occurring in the Israeli continental
shelf ecosystem and the Levantine Sea.
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eco systems (Byrnes et al. 2007, Doney et al. 2012,
Christensen et al. 2014a) and the ecosystem services
provided to humans (Worm et al. 2006, Katsanevakis
et al. 2014b).

Given the range of human activities, stressors often
co-occur in time and space. Thus most marine eco-
systems are exposed to the impacts of multiple stres-
sors (Breitburg & Riedel 2005, Halpern et al. 2015), in
addition to the effects of environmental fluctuations
(Ravier & Fromentin 2004, Cury et al. 2008). The abil-
ity to understand how human activities, environmen-
tal factors and marine organisms interact and influ-
ence each other is an issue of pressing importance.

A shift towards more comprehensive management
of human activities following an ecosystem-based
management (EBM) approach requires means to
evaluate their interactive and cumulative impacts
(Leslie & McLeod 2007, Giakoumi et al. 2015). Thus,
studying cumulative impacts has become one of the
most important challenges in ecology, conservation
and management (Crain et al. 2009, Parsons et al.
2014).

Within this context, ecosystem modeling approaches
have increasingly been adopted as useful tools to
study marine ecosystems as a whole (Piroddi et al.
2015). They integrate available information to con-
sider direct and indirect interactions among ecosystem
compartments and stressors, e.g. trophic inter actions
and the impact of fishing activity (Pla gányi 2007, Ful-
ton 2010). One of the most used approaches is the
Ecopath with Ecosim (EwE) modeling toolbox, which
has been widely applied to model aquatic food webs
(Heymans et al. 2014, Colléter et al. 2015).

The EwE approach has been mainly used to assess
the impacts of fishing activities on marine ecosystems
and investigate management options (Cury et al.
2005, Heymans et al. 2014). In addition, it is increas-
ingly being used to assess the impact of cumulative
stressors such as climate change, habitat modifica-
tion and other stressors that are becoming more im -
portant in the marine environment (Coll et al. 2015,
Colléter et al. 2015). One of these increasingly impor-
tant stressors is the invasion of non-native species
(e.g. Arias-González et al. 2011, Libralato et al. 2015).

Modeling species invasions using EwE models and
evaluating their expansion and effects in the food
web is a challenging task (Langseth et al. 2012, Cor-
rales et al. 2014). For example, the time of arrival and
important ecological traits of alien species need to be
known in advance before their dynamics can be
modeled. One solution has been to develop 2 food
webs, 1 representing the ecosystem before the inva-
sion and 1 after the invasion (e.g. Downing et al.

2012, Akoglu et al. 2014). However, this approach
im pedes the study of the expansion process and the
impact of alien species on the food web during the
intermediate period. Several alternative approaches
have been used to simulate alien species and their
temporal impacts (e.g. Arias-González et al. 2011,
Langseth et al. 2012), which are briefly explained in
‘Materials and methods: Incorporating the impact of
alien species’.

The marine ecosystem of the Eastern Mediterran-
ean Sea has undergone significant changes in recent
decades, caused primarily by the introduction of
alien species through the Suez Canal (known as Les -
sep sian migration), intense fishing activity and the
effects of climate change (Lejeusne et al. 2010, Kat sa -
ne vakis et al. 2014a, Tsikliras et al. 2015).

In this study, a food-web model representing the
Israeli Mediterranean continental shelf (ICS model)
in the early 1990s (Corrales et al. 2017) was fitted to
available time series of data from the early 1990s to
2010 using the temporal dynamic module Ecosim
(Walters et al. 1997, Christensen & Walters 2004).
The specific objectives of this study were to: (1) ex -
plore the historical dynamics of marine resources of
the ICS model considering the effect of alien species,
fishing activities and climate change (through histor-
ical changes in temperature) as the main ecosystem
drivers, and (2) quantify ecological changes during
this period using selected ecological indicators.

This study represents the first development of a
temporal dynamic food-web model that quantifies
the impact of multiple stressors in the Eastern Medi-
terranean Sea. We reviewed previous attempts to
model species invasions in EwE, and we developed a
strategy that satisfied the amount of available data
and alien species in the study area. Given the large
number of alien species inhabiting the Eastern Medi-
terranean Sea and the lack of temporal quantitative
analysis on the impact of alien species in the region
in addition to other human impacts, the present study
represents an important step forward in modeling
alien species, generally, and in the Mediterranean
Sea in particular (Corrales et al. 2014).

MATERIALS AND METHODS

Study area

The study area comprises the Israeli Mediterran-
ean continental shelf (hereafter referred to as ICS)
(Fig. 1), in the Levantine Sea. The ecosystem mod-
eled covers an area of 3725 km2, including depths
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from 0 to 200 m. The Levantine Sea has the hottest,
saltiest and most nutrient poor waters in the Mediter-
ranean Sea (Azov 1991, Brasseur et al. 1996). Its cir-
culation is characterized by a dominant northward
current along with the general counterclockwise cur-
rent gyre of the Eastern Mediterranean Sea (Hamad
et al. 2006). The ecosystem along the Israeli Mediter-
ranean coast has changed over re cent decades due to
direct anthropogenic impacts, in addition to the in -
creasing water temperature (Edelist et al. 2013a,
Goren et al. 2013, Sternberg et al. 2015). Currently,
the Levantine Sea is the world’s most invaded marine
ecoregion (with a current ratio of alien to native spe-
cies richness of 0.69) (Katsanevakis et al. 2014a) and
the invasions have profoundly altered the ecosystem
(Edelist et al. 2013a). The impact of fishing is also
high, although overall commercial fishing effort has
decreased in the past 20 yr (Fig. 2a) (Goren et al.
2013, Edelist et al. 2014). In addition, mean sea sur-
face temperature has risen (1.26°C between 1994 and
2010) (Mediterranean Forecasting System COPER-
NICUS; http://marine.copernicus.eu/) (Fig. 2b),
facilitating the establishment and spread of ther-
mophilic species over time (Fig. 2c,d), which are
mostly Les sep sian migrants. This has also negatively
im pacted native species (mainly cold-water species)
by placing them at the edge of their thermal ranges
(Ben Rais Lasram et al. 2010, Raitsos et al. 2010).

19

Fig. 1. The study area encompassing the Israeli Mediterran-
ean continental shelf ecosystem and selected depth contours. 

Modeled area includes depths from 0 to 200 m
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Fig. 2. Ecosystem drivers of the Israeli Mediterranean continental shelf ecosystem considered in this study: (a) relative fishing
effort by fleet, (b) annual sea surface temperature, (c) number of alien species in the Mediterranean Sea (adapted from Galil et 

al. 2014) and (d) number of alien fish species in the Mediterranean Sea (adapted from Golani 2010)
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Modeling approach

Ecopath with Ecosim framework

An Ecosim model representing the ICS ecosystem
during the 1994−2010 period was fitted to time series
of historical data. The Ecosim simulated the period
between 2 Ecopath models representing the 1990−
1994 and 2008−2010 time periods (Corrales et al.
2017). The original model representing the 1990−
1994 period comprised 39 functional groups, includ-
ing the main trophic components of the food web
from primary producers to top predators (see
Table S1 in the Supplement at www. int-res. com/
articles/ suppl/  m580 p017_ supp. pdf). The model in -
cluded 6 alien groups encompassing several crus ta -
cean and fish species located at various trophic posi-
tions in the food web. The main fishing fleets acting
in the ecosystem were also considered: bottom trawl
fleet, artisanal gear consisting of longlines and gill-
nets, purse seine and recreational fishers.

Two multispecies alien groups (new alien demersal
fish and alien medium pelagic fish, new alien groups,
hereafter), which incorporate alien species with dif-
ferent times of settlement, were absent in the previ-
ous version of the model (1990−1994) (Corrales et al.
2017). Thus they were added to the baseline Ecopath
model (see ‘Incorporating the impact of alien spe-
cies’). Input parameters of the baseline model have
been fully described by Corrales et al. (2017) and the
new input parameters are shown in Table S1 in the
Supplement.

Ecosim is the time-dynamic module of the EwE
framework and describes the temporal dynamics of
species biomass and flows over time by accounting
for changes in predation, consumption rate, fishing
and the environment (Walters et al. 1997, Chris-
tensen & Walters 2004).

Ecosim uses a set of differential equations to de -
scribe biomass dynamics, expressed as:

(1)

where dBi/dt is the growth rate of group i during
time t in terms of its biomass Bi; (P/Q)i is the net
growth efficiency of group i; Mi is the non-predation
mortality rate; Fi is the fishing mortality rate; ei is the
emigration; and Ii is the immigration rate (Chris-
tensen & Walters 2004).

Consumption rates (Qij) are calculated based on the
‘foraging arena’ theory, which divides the biomass of
a prey into a vulnerable and a non-vulnerable frac-
tion and the transfer rate or vulnerability between

the 2 fractions determines the trophic flow between
the predator and the prey. The vulnerability concept
incorporates density-dependency and expresses how
far a group is from its carrying capacity (Christensen
& Walters 2004, Christensen et al. 2008). Default val-
ues of vulnerability (vij = 2) represents a mixed tro -
phic flow, a low value (vij < 2) indicates a ‘bottom-up’
flow and a situation closer to carrying capacity, while
a high value (vij > 2) indicates a ‘top-down’ flow and
a situation further away from carrying capacity (Wal-
ters & Martell 2004, Ahrens et al. 2012). For each
predator−prey interaction, consumption rates are
calculated as:

(2)

where aij is the rate of effective search for prey i by
predator j; Ti represents prey relative feeding time; Tj

is the predator relative feeding time; Bi is prey bio-
mass; Pj is predator abundance; Mij are the mediation
forcing effects; and Dj represents effects of handing
time as a limit to consumption rate (Christensen et al.
2008, Ahrens et al. 2012). Environmental response
functions (f (Envfunction, t)) can be used to account for
external drivers that change over time, such as tem-
perature (see ‘Incorporating the impact of climate
change’). In particular, the intercept between the
environmental response function and the environ-
mental driver is used to calculate a multiplier factor
(Eq. 2), which then modifies the consumption rates of
the functional group with a maximum value of 1 and
declining value as the environmental driver deviates
from the optimum values (N. Serpetti pers. comm.).

A detailed explanation of the algorithms and equa-
tions of the EwE approach are given in Christensen &
Walters (2004) and Heymans et al. (2016). A sum-
mary of the Ecosim fitting procedure followed in this
study is provided in Fig. 3 and explained in detail
below.

Incorporating the impact of alien species

We reviewed the main strategies that have been
used to simulate species invasion and their impact
using EwE and specially using Ecosim modeling
and the fitting procedure (Table 1). These strategies
ranged from using time series of data of alien spe-
cies to force their biomass (e.g. Arias-González et
al. 2011) to fit the models mainly based on 3 ap -
proaches: (1) initial biomass of alien species were
set at low levels and their population increase was
controlled by applying an artificial fishing mortality
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(e.g. Langseth et al. 2012); (2) alien species were
set up with a high initial biomass and then were
constrained by applying a high artificial fishing
pressure (e.g. Kumar et al. 2016); and (3) using
forcing functions to remove the effect of alien spe-
cies on their preys and predators until the year of

invasion (e.g. Kao et al. 2016). In addition, other
approaches to assess the impact of alien species
without a fitting procedure were available and
were also considered (e.g. Pinnegar et al. 2014,
Libralato et al. 2015).

We adopted and modified one of the approaches
proposed by Langseth et al. (2012). Under this strat-
egy, we set the initial Ecopath biomass of new alien
groups at the beginning of the temporal simulations
with values equal to the 2008−2010 Ecopath model
values (Corrales et al. 2017). This resulted in an
unbalanced flow of biomass in the 1990−1994 Eco-
path model due to the additional predation mortality
of the new alien groups. To correct for this, we ap -
plied a negative biomass accumulation to their prey
equal to the amount of prey consumed by these new
alien groups in the 1990−1994 Ecopath model (see
Table S1 in the Supplement). For predators that prey
on these new alien groups, we used post-invasion
contributions (as in the 2008−2010 period) of their
diet to calculate appropriate levels of natural mortal-
ities (M0) of the new alien groups. Contributions of
the other groups to the diet of these predators were
proportionally reduced so the total standardized diet
was maintained at the same level.

In Ecosim, biomasses of these 2 new alien groups
were forced to zero until 4 yr before the invasion
(2001 for new alien demersal fishes and 2000 for alien
medium pelagic fishes) (Galil 2007b) (Table 2). This
was done to account for the lag be tween the invasion
and the discovery of the alien species, as there is a
tendency to determine the presence of the alien spe-
cies only after they have become established, espe-
cially in small and non-commercial species in poorly
monitored areas (Azzurro et al. 2016).

Fig. 3. Main steps followed to fit the Ecosim model to the 
time series

Method                                   Number of new        Time series of        Ecopath biomass           Reference
                                                   alien groups            alien species           of alien species             

Force time series                                 3                           Forced                         High                      Langseth et al. (2012)
Artificial fishery                                  1                           Forced                          Low                       Arias-González et al. (2011)
Force time series                                 2                           Forced                          Low                       Rogers et al. (2014)
Artificial fishery                                  3                               Fit                             Low                       Langseth et al. (2012)
Artificial fishery                                  3                               Fit                             High                      Langseth et al. (2012)
Changes in vulnerabilities                 3                               Fit                             High                      Langseth et al. (2012)
Changes in vulnerabilities                 2                               Fit                             Low                       Kao et al. (2014)
Changes in vulnerabilities                 3                               Fit                             Low                       Kao et al. (2016)
Artificial fishery                                  3                               Fit                             High                      Cox & Kitchell (2004)
Artificial fishery                                  1                               Fit                             High                      Kumar et al. (2016)
Artificial fishery                                  2                               Fit                             Low                       Zhang et al. (2016)
Force time series                                 2                     Forced and fit                   High                      Present study

Table 1. Summary of methods used to maintain ‘low’ levels and release ‘high’ levels of new alien species in Ecosim time dy-
namics food-web models. New alien groups represent groups that invaded the ecosystem after the period of the Ecopath base

line model. Only models fitted to time series are included
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Incorporating the impact of
climate change

The effect of climate change has been
incorporated in Ecosim using forcing
functions affecting the Q/B (consump-
tion/ biomass) ratio of selected functional
groups, either by directly modifying their
predation search rates (e.g. Ainsworth et
al. 2011, Alva-Basurto & Arias-González
2014, Guénette et al. 2014) or modifying
production, consumption and mortality
values (Cornwall & Eddy 2015).

The most recent version of the EwE
software (version 6.5) allows incorpo -
rating and linking environmental pre -
ferences of functional groups to any
number of environmental drivers (e.g.
temperature, sali ni ty and oxygen) as has
been previously de scribed for Ecospace
(Christensen et al. 2014b).

In our study, a time series of the annual
sea surface temperature (SST, upper
30 m) from 1994 to 2010 (Fig. 2b, Table 2),
obtained from the Mediterranean Fore-
casting System COPERNICUS (http://
marine.  copernicus. eu/), was used to
drive the temporal dy na mics of sensitive
functional groups with available informa-
tion (mostly crustaceans and fish groups)
(see Table S2 in the Supplement).

The environmental response functions
 (f (Envfunction, t) in Eq. 2) that link the
 species or functional groups dynamics
with the environmental drivers were first
obtained from AQUAMAPS (www.
aquamaps. org/) (Kaschner et al. 2006),
which is a global database on species dis-
tribution. These environmental response
functions are given as curves showing
minimum and maximum tolerance levels
and 10th and 90th preferable quintiles to
the environmental parameters (in our
case, temperature). As a second step,
these functions were modified using ex-
pert opinion from scientists working in
the Israeli Mediterranean ecosystem
(mainly from Tel Aviv University) to in-
corporate local knowledge. The final en-
vironmental preferences for each func-
tional group were obtained by weighting
the values of the species included in a
functional group to their relative biomass
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contribution to that group (see Table S2 in the
 Supplement).

Although salinity also affects the marine resources
in the Eastern Mediterranean Sea (Mavruk & Avsar
2008), this factor was not considered in this study as
data on the environmental responses of many species
was lacking.

Time series of fishing and the fitting to time series

In addition to alien species and SST changes, we
compiled available time series of fishing activities to
drive fisheries in the model (Table 2). These in cluded
data on nominal fishing effort, expressed in number
of days at sea, obtained for trawls, purse seine and
artisanal fleets (Fig. 2a). Data were ob tained from the
Fisheries Department of the Ministry of Agriculture
and Rural Development of Israel. Fishing effort for
the recreational fishers was estimated based on catch
reconstruction efforts (Edelist et al. 2013b), as no
data were available from official sources (Fig. 2a).

Available relative observed biomass and absolute
observed catch data were used to compare model
outputs (Table 2). Ecosim allows the incorporation of
biomass and catch data as absolute or relative values
(Christensen et al. 2008). When these data are intro-
duced as relative values, Ecosim tries to fit the trends
rather than absolute values. Relative observed bio-
mass data for most of the demersal groups were ob -

tained from fishery dependent trawl surveys (swept-
area method) conducted in the study area during 3
time periods (1990−1994, 2000 and 2008− 2010) (Ede -
list et al. 2011, 2013a). In relation to the 1990− 1994
and 2008−2010 biomass dataset, we used average
values due to the large variability in the data and the
uncertainty of the fishery-dependent survey. Abso -
lute observed catch data were obtained from a recon-
struction of Israeli catches, which included both com-
mercial fleet and discards, the recreational fleet and
the illegal, unregulated and unreported catch (Ede -
list et al. 2013b).

To fit the Ecosim model to these time series of
observed data for the 1994−2010 period, we used the
Stepwise Fitting Procedure (Scott et al. 2016), which
automates the model-fitting procedure described by
Mackinson et al. (2009) and Heymans et al. (2016).
The fitting procedure tests alternative hypotheses
related to the impact of fishing, changes in predator−
prey dynamics (vulnerabilities), changes in primary
production (production anomalies) or all of the above
together (Table 3) (Mackinson et al. 2009, Heymans
et al. 2016). A primary production anomaly is a forc-
ing function applied to the primary production rate
(in our study both phytoplankton and benthic pri-
mary producers) that may represent historical pro-
ductivity changes impacting biomasses through the
ecosystem. During the fitting procedure, vulnerabili-
ties and production anomalies were estimated to
improve model fits by comparing model predictions
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Step                                                                                                                        Description

1. Baseline                                                                    No environmental or fishery data are used to drive the model. All
vulnerabilities with default values (vij = 2)

2. Baseline and trophic interactions                           No environmental or fishery data are used to drive the model.
Vulnerabilities are estimated using the ‘fit to time series’ module

3. Baseline and environment                                      No fishery data is used to drive the model. All vulnerabilities with
default values (vij = 2). The ‘PP anomaly’ is estimated using the ‘fit to
time series’ module

4. Baseline, trophic interactions and environment   No fishery data is used to drive the model. Vulnerabilities and the ‘PP
anomaly’ are estimated using the ‘fit to time series’ module

5. Fishery                                                                      Fishing effort is included to drive the model. No environmental data is
used to drive the model. All vulnerabilities with default values (vij = 2)

6. Fishery and trophic interactions                            Fishing effort is included to drive the model. No environmental data is
used to drive the model. Vulnerabilities are estimated using the ‘fit to
time series’ module

7. Fishery and environment                                        Fishing effort is included to drive the model. All vulnerabilities with
default values (vij = 2). The ‘PP anomaly’ is estimated using the ‘fit to
time series’ module

8. Fishery, trophic interactions and environment     Fishing effort is included to drive the model. Vulnerabilities and the
‘PP anomaly’ are estimated using the ‘fit to time series’ module

Table 3. Fitting procedure applied to the Israeli Mediterranean continental shelf model. The procedure follows the methodology 
suggested by Mackinson et al. (2009) and Heymans et al. (2016)
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to observed data using the sum of squares (SS) statis-
tics. The fitting procedure finds the statistically ‘best
fit’ model based on Akaike’s information criterion
(AIC), which penalizes for estimating too many para -
meters based on the number of time series available
for estimating the SS (Mackinson et al. 2009, Hey-
mans et al. 2016):

AIC = n · log(minSS/n) + 2k (3)

where n is the number of observations, minSS is the
minimum sum of squares calculated by the algorithm
as a result of comparing predicted versus observed
values, and k is the number of parameters. This num-
ber can include changes in vulnerabilities (Vs),
changes on primary production anomaly (expressed
as number of spline points [PPsp], which smooth the
time series of the PP anomaly) or changes in both
(Mackinson et al. 2009, Heymans et al. 2016). The
maximum total number of parameters that can be
estimated (Vs, PPsp or Vs + PPsp) is k − 1, where k is
the number of observed time series (in this case bio-
mass and catch time series) (Mackinson et al. 2009,
Heymans et al. 2016). In this study, the maximum
number of parameters that could be estimated was 47
(there were 48 time series of biomass and catch). We
used the corrected Akaike’s information criterion
(AICc), calculated as follows:

AICc = AIC + 2k · (k − 1)/(n − k − 1) (4)

To choose the best final model, the last step is to
manually evaluate whether the parameterization
process leads to credible and sensible behavior (Hey-
mans et al. 2016).

Importance of the drivers in historical
biomass dynamics

To evaluate the importance of predator−prey inter-
actions (vulnerabilities), climate change and fishing
on the dynamics of functional groups, we ran the fit-
ted Ecosim model 3 times, each time minimizing the
effect of: (1) trophic interactions, which were set to
the initial default value (vulnerability = 2); (2) tem-
perature, which was kept constant over time; and (3)
fishing effort for all the fleets, which was kept con-
stant over time.

Ecological indicators and uncertainty

Once the fitting procedure was completed, we
used the best fit model to examine biomass and catch

time series predicted by the model to explore the
dynamics of functional groups, especially those re -
lated to alien species.

In addition, a selection of ecological indicators was
used to describe ecological changes in the ecosystem
over time. To calculate the ecological indicators we
used the recently developed ECOIND plug-in (Coll &
Steenbeek 2017) and the Ecological Network Analy-
sis (ENA) module in EwE. The indicators selected for
this analysis were:

(1) Total biomass (excluding detritus) (t km−2),
which includes biomass of all the functional groups
excluding detritus (detritus and discards). This indi-
cator was used to quantify changes at the whole eco-
system level (Heymans et al. 2014).

(2) Forage fish biomass (t km−2), which includes the
biomass of benthopelagic and small pelagic fishes,
mackerel and horse mackerel. This indicator was
analyzed to quantify changes in the pelagic compart-
ment (Hilborn & Walters 1992).

(3) Predatory biomass (t km−2), which includes bio-
mass of all the groups with trophic level (TL) ≥ 4 and
tends to decrease with increasing fishing impact in
marine ecosystems (Rochet & Trenkel 2003).

(4) Invertebrate biomass (t km−2), which includes
biomass of benthic invertebrates groups. This indica-
tor was used to assess the dynamics of benthic inver-
tebrates in the ecosystem, which tend to benefit from
reductions of fish and predator biomass (Pauly et al.
1998).

(5) Demersal fish biomass (t km−2), which includes
biomass of all the fish groups in the demersal com-
partment. This indicator was analyzed in order to
quantify changes to the demersal compartment
(Hilborn & Walters 1992).

(6) Kempton’s index, which expresses biomass
diversity by considering those organism with TL ≥ 3
and tends to decrease with ecosystem degradation
(Kempton & Taylor 1976).

(7) Mean TL of the community (mTLco), which ex -
presses the TL of the whole ecosystem, reflects the
structure of the ecosystem and is used to quantify the
impact of fishing (Rochet & Trenkel 2003).

(8) Mean TL of the catch (mTLc), which expresses
the TL of the catch, reflects the fishing strategy of the
fleet and is used to quantify the impact of fishing
(Pauly et al. 1998).

(9) Total catch (t km−2 yr−1), which includes the an -
nualcatchesof thedifferent fleetsandprovidesanidea
of total fisheries removals (Hilborn & Walters 1992).

(10) Total system throughput (t km−2 yr−1) (TST),
which estimates the total flows in the ecosystem and
is a measure of ecosystem size (Ulanowicz 1986).
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(11) Finn’s cycling index (FCI, %), which repre-
sents the proportion of the TST that is recycled in the
system and is an indicator of stress and structural dif-
ferences (Finn 1976).

(12) Path length (PL), defined as the average num-
ber of groups that flows through, which is an indica-
tor of stress (Christensen 1995).

We addressed the uncertainty in Ecopath input
para meters on Ecosim outputs (biomass and catch
trends, and ecological indicators) by using the Monte
Carlo (MC) uncertainty routine (Heymans et al. 2016,
Coll & Steenbeek 2017). We ran 1000 MC simulations
based on the coefficient of variation obtained from
the pedigree routine, which assesses the quality of
the input data (Corrales et al. 2017). Results from the
MC simulations were used to plot the 5th and 95th
percentile confidence intervals for the fitted biomass
and catch trends and for ecological indicators. For
ENA indicators (TST, FCI and PL), we used the
recently developed ECOSAMPLER plug-in (J. Steen-
beek pers. obs.), which creates a number of alterna-
tive balanced Ecopath models from MC runs, to
assess uncertainty analyses in EwE results. Finally,
we used Spearman’s rank correlation to evaluate the
correlation between model results (time series of bio-
mass, catch and ecological indicators) with time.

RESULTS

Fitting of the model and final model configuration

The best fit model was obtained when trophic
interactions, fishing and primary production anomaly
were included in the model configuration (Step 8 in
Table 4). The parameterization with 23 vulnerabili-

ties (trophic interactions between predators and their
prey) and 2 spline points was identified as the best
model based on the AICc test criteria (Step 8 in
Table 4). However, this model was not able to repro-
duce the trends of alien shrimps and earlier alien
demersal fishes satisfactorily, which are target
groups of the study.

Therefore, we moved through the fitting procedure
analysis to find the model that was able to reproduce
the trends of most of the groups and still showed
credible statistical behavior. We finally choose a
model fit with 32 vulnerabilities and 2 spline points
as the best fit model although the improvement of the
model fits was reduced (Step 8 in Table 4).

Importance of ecosystem drivers

The best fit model improved the fit by 67.6% over
the baseline model (Step 8 in Table 4). Our results
showed that trophic interactions were the main factor
explaining the historical dynamics (1994−2010) of
marine resources (an average of 28.1% of the vari-
ability, ±11.6% SD), followed by climate change
(12.1%), fishing (8.1 ± 7.7%) and changes in primary
production (4.7 ± 4.1%) (Fig. 4).

Historical biomass and catch trends 
by species and group

Observed biomass and catch time series were satis-
factorily reproduced by model predictions (Figs. 5 & 6)
when using the best fit model (32 vulnerabilities and 2
spline points). Overall, alien shrimps (Figs. 5b & 6b),
goatfishes (Figs. 5e & 6e), hake (Figs. 5f & 6f), small
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Step                                                                                           Vs            PPsp            k                SS                 AICc             %IF

1. Baseline                                                                                  0                 0                0             229.8              −309.1                
2. Baseline and trophic interactions                                        12                0               12            151.9              −471.7            52.6
3. Baseline and environment                                                    0                 3                3             224.9              −312.7            1.2
4. Baseline, trophic interactions and environment                36                3               39            119.5              −513.2            66.0
5. Fishery                                                                                    0                 0                0             220.5              −327.8            6.1
6. Fishery and trophic interactions                                         22                0               22            133.6              −506.8            64.0
7. Fishery and environment                                                      0                 3                3             215.2              −332.9             7.7
8. Fishery, trophic interactions and environment                  23                2               25            114.9              −568.0            83.8
8. Fishery, trophic interactions and environment                  32                2               34            121.9              −517.9            67.6

Table 4. Results of the fitting procedure of the Israeli Mediterranean continental shelf ecosystem fitted to time series of data
from 1994 to 2010. The table shows the statistically ‘best’ model for each step. Vs is the number of vulnerabilities estimated,
PPsp is the number of primary production spline points, k is the number of parameters (Vs + PPsp) and %IF is the improved fit 

compared to the baseline AICc. The ‘best’ model chosen in this study is highlighted in bold
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native demersal fishes (Figs. 5h & 6h), earlier alien
 demersal fishes (Figs. 5j & 6j), new alien demersal
fishes (Figs. 5k & 6k) and alien lizardfish (Figs. 5l & 6l)
showed the best fits, while benthic cephalopods, ben-
thopelagic cepha lo pods, demersal fishes (upper
slope), bentho pelagic fishes, mackerel and horse
mackerel were the least well fitted (see Figs. S1 & S2
in the Supplement).

The model also provided predicted biomass trends
for 18 functional groups (Fig. 5o−r and see
Fig. S1b−g,i,o−u in the Supplement) that lacked his-
torical observations to be used in the fitting. How-
ever, we had catch data for 7 of these 18 functional
groups (Fig. 6 and see Fig. S2 in the Supplement). In
these cases, model predictions satisfactorily matched
ob served catch data except for large pelagic fishes,
where the catches were underestimated (Fig. 6r),
attesting to the migratory nature of these species and
the ‘hit or miss’ nature of pelagic fisheries.

The model showed a decreasing historical pattern
for the biomasses of several groups (Fig. 5). For exam-
ple, mullets (Fig. 5d), hake (Fig. 5f) and large native
demersal fishes (Fig. 5i) showed a large and significant
decline. Small native demersal fishes did not show a
significant decreasing trend, decreasing at the begin-
ning of the simulation, followed by an increase from
1997 to 2001 and a decrease from 2002 to 2010
(Fig. 5h). On the contrary, alien shrimps (Fig. 5b),
alien crabs (Fig. 5c), goatfishes (Fig. 5e), earlier alien
demersal fishes (Fig. 5j), new alien demersal fishes

(Fig. 5k) and alien medium pelagic fishes
(Fig. 5q) showed significant increasing
biomass trends.

Catch time series estimated by Eco sim
showed similar trends as those observed
for biomass (Fig. 6 and see Fig. S2 in the
Supplement). For example, we ob served
significant large declines for mullets
(Fig. 6d), hake (Fig. 6f) and large native
demersal fishes (Fig. 6i), while all alien
groups showed significant increasing
trends (Fig. 6b,c,e,j,k,q) except alien
lizardfish (Fig. 6l). For rocky fishes, al-
though biomass trends showed a signifi-
cant decrease (Fig. 5g), catches increased
significantly (Fig. 6g) due to the growing
impact of recreational fishers (Fig. 2a).
Overall, catches predicted by the model
satisfactorily matched observed data
(Fig. 6). Despite this, the model at times
overestimated (e.g. small pelagic fishes)
(Fig. 6o) or underestimated (e.g. demer-
sal sharks) (Fig. 6m) catches.

Trends in dynamics of alien groups were well repro-
duced (Figs. 5b,c,e,j,k,l,q & 6b,c,e,j,k,l,q). Re mark -
ably, the model was able to simulate the invasion and
population dynamics of the new alien groups, new
alien demersal fishes and alien medium pelagic
fishes, relatively well (Figs. 5k,q & 6k,q). The pre-
dicted biomass of new alien demersal fishes was
slightly higher than the observed biomass although
not enough data were available to establish a clear
pattern (Fig. 5k). The predicted catch of this group
satisfactorily matched observed data, although a clear
overestimation occurred in 2006 (Fig. 6k). We were
not able to compare predicted biomass of alien
medium pelagic fishes to observed data as no data
were available (Fig. 5q). The predicted catch of this
group was reproduced relatively well although it was
slightly underestimated (Fig. 6q). Moreover, al though
the catch time series started at 2005, the first species
of this group that invaded the ecosystem was
recorded in 2000.

In most cases, the main driver of population dy -
na  mics was trophic interactions (Fig. 7). In addition,
results showed that the rise in temperature and
fishing played an important role in the dynamics
of small native demersal fishes, alien lizardfish and
earlier alien demersal fishes. For mullets, the rise
in temperature was the main driver and it also
played an important role for hake. Fishing was an
important driver for large native demersal fishes
(Fig. 7).
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Fig. 4. Diagnostic of the model fitting process. Each step on the x-axis repre-
sents a step in the model fitting process (including the effects of the rise in
temperature, Table 4) to minimize the sum of squares (SS, left y-axis) and
their contribution (% SS reduction, right y-axis) and standard deviation.
Standard deviation was calculated based on the different order according to
which the drivers were included to reduce SS during the fitting process. Rise
in temperature does not have a standard deviation because it was included 

before the fitting process. PP: primary production
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Ecological indicators

Indicators related to alien species showed the grow-
ing impact of these groups in the ecosystem. For ex-
ample, total biomass of alien species increased from
0.19 to 0.59 t km−2 (Fig. 8a), representing 8.9% and
25.2% of the total biomass, respectively, if we include
all the groups with sufficient information to split be-

tween native and alien species (shrimps, crabs, cepha -
lo pods and fishes). Biomass of alien invertebrates and
demersal fish groups increased from 0.07 and 0.12 to
0.20 and 0.37 t km−2, respectively (Fig. 8a), which rep-
resents an increase from 29.3% and 19.2% to 51.4%
and 52.3% of the biomass of crustaceans (shrimps and
crabs) and fishes, respectively. The analysis of the
catch showed similar patterns to those observed in the
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biomass (Fig. 8b). Total catch of alien groups in -
creased from 0.12 to 0.31 t km−2 yr−1 (Fig. 8b), which
represents an in crease from 14.2% to 33.1%. By
groups, this increase was from 0.03, 0.09 and 0 to 0.08,
0.22 and 0.01 t km−2 yr−1 for invertebrates, demersal
fishes and pelagic fishes, respectively (Fig. 8b), that
represents an in crease from 39.5%, 21.1% and 0% to
62.7%, 47.3% and 3.5% for invertebrates, demersal
fishes and pelagic fishes, respectively (Fig. 8b).

Other ecological indicators also showed that the
ecosystem changed from 1994 to 2010 (Fig. 9). For ex-
ample, we observed a significant increasing trend of
total biomass (excluding detritus) (Fig. 9a) and a non-
significant decreasing trend of forage fish biomass
(Fig. 9b). Predatory biomass did not show a significant
trend although it showed a decreasing trend at the
beginning of the simulation followed by an increasing
trend at the end (Fig. 9c). Invertebrate biomass and
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demersal fish biomass showed a significant increasing
trend (Fig. 9d,e). The Kempton’s index fluctuated
in time with a non-significant de creasing pattern
(Fig. 9f). The mTLco showed a non-significant de-
creasing trend (Fig. 9g), while the mTLc showed an
overall significant increasing pattern, firstly decreas-

ing and later increasing with time (Fig. 9h). Total
catch presented several strong fluctuations in time
with an overall significant increasing trend (Fig. 9i).
TST showed a significant increasing trend (Fig. 9j), in
line with total biomass (excluding detritus). FCI and
PL presented a significant decreasing pattern (Fig. 9l).
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DISCUSSION

Ecosystem drivers of the Israeli Mediterranean
continental shelf ecosystem

Our model explained a large proportion of the vari-
ability of available time series from 1994 to 2010 when
trophic interactions, fishing and primary production
anomaly were considered. Our results showed that
trophic interactions explained the highest variability,
highlighting the importance of trophic interactions in
marine food web dynamics, as previously docu-
mented (Shannon et al. 2004, Coll et al. 2008, 2009).

In addition, climate change (included as an in -
crease in sea surface temperature) explained a large
proportion of the variability, indicating its impacts on
the Israeli Mediterranean marine ecosystem. This is
in line with the fact that climate change is strongly
impacting marine ecosystems worldwide (Harley et

al. 2006, Hoegh-Guldberg & Bruno 2010) and partic-
ularly the Mediterranean Sea (Ben Rais Lasram et al.
2010, Lejeusne et al. 2010, Moullec et al. 2016). Cur-
rently, the Mediterranean Sea is under a process of
‘meridionalization’ and ‘tropicalization’ of the north-
ern and southern sectors, respectively, mainly due to
the northward extension of native thermophilic spe-
cies and the introduction of alien species through the
Suez Canal and the Strait of Gibraltar (Bianchi 2007,
Bianchi et al. 2013). Fish assemblages are expected to
be significantly modified as a result of climate change
(Ben Rais Lasram et al. 2010, Albouy et al. 2012), with
potential effects on marine food webs and ecosystem
structure (Albouy et al. 2014), especially in the Levan-
tine Sea due to its ‘naturally’ extreme environmental
conditions and the current rise in temperature.

Results also highlighted that fishing was an impor-
tant historical driver of the ecosystem, especially for
the exploited invertebrate and fish populations. It is
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Fig. 9. Ecological indicators estimated for the period 1994−2010 from the Israeli Mediterranean continental shelf ecosystem.
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noteworthy, however, that the fishing effort of the
Israeli fleet has declined over the past 2 decades
(Edelist et al. 2013b).

Changes in primary production, captured in our
model with the primary production anomaly (PP ano -
maly), represent the temporal variation of the primary
productivity of the system and explained a smaller
proportion of data variability. The PP anomaly pre-
dicted by the model showed an increasing trend (see
Fig. S3 in the Supplement). This might be related to
the nutrient enrichment from anthropogenic sources
during the last decades in Egypt and Israel (Nixon
2003, Suari & Brenner 2015). This enrichment fol-
lowed the drastic reduction in PP in the 1970s, when
the flow of nutrient-rich Nile waters was substan-
tially reduced by the construction of the Aswan High
Dam (Nixon 2004). The southeastern Mediterranean
is characterized by extreme oligotrophic conditions
(Azov 1991), so local nutrient enrichment from land
origins could play an important role as it may signifi-
cantly enhance primary productivity at local scales
(Barale et al. 2008, Macias et al. 2014, Suari & Bren-
ner 2015). Yet, in our ecosystem and as shown in the
results, changes in PP seemed to have only margin-
ally explained the variation of observed biomass and
catch data.

Biomass and catch trends

Our results showed changes in the temporal dyna -
mics of marine resources from 1994 to 2010. Even
though hundreds of species have invaded the Medi-
terranean Sea (Galil et al. 2014), causing the collapse
of several native species (Edelist et al. 2013a) and ris-
ing concerns about dire consequences for Mediter-
ranean marine ecosystems (Galil et al. 2015), quanti-
tative studies that explain these changes and impacts
of alien species are scarce (Rilov & Galil 2009, Golani
2010). For example, little is known about the depend-
ency of population dyna mics on environmental fac-
tors and the trophic interactions between alien and
native species. Despite this, individual cases and
general knowledge can be used to support and ex -
plain our results.

In general, our study revealed 3 main patterns: (1)
native demersal predators, such as hake and large
native demersal fishes decreased over time; (2)
native medium trophic level fishes largely decreased
(mullets) or slightly decreased with time (rocky fishes
and small native demersal fishes); and (3) an increase
over time of alien species, mainly low and medium
trophic levels (alien crabs and shrimps, alien herbi-

vores, earlier alien demersal fishes and new alien de -
mersal fishes), but also high trophic levels (medium
alien pelagic fishes). This was especially obvious at
the end of the analyzed time period.

The first pattern (a decreasing trend for native
demersal predators) is related to the impact of fish-
ing activity, due to the high fishing mortalities, but
could also be due to the negative impact of increas-
ing temperatures and trophic interactions. In the
current study, we have shown that an important
driver for the decline in large native demersal fishes
was fishing. The decline of predators due to over-
fishing has been observed worldwide (Pauly et al.
1998, Jackson et al. 2001) and also in the Mediter-
ranean (Ferretti et al. 2008, Maynou et al. 2011).
This is in line with studies at sub-regional levels,
e.g. in the Catalan (Coll et al. 2008), Adriatic (Coll
et al. 2009) and Ionian Seas (Piroddi et al. 2010);
and at regional levels, e.g. in the whole Mediterran-
ean Sea (Piroddi et al. 2017). For hake, we observed
that the rise in temperature and trophic interactions
were the main drivers. This is in line with studies
showing that the decline in hake in the Levantine
Sea can be attributed to oceanographic changes,
overfishing, increase in temperature and the com-
petition for resources with the alien lizardfish.
These have led to its bathymetric displacement to
deeper waters (Galil 2007a, Gucu & Bingel 2011,
Halim & Rizkalla 2011, Edelist 2012).

The second pattern (a decreasing trend for native
medium TL fishes) may be related to the cumulative
impacts of fishing, climate change and competition
for resources. For example, the large decrease in
mullets in Israel has been attributed to competition
for resources with their alien competitor (goatfishes)
and the warming of the waters. This could have
caused a bathymetric separation of these groups
(Golani 1994), as goatfishes currently dominate shal-
low strata (0 to 100 m) while mullets occupy deeper
waters, although it seems that goatfishes have re -
cently extended their bathymetric distribution (Ede -
list et al. 2013a). In addition, mullets have suffered
high fishing mortality. Other native groups such as
rocky fishes and small native demersal fishes de -
creased slightly over time. For these groups, we ob -
served increasing fishing mortalities, mainly related
to the increasing impact of recreational fishers, as in
other Mediterranean areas (Pauly et al. 2014). More-
over, reductions in abundance and catches, and the
displacement to deeper waters of native species that
coincided with the explosion of alien species have
been documented (Edelist et al. 2013a). For example,
the native porgy Pagellus erythinus has been dis-
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placed by the alien Nemipterus randalli. The reasons
are poorly studied but a competitive exclusion be -
tween species related to the rise in temperature and
trophic interactions have been suggested (Golani
1998, Galil 2008).

The third pattern (an increasing trend for invasive
species) may be related to the combination of several
factors such as the existence of underexploited
niches in the ecosystem, overexploitation of native
species, possible better adaptation and competitive
properties of invaders and more favorable environ-
mental conditions in the Eastern Mediterranean Sea
as a result of climate change (Galil 2008, Rilov & Galil
2009, Edelist et al. 2011). In addition, the large in -
crease in alien species (of low and medium trophic
levels) could be attributed to the increase in primary
production and the decrease in some top predators,
which implies more food supply and could lead to
increases in their prey species, respectively. In our
study we observed an increase in invertebrate bio-
mass (the main prey for these groups), a decrease in
top predators and the importance of the rise in tem-
perature for their dynamics.

Ecological indicators

Trends in ecological indicators documented eco-
logical changes in the ICS ecosystem as a whole. For
example, along the Israeli Mediterranean coast, alien
species have become an important part of the ecosys-
tem, as biomass and catches of alien species have
increased with time, altering the structure of the food
web.

We observed a large decrease in predators at the
beginning of the period due to the decline in hake,
large native demersal fishes and alien lizardfish.
Since 2007, predatory biomass has increased due to
the recovery of alien lizardfish and the explosion of
medium alien pelagic fishes. This result is in line with
the Kempton’s index, which includes species or
groups with TL ≥ 3. In addition, demersal fish bio-
mass increased due to the explosion of demersal
alien species, mainly medium trophic level species.

The decline in mTLco and mTLc observed in our
study coincides with more general trends observed in
many marine ecosystems that are caused mainly by
overfishing (Pauly et al. 1998). The depletion of top
predators and biological invasions, predominantly by
organisms with low TL, have caused a decrease in
the TL of many marine ecosystems (Byrnes et al.
2007). Our results show that mTLco has decreased
slightly over time with a stable trend at the end of the

period. However, in our study, we observed that
mTLc has decreased and later increased. This is due
to the depletion of top predators at the beginning of
the period, the recovery of alien lizardfish afterwards
and the increasing importance of alien species
(medium and high trophic levels) in the catch.
Indeed, alien medium trophic level species (earlier
alien demersal fishes and new alien demersal fishes)
have higher trophic levels than native medium
trophic level species (rocky fishes and small native
demersal fishes), as highlighted by Fanelli et al.
(2015) and Goren et al. (2016).

Our results indicate a small but significant increase
in TST with time. Finn (1976) suggested that an in -
crease or decline in the TST could be a sensitive indi-
cator of the state of the ecosystem, as it indicates if
the ecosystem is in equilibrium. The increase in TST
indicates that the ecosystem is not at equilibrium and
may be a result of higher primary productivity with
time that leads to an increase in the total production
of the system, especially at low trophic levels, and of
the increasing importance of alien species in the eco-
system. The FCI and PL showed a moderate decreas-
ing trend. Odum (1969) found that cycling increases
as systems mature (and thus FCI increases) and PL
increases with maturity, with the opposite trends ex -
pected in stressed ecosystems (Odum 1985). There-
fore, our results suggest a degradation trend of the
food web during the simulated period.

Model assumptions and limitations

Modeling marine food webs is challenging due to
their complexity, significant data requirements and
high uncertainty, which requires the setting of differ-
ent assumptions (Plagányi 2007, Fulton 2010, Rose et
al. 2010). In addition, our understanding of the im -
pact of individual stressors is limited and we have
less understanding of the cumulative impact that dif-
ferent stressors would have on marine organisms and
ecosystems. However, during the last decades, the
data available for marine ecosystems has increased
substantially and models have made considerable
progress.

Several information gaps about the ecosystem of
the Eastern Mediterranean Sea were identified by
Corrales et al. (2017), which are mainly related to the
pelagic compartment, benthic invertebrates and the
reliability of catch data. In addition, the current study
highlights a lack of historical biomass time series, as
only a few data points were available through the
analysis of 3 surveys conducted in the study area.
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This limited our knowledge of historical trends in
marine resources and therefore, the capability of the
model to capture these patterns.

Temperature responses/preferences are key com-
ponents for understanding the impact of climate
change on marine ecosystems and therefore, marine
organisms (Madeira et al. 2012). However, tempera-
ture responses of organisms are subject to uncer-
tainty. In this study, the baseline information came
from a general database (AQUAMAPS) (Kaschner et
al. 2006). This is a very comprehensive database;
how ever, it does not account for regional or sub-
regional differences/preferences of species environ-
mental responses, implying high uncertainty. To
compensate for this somewhat, we incorporated
expert local knowledge and corrected the general
information. Although temperature is the most im -
portant environmental factor in driving population
dynamics (Por 1978), salinity has been suggested to
be an important factor to consider (Mavruk & Avsar
2008). However, this factor was not considered in the
study due to the lack of data regarding the response
of organisms to changes in salinity. This represents a
limitation of the model which should be addressed in
the future.

In addition, this study only included fish and crus-
tacean (shrimps and crabs) alien species. At present,
reliable information on ecological characteristics
such as reproduction, habitat, trophic position and
depth is available for most introduced fish species
and some crustaceans species (Rilov & Galil 2009),
but not for other groups, such as polychaetes, mol-
lusks and jellyfish. Since biological invasions of other
groups seems to be of the same magnitude or even
larger (Rilov & Galil 2009, Galil et al. 2014), this limits
our ability to assess the overall impact of alien spe-
cies on this ecosystem and our estimation is likely
conservative.

In order to assess the effect of uncertainty of the
model parameters we applied a MC sampling rou-
tine. Our results show that uncertainty was generally
high and varied among the functional groups. This is
due to the high uncertainty of the initial Ecopath
inputs and highlights the need of additional and
accurate data. Recognizing this uncertainty is essen-
tial if this information is used for management
advice.

Despite these limitations, this study included the
best available data and thus is the best available rep-
resentation of historical trends of the ICS ecosystem
and a step forward in understanding its functioning.
As new information is generated, the model should
be updated and its quality improved.

CONCLUSION

This study represents the first example of a food-
web model fitted to time series in the Eastern Medi-
terranean Sea to quantify the impact of multiple
stressors. Our results show that trophic interactions,
fishing activities and environmental factors (rise
in temperature and primary production anomaly)
played an important role in the historical dynamics of
the Israeli Mediterranean continental shelf ecosys-
tem from 1994 to 2010.

Our results highlight important changes in the bio-
mass of several functional groups and species, such
as a decrease in native top predators, a decrease in
native medium trophic levels and an explosion of
alien species, mainly medium trophic level organ-
isms. Results from ecological indicators show a trend
of ecosystem degradation over time.

Future work may include the development of fore-
casting scenarios in order to evaluate future cum -
ulative impacts of multiple stressors to the Israeli
Mediterranean continental shelf ecosystem. These
scenarios can include different fishing management
options, rise in temperature following Intergovern-
mental Panel on Climate Change (IPCC) projections
and prognoses of increasing impact of alien species.

Acknowledgements. The authors acknowledge the scien-
tific researchers from Israel Oceanographic and Limnologi-
cal Research and Tel Aviv University for providing informa-
tion and advice, with special mention to Jonathan Belmaker
and his research team and M. Goren’s research team. We
also address special thanks to the Department of Fisheries in
the Ministry of Agriculture and Rural Development of Israel
and particularly to James Shapiro and Oren Sonin, for their
continuous contributions of advice and data. X.C. thanks
Federico Quattrocchi and Morane Clavel for help with R and
Daniel Vilas for help with Fig. 1. X.C. was supported by an
IOLR scholarship under the DESSIM project (‘A Decision
Support System for the management of Israel’s Mediterran-
ean Exclusive Economic Zone’). M.C. was partially funded
by the European Commission through the Marie Curie
Career Integration Grant Fellowship No. PCIG10-GA-2011-
303534 to the BIOWEB project. M.C. and J.S. were partially
funded by the European Union’s Horizon research program
grant agreement No. 689518 for the MERCES project.

LITERATURE CITED

Ahrens RN, Walters CJ, Christensen V (2012) Foraging
arena theory. Fish Fish 13: 41−59

Ainsworth CH, Samhouri JF, Busch DS, Cheung WWL,
Dunne J, Okey TA (2011) Potential impacts of climate
change on Northeast Pacific marine foodwebs and fish-
eries. ICES J Mar Sci 68: 1217−1229

Akoglu E, Salihoglu B, Libralato S, Oguz T, Solidoro C (2014)
An indicator-based evaluation of Black Sea food web
dynamics during 1960−2000. J Mar Syst 134: 113−125

33

https://doi.org/10.1111/j.1467-2979.2011.00432.x
https://doi.org/10.1016/j.jmarsys.2014.02.010


Mar Ecol Prog Ser 580: 17–36, 2017

Albouy C, Guilhaumon F, Araújo MB, Mouillot D, Leprieur F
(2012) Combining projected changes in species richness
and composition reveals climate change impacts on
coastal Mediterranean fish assemblages. Glob Chang
Biol 18: 2995−3003

Albouy C, Velez L, Coll M, Colloca F, Le Loc’h F, Mouillot D,
Gravel D (2014) From projected species distribution to
food-web structure under climate change. Glob Chang
Biol 20: 730−741

Alva-Basurto JC, Arias-González JE (2014) Modelling the
effects of climate change on a Caribbean coral reef food
web. Ecol Modell 289: 1−14

Arias-González JE, González-Gándara C, Luis Cabrera J,
Christensen V (2011) Predicted impact of the invasive
lionfish Pterois volitans on the food web of a Caribbean
coral reef. Environ Res 111: 917−925

Azov Y (1991) Eastern Mediterranean — a marine desert?
Mar Pollut Bull 23: 225−232

Azzurro E, Maynou F, Belmaker J, Golani D, Crooks J (2016)
Lag times in Lessepsian fish invasion. Biol Invasions 18: 
2761−2772

Barale V, Jaquet JM, Ndiaye M (2008) Algal blooming pat-
terns and anomalies in the Mediterranean Sea as derived
from the SeaWiFS data set (1998−2003). Remote Sens
Environ 112: 3300−3313

Ben Rais Lasram F, Guilhaumon F, Albouy C, Somot S,
Thuiller W, Mouillot D (2010) The Mediterranean Sea as
a ‘cul-de-sac’ for endemic fishes facing climate change.
Glob Chang Biol 16: 3233−3245

Bianchi CN (2007) Biodiversity issues for the forthcoming
tropical Mediterranean Sea. Hydrobiologia 580: 7−21

Bianchi CN, Boudouresque CF, Francour P, Morri C, Par-
ravicini V, Templado J, Zenetos A (2013) The changing
biogeography of the Mediterranean Sea:  from the old
frontiers to the new gradients. Boll Musei Istituti Bio-
logici Dell’Universita Genova 75: 81−84

Brasseur P, Beckers JM, Brankart J, Schoenauen R (1996)
Seasonal temperature and salinity fields in the Mediter-
ranean Sea:  climatological analyses of a historical data
set. Deep Sea Res I 43: 159−192

Breitburg DL, Riedel GF (2005) Multiple stressors in marine
systems. In:  Norse EA, Crowder LB (eds) Marine conser-
vation biology:  the science of maintaining the sea’s biodi-
versity. Island Press, Washington, DC, p 167−182

Byrnes JE, Reynolds PL, Stachowicz JJ (2007) Invasions and
extinctions reshape coastal marine food webs. PLOS
ONE 2: e295

Carlton JT, Ruiz GM (2005) The magnitude and conse-
quences of bioinvasions in marine ecosystems. In:  Norse
EA, Crowder LB (eds) Marine conservation biology:  the
science of maintaining the sea’s biodiversity. Island
Press, Washington, DC, p 123−148

Christensen V (1995) Ecosystem maturity — towards quan-
tification. Ecol Modell 77: 3−32

Christensen V, Walters CJ (2004) Ecopath with Ecosim: 
methods, capabilities and limitations. Ecol Modell 172: 
109−139

Christensen V, Walters C, Pauly D, Forrest R 2008. Ecopath
with Ecosim version 6. User guide. Lenfest Ocean Futures
Project, University of British Columbia, Vancouver

Christensen V, Coll M, Piroddi C, Steenbeek J, Buszowski J,
Pauly D (2014a) A century of fish biomass decline in the
ocean. Mar Ecol Prog Ser 512: 155−166

Christensen V, Coll M, Steenbeek J, Buszowski J, Chagaris
D, Walters CJ (2014b) Representing variable habitat

quality in a spatial food web model. Ecosystems 17: 
1397−1412

Coll M, Steenbeek J (2017) Standardized ecological indica-
tors to assess aquatic food webs:  the ECOIND software
plug-in for Ecopath with Ecosim models. Environ Model
Softw 89: 120−130

Coll M, Palomera I, Tudela S, Dowd M (2008) Food-web
dynamics in the South Catalan Sea ecosystem (NW
Mediterranean) for 1978−2003. Ecol Modell 217: 95−116

Coll M, Santojanni A, Palomera I, Arneri E (2009) Food-web
changes in the Adriatic Sea over the last three decades.
Mar Ecol Prog Ser 381: 17−37

Coll M, Akoglu E, Arreguín-Sánchez F, Fulton E and others
(2015) Modelling dynamic ecosystems:  venturing be -
yond boundaries with the Ecopath approach. Rev Fish
Biol Fish 25: 413−424

Colléter M, Valls A, Guitton J, Gascuel D, Pauly D, Chris-
tensen V (2015) Global overview of the applications of
the Ecopath with Ecosim modeling approach using the
EcoBase models repository. Ecol Modell 302: 42−53

Cornwall CE, Eddy TD (2015) Effects of near-future ocean
acidification, fishing, and marine protection on a temper-
ate coastal ecosystem. Conserv Biol 29: 207−215

Corrales X, Gal G, Coll M (2014) Modeling the alien species
impacts in marine ecosystems. In:  Steenbeek J, Piroddi
C, Coll M, Heymans JJ, Villasante S, Christensen V (eds)
Ecopath 30 years conference proceedings:  extended
abstracts. Fisheries Centre Research Reports 22(3). Fish-
eries Centre, University of British Columbia, Vancouver,
p 154−155

Corrales X, Ofir E, Coll M, Goren M, Edelist D, Heymans J,
Gal G (2017) Modeling the role and impact of alien spe-
cies and fisheries on the Israeli marine continental shelf
ecosystem. J Mar Syst 170: 88−102

Costello MJ, Coll M, Danovaro R, Halpin P, Ojaveer H,
Miloslavich P (2010) A census of marine biodiversity
knowledge, resources, and future challenges. PLOS
ONE 5: e12110

Cox SP, Kitchell JF (2004) Lake Superior ecosystem, 1929−
1998:  simulating alternative hypotheses for recruitment
failure of lake herring (Coregonus artedi). Bull Mar Sci 74: 
671−683

Crain CM, Halpern BS, Beck MW, Kappel CV (2009) Under-
standing and managing human threats to the coastal
marine environment. Ann NY Acad Sci 1162: 39−62

Cury P, Shannon L, Roux J, Daskalov G, Jarre A, Moloney C,
Pauly D (2005) Trophodynamic indicators for an ecosys-
tem approach to fisheries. ICES J Mar Sci 62: 430−442

Cury PM, Shin YJ, Planque B, Durant JM and others (2008)
Ecosystem oceanography for global change in fisheries.
Trends Ecol Evol 23: 338−346

Doney SC, Ruckelshaus M, Duffy JE, Barry JP and others
(2012) Climate change impacts on marine ecosystems.
Annu Rev Mar Sci 4: 11−37

Downing AS, Van Nes EH, Janse JH, Witte F, Cornelissen IJ,
Scheffer M, Mooij WM (2012) Collapse and reorganiza-
tion of a food web of Mwanza Gulf, Lake Victoria. Ecol
Appl 22: 229−239

Edelist D (2012) Fishery management and marine invasion
in Israel. PhD thesis, University of Haifa

Edelist D, Sonin O, Golani D, Rilov G, Spanier E (2011) Spa-
tiotemporal patterns of catch and discards of the Israeli
Mediterranean trawl fishery in the early 1990s:  ecologi-
cal and conservation perspectives. Sci Mar 75: 641−652

Edelist D, Rilov G, Golani D, Carlton JT, Spanier E (2013a)

34

https://doi.org/10.1111/j.1365-2486.2012.02772.x
https://doi.org/10.1111/gcb.12467
https://doi.org/10.1016/j.ecolmodel.2014.06.014
https://doi.org/10.1016/j.envres.2011.07.008
https://doi.org/10.1016/0025-326X(91)90679-M
https://doi.org/10.1016/j.rse.2007.10.014
https://doi.org/10.1111/j.1365-2486.2010.02224.x
https://doi.org/10.1016/0967-0637(96)00012-X
https://doi.org/10.1371/journal.pone.0000295
https://doi.org/10.1016/0304-3800(93)E0073-C
https://doi.org/10.1016/j.ecolmodel.2003.09.003
https://doi.org/10.3354/meps10946
https://doi.org/10.1007/s10021-014-9803-3
https://doi.org/10.1016/j.envsoft.2016.12.004
https://doi.org/10.1016/j.ecolmodel.2008.06.013
https://doi.org/10.3354/meps07944
https://doi.org/10.1007/s11160-015-9386-x
https://doi.org/10.1016/j.ecolmodel.2015.01.025
https://doi.org/10.1111/cobi.12394
https://doi.org/10.1016/j.jmarsys.2017.02.004
https://doi.org/10.1371/journal.pone.0012110
https://doi.org/10.1111/j.1749-6632.2009.04496.x
https://doi.org/10.1016/j.icesjms.2004.12.006
https://doi.org/10.1016/j.tree.2008.02.005
https://doi.org/10.1890/11-0941.1
https://doi.org/10.3989/scimar.2011.75n4641
https://doi.org/10.1111/ddi.12002


Corrales et al.: Hindcasting Eastern Mediterranean ecosystem dynamics

Restructuring the sea:  profound shifts in the world’s most
invaded marine ecosystem. Divers Distrib 19: 69−77

Edelist D, Scheinin A, Sonin O, Shapiro J and others (2013b)
Israel:  Reconstructed estimates of total fisheries removals
in the Mediterranean, 1950−2010. Acta Adriat 54: 
253−264

Edelist D, Golani D, Spanier E (2014) First implementation of
the Large Fish Index (LFI) in the eastern Mediterranean.
Sci Mar 78: 185−192

Fanelli E, Azzurro E, Bariche M, Cartes JE, Maynou F (2015)
Depicting the novel Eastern Mediterranean food web:  a
stable isotopes study following Lessepsian fish invasion.
Biol Invasions 17: 2163−2178

Ferretti F, Myers RA, Serena F, Lotze HK (2008) Loss of large
predatory sharks from the Mediterranean Sea. Conserv
Biol 22: 952−964

Finn JT (1976) Measures of ecosystem structure and func-
tion derived from analysis of flows. J Theor Biol 56: 
363−380

Fulton EA (2010) Approaches to end-to-end ecosystem
 models. J Mar Syst 81: 171−183

Galil BS (2007a) Loss or gain? Invasive aliens and biodiver-
sity in the Mediterranean Sea. Mar Pollut Bull 55: 314−322

Galil BS (2007b) Seeing red:  alien species along the Medi-
terranean coast of Israel. Aquat Invasions 2: 281−312

Galil BS (2008) Alien species in the Mediterranean Sea —
which, when, where, why? Hydrobiologia 606: 105−116

Galil BS, Marchini A, Occhipinti-Ambrogi A, Minchin D,
Narš<ius A, Ojaveer H, Olenin S (2014) International
arrivals:  widespread bioinvasions in European Seas.
Ethol Ecol Evol 26: 152−171

Galil B, Boero F, Fraschetti S, Piraino S and others (2015)
The enlargement of the Suez Canal and introduction of
non-indigenous species to the Mediterranean Sea. Lim-
nol Oceanogr Bull 24: 43−45

Giakoumi S, Halpern BS, Michel LN, Gobert S and others
(2015) Towards a framework for assessment and man-
agement of cumulative human impacts on marine food
webs. Conserv Biol 29: 1228−1234

Golani D (1994) Niche separation between colonizing and
indigenous goatfish (Mullidae) along the Mediterranean
coast of Israel. J Fish Biol 45: 503−513

Golani D (1998) Impact of Red Sea fish migrants through the
Suez Canal on the aquatic environment of the Eastern
Mediterranean. Yale School of Forestry and Environ-
mental Studies Bulletin 103: 375−387

Golani D (2010) Colonization of the Mediterranean by Red
Sea fishes via the Suez Canal−Lessepsian migration. In: 
Golani D, Appelbaum-Golani B (eds) Fish invasions of
the Mediterranean Sea:  change and renewal. Pensoft
Publishers, Sofia-Moscow, p 145−188

Goren M, Shults D, Gafni A (2013) The current state of fish
and Israel’s fisheries in the Mediterranean Sea. A special
report to the Society for the Protection of Nature in Israel
(SPNI), Tel Aviv

Goren M, Galil BS, Diamant A, Stern N (2016) Invading up
the food web? Invasive fish in the southeastern Mediter-
ranean Sea. Mar Biol 163: 180

Gucu A, Bingel F (2011) Hake, Merluccius merluccius L., in
the northeastern Mediterranean Sea:  a case of disap-
pearance. J Appl Ichthyol 27: 1001−1012

Guénette S, Araújo JN, Bundy A (2014) Exploring the poten-
tial effects of climate change on the Western Scotian
Shelf ecosystem, Canada. J Mar Syst 134: 89−100

Halim Y, Rizkalla S (2011) Aliens in Egyptian Mediter -

ranean waters. A check-list of Erythrean fish with new
records. Mediterr Mar Sci 12: 479−490

Halpern BS, Frazier M, Potapenko J, Casey KS and others
(2015) Spatial and temporal changes in cumulative human
impacts on the world’s ocean. Nat Commun 6: 7615

Hamad N, Millot C, Taupier-Letage I (2006) The surface cir-
culation in the eastern basin of the Mediterranean Sea.
Sci Mar 70: 457−503

Harley CD, Randall Hughes A, Hultgren KM, Miner BG and
others (2006) The impacts of climate change in coastal
marine systems. Ecol Lett 9: 228−241

Heymans JJ, Coll M, Libralato S, Morissette L, Christensen
V (2014) Global patterns in ecological indicators of mar-
ine food webs:  a modelling approach. PLOS ONE 9: 
e95845

Heymans JJ, Coll M, Link JS, Mackinson S, Steenbeek J,
Walters C, Christensen V (2016) Best practice in Ecopath
with Ecosim food-web models for ecosystem-based man-
agement. Ecol Modell 331: 173−184

Hilborn R, Walters CJ (eds) (1992) Quantitative fisheries
stock assessment:  choice, dynamics and uncertainty.
Chapman & Hall, London

Hoegh-Guldberg O, Bruno JF (2010) The impact of climate
change on the world’s marine ecosystems. Science 328: 
1523−1528

Jackson JB, Kirby MX, Berger WH, Bjorndal KA and others
(2001) Historical overfishing and the recent collapse of
coastal ecosystems. Science 293: 629−637

Kao YC, Adlerstein S, Rutherford E (2014) The relative
impacts of nutrient loads and invasive species on a Great
Lakes food web:  an Ecopath with Ecosim analysis. J Gt
Lakes Res 40: 35−52

Kao YC, Adlerstein SA, Rutherford ES (2016) Assessment of
top-down and bottom-up controls on the collapse of
alewives (Alosa pseudoharengus) in Lake Huron. Eco-
systems 19: 803−831

Kaschner K, Watson R, Trites AW, Pauly D (2006) Mapping
world-wide distributions of marine mammal species
using a relative environmental suitability (RES) model.
Mar Ecol Prog Ser 316: 285−310

Katsanevakis S, Coll M, Piroddi C, Steenbeek J, Ben Rais
Lasram F, Zenetos A, Cardoso AC (2014a) Invading the
Mediterranean Sea:  biodiversity patterns shaped by
human activities. Front Mar Sci 1: 32

Katsanevakis S, Wallentinus I, Zenetos A, Leppäkoski E and
others (2014b) Impacts of invasive alien marine species
on ecosystem services and biodiversity:  a pan-European
review. Aquat Invasions 9: 391−423

Kempton R, Taylor L (1976) Models and statistics for species
diversity. Nature 262: 818−820

Kumar R, Varkey D, Pitcher T (2016) Simulation of zebra
mussels (Dreissena polymorpha) invasion and evaluation
of impacts on Mille Lacs Lake, Minnesota:  an ecosystem
model. Ecol Modell 331: 68−76

Langseth BJ, Rogers M, Zhang H (2012) Modeling species
invasions in Ecopath with Ecosim:  an evaluation using
Laurentian Great Lakes models. Ecol Modell 247: 
251−261

Lejeusne C, Chevaldonné P, Pergent-Martini C, Boudoures -
que CF, Pérez T (2010) Climate change effects on a minia-
ture ocean:  the highly diverse, highly impacted Mediter-
ranean Sea. Trends Ecol Evol 25: 250−260

Leslie HM, McLeod KL (2007) Confronting the challenges of
implementing marine ecosystem-based management.
Front Ecol Environ 5: 540−548

35

https://doi.org/10.3989/scimar.03936.26A
https://doi.org/10.1007/s10530-015-0868-5
https://doi.org/10.1111/j.1523-1739.2008.00938.x
https://doi.org/10.1016/S0022-5193(76)80080-X
https://doi.org/10.1016/j.jmarsys.2009.12.012
https://doi.org/10.1016/j.marpolbul.2006.11.008
https://doi.org/10.3391/ai.2007.2.4.2
https://doi.org/10.1007/s10750-008-9342-z
https://doi.org/10.1080/03949370.2014.897651
https://doi.org/10.1002/lob.10036
https://doi.org/10.1111/cobi.12468
https://doi.org/10.1111/j.1095-8649.1994.tb01332.x
https://doi.org/10.1007/s00227-016-2950-7
https://doi.org/10.1111/j.1439-0426.2011.01765.x
https://doi.org/10.1016/j.jmarsys.2014.03.001
https://doi.org/10.12681/mms.46
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26172980&dopt=Abstract
https://doi.org/10.3989/scimar.2006.70n3457
https://doi.org/10.1111/j.1461-0248.2005.00871.x
https://doi.org/10.1371/journal.pone.0095845
https://doi.org/10.1016/j.jglr.2014.01.010
https://doi.org/10.3354/meps316285
https://doi.org/10.1016/j.ecolmodel.2012.08.015
https://doi.org/10.1016/j.tree.2009.10.009
https://doi.org/10.1890/060093


Mar Ecol Prog Ser 580: 17–36, 2017

Libralato S, Caccin A, Pranovi F (2015) Modelling species
invasions using thermal and trophic niche dynamics
under climate change. Front Mar Sci 2: 29

Lotze HK, Lenihan HS, Bourque BJ, Bradbury RH and others
(2006) Depletion, degradation, and recovery potential of
estuaries and coastal seas. Science 312: 1806−1809

Macias D, Garcia-Gorriz E, Piroddi C, Stips A (2014) Biogeo-
chemical control of marine productivity in the Mediter-
ranean Sea during the last 50 years. Global Biogeochem
Cycles 28: 897−907

Mackinson S, Daskalov G, Heymans JJ, Neira S and others
(2009) Which forcing factors fit? Using ecosystem models
to investigate the relative influence of fishing and
changes in primary productivity on the dynamics of mar-
ine ecosystems. Ecol Modell 220: 2972−2987

Madeira D, Narciso L, Cabral HN, Vinagre C (2012) Ther-
mal tolerance and potential impacts of climate change on
coastal and estuarine organisms. J Sea Res 70: 32−41

Mavruk S, Avsar D (2008) Non-native fishes in the Mediter-
ranean from the Red Sea, by way of the Suez Canal. Rev
Fish Biol Fish 18: 251−262

Maynou F, Sbrana M, Sartor P, Maravelias C and others
(2011) Estimating trends of population decline in long-
lived marine species in the Mediterranean Sea based on
fishers’ perceptions. PLOS ONE 6: e21818

Moullec F, Ben Rais Lasram F, Coll M, Guilhaumon F and
others (2016) Climate change impacts on marine re -
sources:  from individual to ecosystem responses. In: 
Sabrié ML, Gibert-Brunet E, Mourier T (eds) The Medi-
terranean region under climate change — a scientific
update. AllEnvi / IRD Editions, Marseille, p 229−248

Nixon SW (2003) Replacing the Nile:  are anthropogenic
nutrients providing the fertility once brought to the
Mediterranean by a great river? Ambio 32: 30−39

Nixon S (2004) The artificial Nile. Am Sci 92: 158−165
Odum EP (1969) The strategy of ecosystem development.

Science 164: 262−270
Odum EP (1985) Trends expected in stressed ecosystems.

Bioscience 35: 419−422
Parsons ECM, Favaro B, Aguirre AA, Bauer AL and others

(2014) Seventy-one important questions for the conser-
vation of marine biodiversity. Conserv Biol 28: 1206−1214

Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F (1998)
Fishing down marine food webs. Science 279: 860−863

Pauly D, Ulman A, Piroddi C, Bultel E, Coll M (2014)
‘Reported’ versus ‘likely’ fisheries catches of four Medi-
terranean countries. Sci Mar 78: 11−17

Perry AL, Low PJ, Ellis JR, Reynolds JD (2005) Climate
change and distribution shifts in marine fishes. Science
308: 1912−1915

Pinnegar JK, Tomczak MT, Link JS (2014) How to determine
the likely indirect food-web consequences of a newly
introduced non-native species:  a worked example. Ecol
Modell 272: 379−387

Piroddi C, Giovanni B, Villy C (2010) Effects of local fisheries
and ocean productivity on the northeastern Ionian Sea
ecosystem. Ecol Modell 221: 1526−1544

Piroddi C, Teixeira H, Lynam CP, Smith C and others (2015)
Using ecological models to assess ecosystem status in
support of the European Marine Strategy Framework
Directive. Ecol Indic 58: 175−191

Piroddi C, Coll M, Liquete C, Macias D and others (2017)
Historical changes of the Mediterranean Sea ecosystem: 

modelling the role and impact of primary productivity
and fisheries changes over time. Sci Rep 7: 44491

Plagányi ÉE (2007) Models for an ecosystem approach to
fisheries. FAO Fisheries Technical Paper. No. 477. FAO,
Rome

Por FD (1978) Lessepsian migration:  the influx of Red Sea
biota into the Mediterranean by way of the Suez Canal.
Springer-Verlag, Berlin

Raitsos DE, Beaugrand G, Georgopoulos D, Zenetos A,
 Pancucci-Papadopoulou AM, Theocharis A, Papathanas-
siou E (2010) Global climate change amplifies the entry
of tropical species into the Eastern Mediterranean Sea.
Limnol Oceanogr 55: 1478

Ravier C, Fromentin JM (2004) Are the long-term fluctua-
tions in Atlantic bluefin tuna (Thunnus thynnus) popula-
tion related to environmental changes? Fish Oceanogr
13: 145−160

Rilov G, Galil B (2009) Marine bioinvasions in the Mediter-
ranean Sea — history, distribution and ecology. In:  Rilov
G, Crooks JA (eds) Ecological studies, Vol 204. Biological
invasions in marine ecosystems. Springer-Verlag, Berlin,
p 549−575

Rochet MJ, Trenkel VM (2003) Which community indicators
can measure the impact of fishing? A review and pro -
posals. Can J Fish Aquat Sci 60: 86−99

Rogers MW, Bunnell DB, Madenjian CP, Warner DM, Rose K
(2014) Lake Michigan offshore ecosystem structure and
food web changes from 1987 to 2008. Can J Fish Aquat
Sci 71: 1072−1086

Rose KA, Allen JI, Artioli Y, Barange M and others (2010)
End-to-end models for the analysis of marine ecosys-
tems:  challenges, issues, and next steps. Mar Coast Fish
2: 115−130

Scott E, Serpetti N, Steenbeek J, Heymans JJ (2016) A step-
wise fitting procedure for automated fitting of Ecopath
with Ecosim models. SoftwareX 5: 25−30

Shannon L, Christensen V, Walters C (2004) Modelling stock
dynamics in the southern Benguela ecosystem for the
period 1978−2002. Afr J Mar Sci 26: 179−196

Sternberg M, Gabay O, Angel D, Barneah O and others
(2015) Impacts of climate change on biodiversity in
Israel:  an expert assessment approach. Reg Environ
Change 15: 895−906

Suari Y, Brenner S (2015) Decadal biogeochemical history of
the south east Levantine basin:  simulations of the river
Nile regimes. J Mar Syst 148: 112−121

Tsikliras AC, Dinouli A, Tsiros VZ, Tsalkou E (2015) The
Mediterranean and Black Sea fisheries at risk from over-
exploitation. PLOS ONE 10: e0121188

Ulanowicz RE (1986) Growth and development:  ecosystems
phenomenology. Springer-Verlag, New York, NY

Walters CJ, Martell SJ (2004) Fisheries ecology and man-
agement. Princeton University Press, Princeton, NJ

Walters C, Christensen V, Pauly D (1997) Structuring
dynamic models of exploited ecosystems from trophic
mass-balance assessments. Rev Fish Biol Fish 7: 139−172

Worm B, Barbier EB, Beaumont N, Duffy JE and others
(2006) Impacts of biodiversity loss on ocean ecosystem
services. Science 314: 787−790

Zhang H, Rutherford ES, Mason DM, Breck JT and others
(2016) Forecasting the impacts of silver and bighead carp
on the Lake Erie food web. Trans Am Fish Soc 145: 
136−162

36

Editorial responsibility: Konstantinos Stergiou, 
Thessaloniki, Greece

Submitted: February 20, 2017; Accepted: July 24, 2017
Proofs received from author(s):September 13, 2017

https://doi.org/10.1002/2014GB004846
https://doi.org/10.1016/j.ecolmodel.2008.10.021
https://doi.org/10.1016/j.seares.2012.03.002
https://doi.org/10.1007/s11160-007-9073-7
https://doi.org/10.1371/journal.pone.0021818
http://www.editions.ird.fr/produit/433/9782709922197/The Mediterranean Region under Climate Change
https://doi.org/10.1579/0044-7447-32.1.30
https://doi.org/10.1511/2004.46.927
https://doi.org/10.1126/science.164.3877.262
https://doi.org/10.2307/1310021
https://doi.org/10.1111/cobi.12303
https://doi.org/10.3989/scimar.04020.17A
https://doi.org/10.1016/j.ecolmodel.2013.09.027
https://doi.org/10.1016/j.ecolmodel.2010.03.002
https://doi.org/10.1016/j.ecolind.2015.05.037
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28290518&dopt=Abstract
https://doi.org/10.4319/lo.2010.55.4.1478
https://doi.org/10.1111/j.1365-2419.2004.00284.x
https://doi.org/10.1139/f02-164
https://doi.org/10.1139/cjfas-2013-0514
https://doi.org/10.1577/C09-059.1
https://doi.org/10.2989/18142320409504056
https://doi.org/10.1007/s10113-014-0675-z
https://doi.org/10.1016/j.jmarsys.2015.02.004
https://doi.org/10.1371/journal.pone.0121188
https://doi.org/10.1023/A%3A1018479526149
https://doi.org/10.1080/00028487.2015.1069211



