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INTRODUCTION

The Mediterranean Sea harbors up to 6.27% of the
world’s marine species (depending on the group con-
sidered), whereas it is only 0.82% in surface area and
0.32% in volume of the world’s oceans, and en de -
mism represents more than one quarter of the entire
Mediterranean biota (Coll et al. 2010). However,
Mediterranean biodiversity is undergoing rapid
 al teration under combined environmental and an -
thro pogenic impacts, experiencing climate change,
heavy demographic, urban and industrial pressure,
and also fishing (Coll et al. 2010). In turn, biodiversity
loss leads to a decrease in the economic activities

dependent on the quality of marine resources, such
as fishing or tourism (Sumaila et al. 2000).

Marine protected areas (MPAs) have become a
popular tool to reduce human impact on marine eco -
systems (Allison et al. 1998), notably in the Medi -
 terranean Sea, where about a hundred of them have
already been established (Abdulla et al. 2008). MPAs
are expected to allow exploited fish popu lations to
increase in biomass, mean age, and length (Francour
et al. 2001, Halpern & Warner 2002). At the ecosys-
tem level, the effects are different whether the spe-
cies considered are large predators or small foraging
fishes, and depending on changes in ecosystem
structure and function induced by reducing fishing
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mortality (Mosquera et al. 2000, Murawski et al.
2005).

The purpose of our study was to assess the poten-
tial effects of an MPA on the whole marine food web,
using a trophodynamic modeling approach. The
Port-Cros National Park (north-western Mediter-
ranean Sea), established in 1963, was considered as a
case study. This French National Park comprises a
small MPA of 13 km2, with near-shore rocky reef bot-
toms and economically important biological re -
sources, such as fish and large decapod crustaceans
(Francour et al. 2001). Like in most Mediterranean
MPAs, a complex zoning of usages is practiced in the
Port-Cros MPA (Francour et al. 2001) and only a
small portion of the MPA is actually completely
closed to all professional fishing activities (about 5%
of the MPA). In the Mediterranean, recent studies
have focused on the effects of MPAs using ecosystem
models. Libralato et al. (2010) compared the food
web structure inside a small protected area to a
neighboring exploited area in the northern Adriatic
Sea. Albouy et al. (2010) also used an ecosystem
model and temporal simulations to evaluate the ben-
efits of the Bonifacio MPA and the potential effects of
artisanal and recreational fisheries.

In the present study, we assessed the potential
effects of the reserve on the ecosystem by modeling
trophic interactions inside the MPA, using a well-
known software and approach — Ecopath with Eco -
sim (EwE) (Christensen & Pauly 1992, Christensen &
Walters 2004) — and the EcoTroph plug-in recently
added to the EwE family (Gascuel 2005, Gascuel et
al. 2011). First, we built an Ecopath model that syn-
thesized the available ecological and fishing data
and then analyzed species interactions. This snap-
shot image of the ecosystem was used as the refer-
ence model and modified to test 3 hypotheses on
migration and estimate the potential exports that the
MPA might produce. Next, using the EcoTroph
model based on the Ecopath model, we simulated
various hypothetical fishing scenarios and explored
the effects of MPA-induced reductions in fishing
mortality on the trophic functioning of the ecosystem.
These findings were used to provide guidelines to
the Port-Cros National Park Authority.

MATERIALS AND METHODS

Study area

The Port-Cros National Park’s MPA is a small, insu-
lar, north-western Mediterranean MPA, located near

Toulon, France (43° 00’ N, 6° 23’ E) (Fig. 1), and was
created in 1963. The National Park is an archipelago
comprising a main island, the Port-Cros Island, and 3
smaller islands. The MPA is a 600 m wide belt around
the archipelago, for a total area of 1288 ha and a
maximum depth of about 50 m. We considered and
represented the total volume of the MPA in our mod-
eling approach (up to 600 m offshore and 50 m
depth).

In Port-Cros, fishing has been permitted with
restrictions, owing to social and economic pressures.
No-fishing areas (located around ports and diving
and swimming areas) represent only about 5% of the
MPA. Outside these restricted areas, specific regula-
tions for professional fishing enshrined in a charter
since 1999 limit the size, length, or number of nets,
and also the sectors, durations, and periods of fishing.
From 1990 to 2004, recreational fishing has been pro-
gressively restricted to half of the MPA, as the signif-
icant amount of catches taken by recreational fishing
in the past were incompatible with the MPA’s objec-
tives (Cadiou et al. 2008). Trawling and spear-fishing
is banned everywhere inside the MPA.

Monitoring of professional fishing inside the Port-
Cros MPA from 2001 to 2005 (Cadiou et al. 2008)
revealed that the mean number of signatory fisher-
men is about 19 yr−1, but the number of fishing ves-
sels observed in the MPA ranges between 9 and 13.
Thus, nearly half of the signatory fishermen do not
actually fish within the MPA. Fishing vessels, usually
operated by the owner, are small (8.6 m length on
average) and have low engine power (93 kW on aver-
age). Trammel nets represent about 84% of the gear
types used. Professional fishing is uniformly distrib-
uted throughout the fishing areas of the MPA (95%
of the surface), but the MPA generally represents a
maximum of about 50% of their total fishing grounds,
and fishing vessels spend a maximum of about 25%
of their total fishing time inside the MPA (Cadiou et
al. 2008).
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Fig. 1. Port-Cros National Park’s marine protected area
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The Ecopath model

Principles and equations of Ecopath

The Ecopath model (Christensen & Pauly 1992,
Christensen & Walters 2004) is a mass-balanced
model describing the feeding relationships between
functional groups, defined as ecologically similar
life-stage, species, or groups of species (similar
sizes, diets, predators, and life cycles). The Ecopath
model is a snapshot of the ecosystem structure and
assumes that, for each functional group i, production
is equal to the sum of the biomass removed by non-
predation natural causes (diseases, old age,…), pre-
dation, and fishing, plus net migration and biomass
accumulation:

Pi = M0i � Bi + M2i � Bi + Yi + NMi + BAi (1)

where Pi is production (t km−2 yr−1), Bi is biomass
(t km−2), M0i is non-predation natural mortality rate
(yr−1), M2i is predation natural mortality rate (yr−1), Yi

is catch (t km−2 yr−1), NMi is net migration (t km−2 yr−1),
and BAi is biomass accumulation (t km−2 yr−1). This
equation can also be formulated for each functional
group:

P/Bi � Bi = P/Bi � Bi � (1 − EEi)
+ Σj (Q/B)ji � Bi � DCji + Yi + NMi + BAi

(2)

where production is expressed as the product be -
tween the production/biomass ratio (P/Bi, yr−1) and
the biomass; non-predation natural mortality is ex -
pressed through ecotrophic efficiency (EE, dimen-
sionless), which is the part of the production used by
the trophic web, exported, accumulated, or fished;
and predation is expressed as the product of the bio-
mass, the consumption/biomass ratio (Q/Bji, yr−1), and
the sum of the diet compositions DCji of all the preda-
tor groups j which feed partly on prey i.

Functional groups definition

The model we built represents an average situation
of the Port-Cros MPA for the period 1998 to 2008, and
comprises 41 functional groups, including detritus
(Table 1). Fish functional groups were based on a list
of 85 species observed in Port-Cros (Dufour et al.
2007). Species were aggregated according to their
trophic level (TL) (Stergiou & Karpouzi 2002), maxi-
mum length (Lmax, cm) (Froese & Pauly 2009), and
feeding type (e.g. carnivorous, omnivorous, herbivo-
rous). Thus, we obtained 18 fish groups, including 2
mono-specific groups (for dusky grouper Epi nephe -

lus marginatus and salema Sarpa salpa), which were
split into ontogenic groups, to account for changes in
their diet with age. Fish groups were named using
the most abundant species of the group, a ‘+’ indicat-
ing the presence of secondary species (Table S1 in
the supplement at www.int-res.com/ articles/ suppl/
m456p201.pdf).

Twenty-two groups of invertebrates were defined,
based on descriptions of fish stomach contents, to
organize the main fish prey in homogeneous
groups (Table 1). In spite of limited available data,
the invertebrates were split into quite detailed
groups, especially for echinoderms or crustaceans,
as they include quite diverse organisms. No marine
mammals or sharks were included because of the
small size of the MPA, a negligible area for these
species, and be cause they were rarely observed
inside the MPA. However, the Port-Cros National
Park islands shelter significant populations of
seabirds (Cory’s shear water Calonectris diomedea,
yelkouan shearwater Puffinus yelkouan, and yel-
low-legged gull Larus cachinnans michahellis),
which were included in the model. Among primary
producers, seagrass Posidonia oceanica was distin-
guished from seaweeds, and shallow seaweeds
from deep seaweeds, since they are not grazed
upon by the same predators.

Estimates of biomass, diet, and catch per group

Fish biomass was obtained from diving counts and
scientific trawling, in Port-Cros, from 1981 to 2008
(mainly from Khoury 1987, Francour 1997 and Ruit-
ton et al. 2004). Biomass of the other (non-fish)
groups was collected from different surveys con-
ducted in or near Port-Cros (e.g. Francour 1990). For
each species, the calculation of biomass accounted
for the surface of its habitat types inside the MPA,
estimated from recent cartography in the Port-Cros
National Park (Belsher et al. 2005) (Tables S2 & S3 in
the supplement). For a few groups, in the absence of
available data in the literature, biomass was esti-
mated from expert advice or as part of the mass-
 balanced calculations of Ecopath.

Fish diet compositions were collected from pub-
lished stomach contents analysis, mainly in the
north-western Mediterranean Sea. Most data came
from 2 studies realized on seagrass meadows of Posi-
donia oceanica, in the Marseille (Bell & Harmelin-
Vivien 1983) and Port-Cros regions (Khoury 1987), in
the 1980s. Diet compositions for most of the other
groups were based on 2 Ecopath models available in
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the literature (Opitz 1996, Pinnegar 2000) (Table S4
in the supplement).

Catch data came from annual monitoring of the
professional fishing fleet inside the Port-Cros MPA
(Cadiou & Bonhomme 2006). The last year (2005) was
identified as a representative year, and the corre-
sponding catch data were used (Table 1). Only the
biomass caught inside the MPA and re ported in fish-
ermen’s logbooks was considered. Catch included

landings of the targeted and bycatch species, and we
assumed there was no  discard from this traditional
small-scale coastal fishery.

P/B and Q/B Ecopath parameters

Ecopath parameters of fish groups were calcu-
lated with empirical equations. Fish production per
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       Group name                          TL          B          M            F           P/B     Q/B         EE       P/Q         OI             Y        Access.

1      Seabirds                                4.09        0.29      −             −           0.40 73.20     0.000     0.01       0.43            −            0.0
2      Rays                                      4.38        0.03    0.20          −           0.20 1.99     0.400     0.10       0.53       0.0030       1.0
3      Dusky grouper—large         4.37        4.32    0.10          −           0.10 0.67     0.000     0.15       0.27            −            0.0
4      Dusky grouper—medium    4.25        0.43    0.44      0.0003      0.44 1.56     0.721     0.28       0.28       0.0001       1.0
5      Dusky grouper—small         3.98        0.25    1.53      0.0003      1.53 4.40     0.396     0.35       0.32       0.0001       1.0
6      Amberjack+                          4.08        5.55    0.24      0.0052      0.24 2.44     0.108     0.10       0.33       0.0290       0.6
7      Red scorpionfish+                4.21        0.49    0.36      0.1598      0.52 4.48     0.666     0.12       0.31       0.0790       1.0
8      Scorpionfishes+                    3.79        4.29    0.59      0.0072      0.60 3.99     0.290     0.15       0.26       0.0310       0.8
9      Surmullet+                            3.65        0.24    0.71      0.1280      0.84 5.65     0.962     0.15       0.43       0.0300       0.1
10    Pipefishes+                           3.41        0.02    1.38          −           1.38 9.92     0.829     0.14       0.33            −            0.0
11    Wrasses                                 2.96        5.04    0.52      0.0038      0.53 5.27     0.951     0.10       0.47       0.0190       0.8
12    Gobies                                   3.33        0.43    1.12          −           1.12 5.60     0.784     0.20       0.13            −            0.0
13    Pagellus                                3.66        0.65    0.41          −           0.42 4.15     0.980     0.10       0.28       0.0030       1.0
14    Diplodus+                             3.08        3.63    0.49      0.0080      0.50 5.03     0.660     0.10       0.18       0.0290       0.8
15    Blennies+                              3.32        0.15    0.59          −           0.59 5.94     0.978     0.10       0.27            −            0.0
16    Horse mackerels+                3.54      20.00    0.56      0.0004      0.56 5.56     0.917     0.10       0.68       0.0120       0.1
17    Mullets                                  2.27        4.50    0.45          −           0.45 4.53     0.595     0.10       0.22            −            0.0
18    Salema—adults                    2.00        5.40    0.25      0.0421      0.25 2.54     0.126     0.10       0.00       0.0220       1.0
19    Salema—small                      2.00        4.10    0.81      0.0421      0.81 5.24     0.425     0.16       0.00       0.0200       1.0
20    Cephalopods                        3.60        3.00      −             −           2.34 7.80     0.948     0.30       0.18       0.0170       0.8
21    Crabs                                    2.63        3.61      −             −           1.61 14.00     0.755     0.12       0.45       0.0190       0.2
22    Decapods                              2.67      13.37      −             −           2.30 23.00     0.950     0.10       0.37       0.0120       0.2
23    Bivalves                                2.10        2.79      −             −           2.46 15.87     0.939     0.16       0.09            −            0.0
24    Gastropods                           2.24      17.89      −             −           1.91 10.71     0.900     0.18       0.26            −            0.0
25    Sea stars                                2.71        0.70      −             −           0.25 1.67     0.184     0.15       0.36            −            0.0
26    Brittle stars+                         2.05        0.69      −             −           0.49 3.24     0.900     0.15       0.06            −            0.0
27    Sea urchins                           2.16      38.20      −             −           0.19 1.27     0.651     0.15       0.18            −            0.0
28    Sea cucumbers                     2.05      76.26      −             −           0.25 1.67     0.232     0.15       0.05            −            0.0
29    Sea worms                            2.33      27.59      −             −           1.82 11.53     0.950     0.16       0.31            −            0.0
30    Suspensivores                      2.28      24.83      −             −           1.70 14.01     0.900     0.12       0.23            −            0.0
31    Gorgonians                           2.23      40.56      −             −           0.08 0.53     0.000     0.15       0.29            −            0.0
32    Small crustaceans                2.14      31.05      −             −           4.00 33.40     0.925     0.12       0.13            −            0.0
33    Amphipods                           2.24      21.79      −             −           4.00 20.00     0.950     0.20       0.20            −            0.0
34    Large zooplankton               3.04        2.18      −             −         25.00 125.0       0.950     0.20       0.09            −            0.0
35    Small zooplankton               2.10        9.63      −             −         50.00 170.0       0.950     0.29       0.09            −            0.0
36    Foraminifera                         2.00        4.80      −             −         80.00 266.7       0.950     0.30       0.00            −            0.0
37    Posidonia                              1.00  8550.0        −             −           0.30 −         0.303       −         0.00            −            0.0
38    Shallow seaweeds               1.00    141.00      −             −           4.43 −         0.533       −         0.00            −            0.0
39    Deep seaweeds                    1.00      40.95      −             −           1.57 −         0.559       −         0.00            −            0.0
40    Phytoplankton                      1.00      20.00      −             −       112.6 −         0.677       −         0.00            −            0.0
41    Detritus                                 1.00      86.35      −             −           − −         0.533       −         0.39            −            0.0

Table 1. Parameters of the balanced Ecopath model of the Port-Cros marine protected area (Hypothesis 0) by functional group
(values in bold were estimated by Ecopath). Fish groups were named using the most abundant species of the group, a ‘+’ indi-
cating the presence of secondary species. TL: trophic level (dimensionless); B: biomass (t km−2 yr−1); M: natural mortality rate
(yr−1); F: fishing mortality rate (yr−1); P/B: production/biomass (yr−1); Q/B: consumption/biomass (yr−1); EE: ecotrophic effi-
ciency (dimensionless); P/Q: production/consumption (dimensionless): OI: omnivory index (dimensionless); Y: landings (t km−2

yr−1); Access.: accessibility to fishing (dimensionless; accessibility is defined as the fraction of the biomass group that can be
caught increasing indefinitely the current fishing effort). Dashes represent no input values (either no fishing so no F or Y, or 

Q/B calculated directly without estimating M and F)
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unit biomass P/B corresponds to the total mortality
rate Z (Allen 1971), the sum of natural (M) and fish-
ing (F) mortality rates. M was calculated by aver-
aging the results of 3 empirical equations (Pauly
1980, Hoenig 1993, Gascuel et al. 2008). F is the
catch to biomass ratio. Fish consumption per unit
biomass Q/B was calculated with an empirical
equation (Palomares & Pauly 1998) (Table S5 in the
supplement). Compilations of growth parameters
and length-weight relationships are less systematic
and generally not available for invertebrates, so
their P/B and Q/B values were collected from the
literature (Table S3), preferably from Port-Cros
(Francour 1990) or from the best values compiled in
3 previous Ecopath models (Opitz 1996, Pinnegar
2000, Coll et al. 2006).

Balancing the Ecopath model

The logic applied during the balancing step was
based on model structure and data quality, as rec-
ommended by Link (2010). Missing estimates of
parameters for some groups were compensated by
setting complementary parameters to realistic val-
ues in the production equation. For instance, the
few groups for which biomass was missing were
attributed a reasonable value of EE (low EE values
for high trophic level groups and higher EE values
for lower trophic level groups), and the correspond-
ing biomass was left to be calculated by Ecopath.
Note that none of these groups are directly con-
cerned by the model exploration described with
Hypotheses 1 to 3 (see ‘Potential emigration and
biomass accumulation’). Similarly, the production/
consumption ratio (P/Q, dimensionless), which gen-
erally ranges from 0.1 to 0.3, was set to a fixed value
to obtain the missing Q/B values. The Ecopath
model is balanced once EE is equal or lower than 1
for all the groups.

Balancing the model required the modification of
some input values in 3 steps (see ‘Balancing the Eco-
path model’ in the supplement). First, it was neces-
sary to adjust some input Q/B parameters that
seemed to be un realistically high. Then, although
data on fish diet compositions were considered reli-
able, as they were collected for every species of each
group, some adjustments were necessary. Finally,
biomass estimates were corrected for 3 groups. Bio-
mass of ce pha lo pods and bivalves had to be
increased to sustain predation, and biomass of horse
mackerels+ had to be decreased to relieve pressure
on lower trophic level prey.

Using Ecopath to identify keystone species and
estimate potential exports

Mixed trophic impact and index of keystoneness

Direct and indirect interactions within the ecosys-
tem were analyzed using the mixed trophic impact
(MTI) routine of Ecopath, which assesses the relative
impact of a slight increase in abundance of any group
on the biomass of other groups in the food web
(Christensen et al. 2005). The MTI index, scaled from
−1 to 1, was calculated for every group in the model.

Keystone species, defined as species whose struc-
turing role in the food web is much higher than what
could be expected from their relative biomass, were
identified using the method developed by Libralato et
al. (2006), based on the MTI matrix. Following this
method, we obtained an estimate of the index of ‘key-
stoneness’ (KS) for every functional group (except
 detritus), although we only focused on the 10 func-
tional groups that ranked highest on the KS index.

Potential emigration and biomass accumulation

In the absence of data, net migration and biomass
accumulation were assumed to be equal to zero for
all functional groups in the base model (Hypothe-
sis 0) of the Ecopath model. Three other alternative
hypotheses were tested by building 3 other models,
based on the base model, to evaluate potential emi-
gration or biomass accumulation for some groups and
assess the spillover of the MPA to neighborhood
areas. Hypothesis 1 assumes that all 12 groups iden-
tified as being able to emigrate (P. Francour pers.
obs.) were characterized by high ecotrophic efficien-
cies (EE = 0.95), which means that the remaining pro-
duction constitutes the maximum biomass exports for
each of them. Such an assumption also implies that
few fishes of these groups died for other reasons than
predation (i.e. M0i = 0.05 × P/Bi), most of them being
exported, exploited, or predated. Hypothesis 2 in -
creases the amount of imported prey in the diet of
amberjack+ (from 3 to 20%), assuming this large
predator group could feed regularly outside the MPA
(P. Francour pers. obs.). This hypothesis evaluates the
sensitivity of the initial estimate of potential emigra-
tion to changes in predation pressure from amber-
jack+. Finally, Hypothesis 3 assumes that the net
migration of large dusky grouper is null, to estimate
the maximum biomass accumulation of large dusky
grouper under a high EE (= 1). We thus assumed that
all non-predated and unexploited groupers con-
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tribute to the accumulation of biomass (i.e. M0i = 0).
The estimated value was then compared to field
observations. Indeed, large dusky groupers are
known to be sedentary as they grow older, staying in
holes and ambushing their prey. Thus, this group is
unlikely to emigrate outside the MPA and would
likely accumulate biomass over time.

The EcoTroph model

Principles and equations of EcoTroph

The ecological effects of the Port-Cros MPA were
assessed using various hypothetical fishing scenarios
with EcoTroph (Gascuel 2005, Gascuel et al. 2011).
This trophic-level-based ecosystem modeling ap -
proach is founded on the idea that an ecosystem can be
represented by its biomass distribution across trophic
levels, this distribution being called the biomass
trophic spectrum. Similar trophic spectra can also be
built for other parameters, such as production or catch,
and the EcoTroph model simulates the spectra distor-
tions induced by fishing (see ‘The EcoTroph model:
principles and major equations’ in the supplement).

EcoTroph parameterization

The reference state of the EcoTroph model was de-
fined using the base Ecopath model (Hypothesis 0),
assumed to represent the current state of the Port-
Cros ecosystem. First, using the ‘transpose’ routine
described in Gascuel et al. (2009), biomass Bi, produc-
tion Pi, and catches Yi of each functional group i were
distributed over a range of trophic classes around the
mean trophic level of the group (estimated by Eco-
path). The omnivory indices OIj for each predator j
(Table 1) were used to measure the within-group
variability in trophic levels and check the distribution
of omnivory across trophic levels and functional
groups. Omnivory indices were calculated as:

(3)

where TLi and TLj are the trophic levels of prey i and
predator j and DCji is the proportion of prey i in the
diet of predator j (Christensen et al. 2008).

Accessibility to fishing was defined for each func-
tional group according to the importance of targeted
species within the group (if the group is not fished,
the accessibility value is zero) (see Table 1). Then,
trophic spectra of B, P, and Y were calculated by

trophic level by summing the related parameter over
all functional groups. So, the EcoTroph model repre-
sents the current biomass, production, and catch by
trophic class, whereas they are considered by func-
tional group in the Ecopath model.

Simulation of fishing scenarios

Starting from the reference state, different scenarios
of fishing mortality were simulated using the ‘diagno-
sis’ routine (Gascuel et al. 2009). Thus, the current
state of the protected ecosystem was compared to
those resulting from the different fishing scenarios,
based on the biomass and catch trophic spectra and
the mean trophic level of the ecosystem. First, the
fishing mortalities F*τ were set to 0 to evaluate how far
from the unexploited state the ecosystem is. Then, 3
hypothetical scenarios of exploitation were built, all
with higher fishing mortality than the current one, in-
tending to cover a large range of realistic exploitation
patterns that would have occurred when fishing was
less restricted in the MPA (Fig. 2).
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Fig. 2. Trophic spectra of accessible fishing mortality F*τ
(yr−1), calculated for the current state (thick line) and simu-
lated for the 3 fishing scenarios (thin lines). Scenario 1 sim-
ulates a 12-fold increase in the current fishing mortality,
obtained by applying to the current F*τ an effort multiplier
(m) of 12, and corresponding to a 10-fold increase in the
current catch, up to 3.2 t km−2 (the maximal level of catch
observed inside the reserve in the past). Scenarios 2 and 3
featured a fixed F*τ value set to 0.2 and 0.4, respectively, for
trophic levels above 3.5, and low trophic levels, even if ac-
cessible, were assumed not targeted using a fishing mortal-
ity which follows a logistic curve, with a trophic level at first 
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RESULTS

General characteristics of the Port-Cros 
MPA ecosystem

Biomass, trophic level, and omnivory index

Total biomass in the MPA was estimated by Ecopath
at about 9000 t km−2. The model provided biomass
estimates for all groups, including some invertebrates
which were previously poorly documented (Table 1).
The biomass of first-order producers was largely dom-
inated by the group Posidonia, whose abundance was
especially high in the Port-Cros MPA (8550 t km−2,
that is to say 95% of the total biomass). Secondary pro-
ducers were more diverse and mainly represented by
benthic groups whose abundances were similar (e.g.
sea cucumbers, gorgonians, sea urchins, sea worms,
and suspensivores). As ex pected, biomass decreased
as trophic level in creased (Fig. 3a). However, some
fish groups with high trophic level also had relatively
high biomass, such as amberjack+ (5.6 t km−2) or large
dusky grouper (4.3 t km−2). Fish of intermediate
trophic level were dominated by horse mackerels+.

No significant relationship was found between OI
and TL, except for the lowest trophic levels (Fig. 3b).
Indeed, by definition, OI is constrained to zero for
groups feeding on one single trophic level such as
strictly herbivorous consumers that will only eat on
TL 1. OI rapidly in creased from TL 2 to 2.5, as addi-
tional prey were added to the diet, and varied be -

tween 0.2 and 0.5 for most groups whose mean TL
was >2.5. Such a result reflects a high trophic oppor-
tunism in functional groups, whose prey covered a
wide range of trophic levels. This suggests that OI,
which measures the variability between prey types,
is a good indicator of dispersion of predation across
trophic levels (Libralato & Solidoro 2010) and justifies
the use of OI in the ‘transpose’ routine of Eco Troph.
However, the relatively low OI value obtained for
large zooplankton could in part be a modeling arti-
fact, all prey of this group being merged in the small
zooplankton group (for convenience and also
because of data limitation on invertebrate species
diets). Gobies also had a low OI, because of their
small size, that restricts their choice of prey at low
trophic levels. Conversely, the OI of horse mack-
erels+ was very high because of the large variety of
prey found in stomach content analyses.

Keystone species of the Port-Cros ecosystem

Results estimating trophic impact with the MTI
routine of Ecopath highlighted the central role
played by both the large dusky grouper and amber-
jack+ groups, even if the latter was also impacted by
large dusky grouper (Fig. 4). An increase in large
dusky grouper biomass would have an indirect posi-
tive impact on horse mackerels+, caused by the
decrease of red scorpionfish+, one of the main preda-
tors of horse mackerels+. Similarly, large dusky
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grouper would have an indirect positive impact on
pagellus, due to the decrease of amberjack+. More-
over, an increase in amberjack+ biomass would have
an indirect positive impact on some invertebrate
groups (bivalves, brittle stars+, and sea urchins), due
to the decrease of one of their fish predators (diplo-
dus+, pagellus, and wrasses) (see Fig. 4 for detailed
values of MTI).

The KS index confirmed the im port -
ance of large dusky grouper, which
ranked third, but also showed the key
role of amberjack+ and cephalopods in
the ecosystem (Fig. 5). Amberjack+,
whose trophic role was also illustrated in
Fig. 4, ranked first, as this group controls
the abundance of important species
such as pagellus and wrasses. Cepha lo -
pods ranked second, perhaps be cause
they feed on various fish groups. Note
that the positive or negative sign of the
KS index does not matter; only the rela-
tive values of KS are considered. We
also note that the group Posidonia, in
spite of its large abundance, seemed to
have little trophic impact on the ecosys-
tem. Among primary producers, shallow
sea weeds ranked first, perhaps be cause
of their importance in the diet of several
fish groups and particularly for small
salema.

Estimating MPA effects

Effects outside the reserve

Under Hypothesis 1 (with EE set up to 0.95), the
potential (i.e. maximum) emigration of the Port-Cros
ecosystem was estimated at 7.7 t km−2 yr−1, i.e. about
100 t yr−1 for the total area of the MPA (Table 2). This
also means that up to 25% of the total  production of
the 12 groups identified as being able to emigrate
(i.e. 32 t km−2 yr−1) could be exported outside the
reserve. The highest emigration potential was ob -
tained for salema, scorpionfishes+, and amberjack+,
for which >50% of the production is available for
emigration given the model structure. Because fish
groups that can emigrate represent only a small frac-
tion of the entire ecosystem, the potential emigration
was low compared to the whole ecosystem produc-
tion value (Fig. 6). Nevertheless, the Ecopath model
suggested that the part of the production potentially
exported in creases with trophic level, from <0.1% for
low trophic levels to >1% around TL 4. Under Hypo -
thesis 2 (with 20% of imports in amberjack+’s diet),
the decreased predation pressure re sulted in a slight
increase in potential emigration for TL 2.5 to 5, com-
pared to that of Hypothesis 1 (Fig. 6). Lower preda-
tion on the prey of amberjack+ (e.g. scorpion fishes+,
diplodus+, horse mackerels+, and cephalopods), re -
sulted in a larger part of the production from these

208

Amberjack+ 
Red  scorpionfish+ 

Horse mackerels+
Pagellus

Bivalves
Brittle stars+

Diplodus+
Wrasses

Sea urchins

–0.27

+0.18

–0.65

–0.43

+0.50

+0.11

–0.22

–0.38–0.37
–0.26

–0.64

+0.28

–0.09

+0.23

–0.16

Trophic level

2

3

4

Dusky grouper-large 

Fig. 4. Diagram of trophic cascades identified through mixed trophic impact
(MTI) analysis. Thick arrows represent direct negative impact by predation;
dotted arrows represent indirect positive impact in the form of trophic cas-
cades. MTI index values (dimensionless) are indicated next to each arrow

Trophic level

K
ey

st
on

en
es

s 
in

d
ex

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.4

0.3

0.2

0.1

0.0

–0.1

–0.2

Amberjack+

Cephalopods

 

     
Small crustaceans

Small zooplankton Horse mackerels+

Diplodus+Gastropods

Dusky grouper-large

DecapodsShallow seaweeds

Fig. 5. Keystoneness index KS (dimensionless) for the 10
functional groups that ranked highest. For each group (each
dot), the KS index (y-axis) is reported against trophic level 

TL (dimensionless) (x-axis)

A
ut

ho
r c

op
y



Valls et al.: Modeling trophic interactions and MPA effects

prey available for emigration (although the level of
change is relatively low, compared to changes in the
proportion in the diet). Under Hypothesis 3, the max-
imum biomass accumulation rate for large dusky
grouper was estimated at 10% yr−1, which was con-
sistent with the mean annual increase rate of about
13% observed over the last decade in Port-Cros
(Fig. 7).

EcoTroph simulation: 
fishing scenarios

Based on EcoTroph scenarios, the
ecosystem inside the Port-Cros MPA
is currently very close to the unex-
ploited state (Table 3 and Fig. 8a,b),
with its total biomass being lower by
about 0.2% and the biomass of its
top predators (TL ≥ 3.5) by about 2%
only. The relative biomass trophic
spectra also revealed that trophic
levels >4 (the only ones currently
im pacted by fishing) showed a small
decrease (about 3%) in their biomass
in the current state, compared to the
unexploited one. No change was ob -
served in the mean TL of the top
predators or that of total biomass.
Thus, current fishing practices did
not seem to have a significant impact

on the Port-Cros MPA ecosystem.
As expected, the simulated fishing scenarios, from

the unexploited state to high fishing rates, showed
that biomass and mean trophic levels decreased as
total catches increased (Table 3). Although low
trophic levels represented the main part of the bio-
mass, they were exploited at a very low rate in the
current state, and, hence, the decrease in total bio-
mass went up to 3% only in the highest fishing sce-
nario (Scenario 3) (Fig. 8). In addition, low trophic
levels were characterized by a high productivity and
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       Group name           Per surface unit       For the whole MPA
                                                             P          Potential            Potential 
                                                                       emigration         emigration

2      Rays                                          0.007          0.004                    0.05
4      Dusky grouper—medium        0.188          0.043                    0.55
5      Dusky grouper—small             0.376          0.209                    2.69
6      Amberjack+                              1.354          1.140                  14.68
7      Red scorpionfish+                    0.254          0.072                    0.93
8      Scorpionfishes+                        2.572          1.698                  21.87
14    Diplodus+                                 1.825          0.529                    6.81
16    Horse mackerels+                   11.120         0.366                    4.71
17    Mullets                                      2.039          0.724                    9.33
18    Salema—adults                        1.372          1.131                  14.57
19    Salema—small                         3.339          1.753                  22.58
20    Cephalopods                            7.020          0.015                    0.19

       Total                                         31.465         7.684                  98.97

Table 2. Production P and potential emigration estimates (per surface unit in
t km−2 yr−1 and for the whole MPA in t yr−1) for the 12 functional groups ident -
ified to be able to emigrate outside the reserve (Version 1 of the Ecopath 
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a fast turn-over, which made them more resilient to
fishing. Conversely, higher fishing effort could
potentially have more severe impacts on high trophic
levels, causing a decrease in predator biomass that
varies from 15 to 29%, depending on the scenario
(Table 3), and up to 40% for TL >4 (Fig. 8). The mean
trophic level of total biomass decreased from 2.41 to
2.36 (Table 3), but the mean trophic level of predators
appeared less affected because all of them are
impacted in similar proportions.

DISCUSSION

Modeling the trophic functioning of the Port-Cros
MPA ecosystem

The Ecopath model of the Port-Cros MPA consti-
tutes a snapshot of the current state of the ecosystem

based on the best available data. Al-
though building the model re quired
the use of data from the early 1980s to
the late 2000s, two-thirds of the fish
biomass data was collected between
2005 and 2008, and catch represented
the year 2005, knowing that fishing
effort has been stable inside the re-
serve since the 2000s (Cadiou et al.
2008). Moreover, the information on
fish, collected by species, can be con-
sidered as accurate. The model de-
scribes an average state of the ecosys-
tem for the years 1998 to 2008, but

using older diets, which may cause a bias since the
protection from fishing may have resulted in changes
in diets and dynamics that remain undetected here.
For these reasons, the uncertainty of the true rate of
recovery of dusky groupers remains important. Yet,
the ecosystem model gives a representation of the
trophic functioning of the Port-Cros MPA’s ecosystem
that is consistent with current knowledge. However,
the lack of long-term monitoring of fish abundances
made it impossible to fit the model predictions to
 historical data using Ecosim, the dynamic version of
Ecopath (Walters et al. 1997), and to explore the
mechanisms of changes in the ecosystem.

Nevertheless, the Ecopath model presented in the
current study enables analyzing 2 important ecologi-
cal issues: the interactions of top predators and poten-
tial for migrations. First, dusky grouper Epinephelus
marginatus, an emblematic Mediterranean species in
the Port-Cros region that emerged as ecologically
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Indicators             Unexploit. Current   Scenario 1   Scenario 2   Scenario 3
                                  state          state

Total biomass           379.6         378.7          370.4            372.8           368.0
Predator biomass      32.5           31.9            27.0              26.7             22.6
Total catches                –             0.33             3.3                9.0              18.0
Trophic level of        2.41           2.41            2.38              2.38             2.36
total biomass

Trophic level of         4.05           4.05            4.01              4.03             4.01
predator biomass

Table 3. Indicators obtained from the EcoTroph simulations to compare the un-
exploited and current states and the 3 scenarios of higher fishing effort. Indi-
cators are biomass B (t), catch Y (t) and mean trophic level (mean TL, dimen-
sionless), for the total ecosystem and for the predators whose TL is >3.5
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significant in our model, is protected by a moratorium
along the French coast (Bodilis et al. 2003). This pro-
tection is controversial, as an increase in abundance
of this top predator could have potentially negative
side-effects on other species, competitors, or prey.
However, no correlation was found in previous
studies between the abundance of dusky grouper and
that of its competitors, suggesting that protecting
dusky grouper does not have any negative impact on
other top predators, such as amberjack Seriola
dumerili or dentex Dentex dentex (A. Ganteaume un-
publ. data). Our results suggest slightly more complex
dynamics, where the large dusky grouper has an im-
pact on amberjack+, although both groups are in po-
sition to control the main trophic cascades (Fig. 4).

Second, the model was initially built as a closed
ecosystem without any migrations inside or outside
the MPA for any species. Yet, because of the small
size of the area, we can easily conceive that migra-
tions of phytoplankton and fish in all phases (adult,
juvenile, larva, or egg) could occur. In the process of
balancing the model, reconciling the biomass of
horse mackerels+ with that of its prey (zooplankton)
notably posed the question of potential ex changes
with areas outside the Port-Cros MPA. In fact, pre -
vious coarse observations suggested that importation
of phytoplankton might occur (Harmelin 1987) and
that juveniles of dusky grouper migrate inside the
MPA where adults are concentrated (Chauvet &
Francour 1989, Bodilis et al. 2003). These obser -
vations suggest that the MPA is dependent on the im -
portation of nutrients and recruits, in addition to that
of the primary producers and groupers’ re cruit ment.
Besides, a large abundance of top pre dators, like the
amberjack+ group, in such a small area is likely sus-
tained by partial feeding outside the re serve (which
is the foundation of Hypothesis 2).

Finally, despite incomplete knowledge about fish
movements in the Port-Cros region, our models high-
light the low potential emigration of fish, as expected
considering the size of the protected area (13 km2).
Thus, biomass exports from the MPA would only
have local significance, as they appear negligible
compared to the whole biomass of the related fish
stocks. So, a local increase in density would only ben-
efit the fishermen in the immediate surroundings of
the Port-Cros MPA. To this end, this type of MPA
appears to be a very insufficient tool for the manage-
ment of fish stocks. This is coherent with the results
of several synthesis studies on marine reserves (e.g.
Lester et al. 2009), concluding that, although small
reserves may produce larger biomass, the optimal
reserve size depends on the targeted species and

reserve characteristics. For instance, the biomass of
groupers has been shown to increase within small
reserves because of their high site fidelity and the
small size of their core activity areas that remain sta-
ble for several years (Afonso et al. 2011). Neverthe-
less, studies that include food web dynamics, fish
movements, and spillover suggested that reserves
should be large rather than small to balance the loss
of fish due to spillover and the potential production
inside the reserve (see discussion in Grüss et al.
2011). However, as our models do not assess the dis-
tance on which the biomass is exported, we will not
discuss the usefulness of MPA networks for increas-
ing biomass exports on a larger scale in order to
really sustain fisheries.

Identifying keystone species in the Port-Cros MPA

The KS index values obtained in our study would
be better interpreted as the representation of a pre-
dation effect, instead of the ‘keystoneness’ effect. A
keystone species is one that plays a determinant role
in the ecosystem in spite of its low abundance (Power
et al. 1996). On the contrary, the keystone species
identified in the Port-Cros MPA using the method
proposed by Libralato et al. (2006) were relatively
abundant top-predator groups (amberjack+ and
large dusky grouper; see Table 1). This suggests a
possible bias in the method. The fact that several
groups such as decapods, gastropods, and small zoo-
plankton were identified as keystone groups is also
surprising and may be caused by the structure of the
model itself. A model is generally built for one pur-
pose, and, thus, it is often the case that important
prey, not directly linked to the problematic, are
grouped in a large biomass group such as zooplank-
ton and crustaceans, which, in turn, exert overly
large influence in the model. Besides, although it is
agreed that seagrass is a structural species (Piraino et
al. 2002), identifying seagrass as keystone is unex-
pected because the current version of the Ecopath
model does not include any habitat effect or non-
trophic functional relationship. The physical pres-
ence of seagrass as essential habitat providing
refuge, nursery, spawning area, etc., is determinant
for the type of species the ecosystem can support.
Yet, only a small part of the biomass produced by
seagrass is used in the food web, the remaining parts
(mostly the roots) acting as carbon sinks.

Mills et al. (1993) defined another kind of keystone
species, called the keystone modifiers, whose activi-
ties like grazing affect habitat features in the ecosys-
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tems. However, similarly, a species that controls
 seagrass, in spite of its small biomass, would not be
identified as keystone in our model, because this rela-
tionship is not featured. For instance, we could hypo -
thesize that the keystone modifiers in the Port-Cros
MPA are sea urchins or salema Sarpa salpa, both
grazers on Posidonia meadows. To confirm this hy-
pothesis, we would need data on the past abundance
of S. salpa and P. oceanica, before the creation of the
MPA, when dusky grouper was fished and so less
abundant. Indeed, Sala & Zabala (1996) demonstrated
that the population structure of the benthic herbivore
sea urchin Paracentrotus lividus, a key species con-
trolling dynamics of seaweeds and sea grass meadows
in the Medes Island reserve, was determined by pre-
dation by fish, and so by the level of fishing effort, due
to trophic cascade effects. The same type of trophic
cascade is showed by the MTI analysis in our model,
as wrasses and diplodus+ both have a quite significant
negative impact on sea urchins (Fig. 4).

Using trophic functioning modeling as a tool 
to evaluate MPA effects

Evaluating whether MPAs reach their protection
objectives or not requires a comparison of the ecosys-
tems, either inside and outside the protected area or
before and after the establishment of the protected
areas. The latter type of analysis of changes induced
by fishing reduction is impossible for all species in
the Port-Cros National Park, because of the lack of
information before the reserve was created. Yet, pre-
vious studies concluded that the emblematic dusky
groupers have recovered inside the Port-Cros MPA
(Harmelin 2007). Other studies (Francour et al. 2001)
concluded there was an increase in density of the top
predators (‘noble’ fish species only) and a decrease in
their prey in the Port-Cros MPA from 1980 to 2000,
confirming the so-called ‘reserve effect’ (Francour
1997, 2007).

At the ecosystem scale, our study allows us to con-
clude that the Port-Cros MPA had positive effects on
biomass recovery and to confirm the very low current
fishing impact on the whole ecosystem inside the
reserve. As expected, biomass is close to the unfished
level, and functional biodiversity, as measured by the
mean trophic level (Pauly & Watson 2005), is con-
served. Changes in food web structure have been
shown to be important in fished areas compared to
protected areas (Libralato et al. 2010), as revealed by a
series of ecosystem indicators, including trophic spec-
tra and transfer efficiencies between trophic levels.

Also, the present study confirms the efficiency of
protection measures for dusky grouper, as the esti-
mated annual rate of biomass accumulation reached
about 10% for the large ones. Like Port-Cros, many
other semi-protected areas in the north-western
Mediterranean Sea have demonstrated the limited
impact of small-scale professional fishing, which is
an activity compatible with their conservation objec-
tives (Francour et al. 2001). Thus, in spite of uncer-
tainty in the outputs from the EcoTroph simulations
due to the lack of baseline data, our scenarios seem
to be consistent.

The assessment of the reserve effect could be
improved by gathering more information on fishing
effort. First, fishing scenarios should be based on
catch data collected outside the reserve, where the
extractions are less restricted, so that we could have
a better estimate of a realistic higher fishing effort.
Moreover, recreational fishing, even restricted and
assumed very low, should be included in the fishing
scenarios to give a complete view of the fishing effort
currently applied, as this activity can potentially
exert a large impact on marine ecosystems. In the
Cape Creus MPA (Mediterranean Sea), for instance,
the annual biomass extracted by spear fishing is
equivalent to 40% of the annual biomass extracted
by professional fishing, and spear fishing was con-
firmed as capable of inducing changes in the trophic
structure of the fish community, by targeting the
most vulnerable species (Lloret et al. 2008). Our fish-
ing scenarios also confirm the potential impact of
high fishing effort and high landings on the biomass
of high trophic levels, corresponding to the species of
interest. Unreported commercial catch is also known
to be very high in the Mediterranean Sea (e.g. Coll et
al. 2006).

CONCLUSIONS

Using a modeling approach, we conclude that the
establishment of the Port-Cros reserve had positive
effects on the biomass inside the MPA, but only local
benefits outside the reserve. Our results also suggest
that several field studies are needed to complement
the existing body of knowledge. First, ecological
studies about life cycles, migrations, and larval dis-
persal in relation to marine currents are necessary to
assess the level of migrations inside and outside the
Port-Cros MPA. For instance, data on fishing effort
concentration and catch in the MPA surroundings
could provide evidence of biomass export, as previ-
ously showed by Goñi et al. (2008) in 6 other MPAs in
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the Mediterranean Sea. Moreover, a monitoring sys-
tem for all the species, including invertebrates and
non-emblematic fish species, should be implemented
long term for a better understanding of the dynamics
of trophic interactions in the Port-Cros MPA. For a
broader perspective, we could also consider carrying
out comparative studies between equivalent Medi -
terranean MPAs, more or less exploited. We could
also build interlocked Ecopath models, representing
ecosystems at different scales: from a part of the coast
to the entire Lion Gulf. Finally, the future expansion
of the Port-Cros National Park, with the project of es-
tablishment of a peripheral zone, would be a good op-
portunity to implement better monitoring of all
fishing activities (professional and non-professional)
on a larger scale (inside and outside the MPA), no-
tably by a closer cooperation between all the stake-
holders (fishermen, managers, and scientists).

Focusing on trophic aspects and using ecosystem
models such as Ecopath and EcoTroph appears to be
a relevant approach to study the potential effects of
MPAs. As snapshots of ecosystems, ecological mod-
els provide a consistent synthesis of current knowl-
edge and highlight the indirect effects of protecting
predator species, not only on their prey but also on
the biomass of the whole ecosystem. Moreover, such
an approach allows us to explore various ecological
questions and to identify several important issues
that deserve consideration in future studies of the
effects of MPAs on marine resources and ecosystems.
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