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INTRODUCTION

Human activities are causing unprecedented
changes to coastal marine systems, partly through di-
rect and indirect fishing effects (Jackson et al. 2001).
Exploitation can cause major changes in biological as-
semblages and, ultimately, biodiversity loss that may
disrupt the way the ecosystem functions and alter the
sustainability of the goods and services provided by
marine ecosystems (Lotze et al. 2006, Worm et al. 2006).

There is an urgent need, therefore, to evaluate the
potential impact that the different types of fishing
activities, alone and in combination, can have on the
sustainability of coastal resources and on the general
function of coastal ecosystems. The western Mediter-
ranean Sea is one of the most overpopulated coastal
areas in Europe, and the increasing size of the human
population may bring an increase in recreational fish-
ing activities. This has been recognized as one of the
most common leisure activities in coastal zones, involv-
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ing several methods (boat-fishing, spearfishing, shore
fishing). Moreover, it has been observed that the ever
increasing recreational fishing effort (Cooke & Cowx
2004, Lloret et al. 2008a) may locally surpass that of
artisanal fisheries (Morales-Nin et al. 2005), although
discards are usually less important in recreational fish-
eries. Commercial and recreational activities have
similar demographic and ecological effects on fish pop-
ulations and may provoke serious ecological and eco-
nomic damage (e.g. Coleman et al. 2004). For instance,
spearfishing can affect benthic communities inhabit-
ing shallow rocky bottoms (Dulvy & Polunin 2004,
Meyer 2007). Over the last 20 yr, catches of several
commercial stocks have been in decline in the western
Mediterranean Sea while, in parallel, the recreational
fishing effort has increased (Morales-Nin et al. 2005).
Several policies have been applied to protect coastal
ecosystems, biodiversity and artisanal fisheries, in re-
sponse to the symptoms of overexploitation. To reduce
such negative impacts, marine protected areas (MPAs)
have been implemented worldwide as part of an eco-
system-based approach to coastal management (e.g.
Lubchenco et al. 2003). However, the term MPA
encompasses a large range of protection levels, from
partially protected to entirely no-take areas. These
restriction levels are often a result of a compromise be-
tween conservationists and extractive user groups
(professional and recreational). However, positive re-
serve effects such as the spillover of biomass to profes-
sional fisheries (Forcada et al. 2009) have not reversed
a decline in some Mediterranean artisanal fisheries
(Gómez et al. 2006). Thus, the sustainability of arti-
sanal fisheries on Mediterranean coasts is becoming
ever more challenging, and there is increasing pres-
sure from recreational fisheries which may further
weaken such traditional socio-economic activities.

The study of interactions between species, and not
just a mono-specific approach to a fish stock, is neces-
sary to understand the whole dynamics of assemblages
targeted by fishing activities, and the consequences for
ecosystems (Gascuel 2005). Therefore, a consensus has
emerged in fishery science to complement the ‘single
species’ approach with an ecosystem approach to fish-
eries (Walters et al. 1997, Cury et al. 2005, 2008). This
modern approach explicitly considers direct and indi-
rect ecological interactions, particularly trophic links
between ecosystem components, and allows simula-
tions of the impacts of different fishing activities at the
level of whole species assemblages. MPAs offer unique
opportunities to study the behavior of species assem-
blages that are either facing disturbances or benefit-
ting from restrictive policies. In addition, they have the
advantage of being carefully monitored, and data sets
are usually available over several years (e.g. Claudet
et al. 2006, Guidetti et al. 2008).

The Bonifacio Straits Natural Reserve (BSNR), a
multiple-use Mediterranean MPA, provides an oppor-
tunity to study the combined effects of artisanal and
recreational fisheries on a Mediterranean ecosystem,
within a multi-specific context. We built an Ecopath
model with Ecosim (EwE) for this particular ecosystem.
The BSNR is characterized by a predominantly rocky
substrate, an ecosystem which is generally considered
as one of the most impacted by human activities
(Halpern et al. 2008). Moreover, the BSNR has a high
touristic value, and attracts a large number of recre-
ational anglers, particularly in the summer. This pres-
sure, combined with the local small-scale artisanal
fishery, may cause intense fishing effort on the unpro-
tected parts of this ecosystem (Mouillot et al. 2008).
Given the declining artisanal fisheries in the Mediter-
ranean (Gomez et al. 2006), it is crucial to study inter-
actions between commercial and recreational fishing
in order to promote conservation measures that are
(1) beneficial to the artisanal activity and (2) able to
sustain the function of coastal ecosystems.

MPA managers are searching for tools to help them
understand how ecosystems function and to evaluate
policy effects. They need to assess the effects of their
decisions in order to formulate new measures for pro-
tection. The evaluation of reserve effects usually relies
on empirical results showing the gradients of species
biomasses or catches (e.g. Russ & Alcala 1996, Stobart
et al. 2009). Such observations, although necessary, do
not allow predictions for different scenarios and cannot
provide insight into the mechanisms which cause the
observed patterns. To overcome these limitations,
there is an urgent need to develop the modelling of
MPA functions (e.g. Gardmark et al. 2006, Pérez Ruza-
fa et al. 2008).

EwE tools allow users to model exploited eco-
systems. They integrate several levels of analysis: Eco-
path is a snapshot of annual trophic flows within an
ecosystem, while Ecosim is able to simulate temporal
trends of food web properties under different scenarios
of fishing pressure (Christensen & Walters 2004).

Here, using such trophic modelling tools, we studied
the combined effects of artisanal and recreational fish-
eries on BSNR resources. To achieve this, we simulated
scenarios with various combinations of commercial
versus recreational fishing pressures.

MATERIALS AND METHODS

Study site and fishery fleets. The BSNR is located in
southern Corsica (France; Mediterranean Sea, Fig. 1).
Its surface area is approximately 800 km2 and the
maximum depth is 158 m. The BSNR is characterized
by a predominantly rocky substrate and Posidonia
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oceanica seagrass beds at shallow depths (Pluquet
2006). It was created in September 1999 and encom-
passes the Lavezzi Islands Reserve (LIR) created in
1982 (Mouillot et al. 2002). The LIR has been partially
protected from spearfishing and other recreational
fishing activities whereas traditional fisheries, using
trammel nets, are permitted. In 1999, protection was
strengthened (1) at the local level with the prohibition
of longlines for recreational activities and with an
additional 0.9 km2 no-take area for a total of 50.5 km2

in the LIR, and (2) at the regional level with the cre-
ation of the BSNR (Fig. 1); 5 no-take areas and 2 ‘can-
tonments’ (voluntary no-fishing zones) (12 km2), where
all fishing activities and scuba-diving are forbidden,
were created. Moreover, the limitation of recreational
fishing activities was extended through partially pro-
tected areas (120 km2), where spearfishing is forbid-
den while professional fishing is allowed (Mouillot et
al. 2002). The aim of this MPA is to ensure protection
of the ecological heritage while taking various eco-
nomic factors into account, including the sustainabil-
ity of the local small-scale artisanal fishery.

The BSNR artisanal fleet is composed of small boats
(average length 7.7 m) fishing on the continental shelf
(Mouillot et al. 2008). Generally, trammel nets are set
for 24 h at depths ranging from 20 to 60 m. The mini-
mum mesh size used for fish is 62.5 mm.

Ecopath and Ecosim models. Ecopath: Ecopath and
Ecosim (version 6.0.7.114) models (Pauly et al. 2000,
Christensen & Walters 2004) were employed to ensure
energy balance and to quantify trophic flows in aquatic
ecosystems. Basically, implementation of Ecopath is
based on 2 master equations, one describing the produc-
tion term and the other the energy balance for each group.

The first equation (Eq. 1) describes how the produc-
tion term for each group i can be split into several com-
ponents of the system.

(1)

The production (P) of each group (i) is divided into pre-
dation mortality (M2ij) caused by the biomass of pre-
dators (Bj), exports from the system both from fishing
activity (Yi) and other emigration (Ei), the biomass ac-
cumulation rate (BAi), and other mortality (1 – EEi). The
other mortality term includes natural mortality due to
diseases, old age, starvation, etc. This term is con-
structed using an ecotrophic efficiency term (EEi),
which represents the proportion of production (Pi) that
is exported out of the ecosystem or consumed by pre-
dators within it.

The second equation (Eq. 2) expresses the principle
of conservation within a group: Consumption = Pro-
duction + Respiration + Unassimilated food.

P B M P EE Y E BAi j
j

ij i i i i i= × + × − + + +
=

∑
1

2 1( )
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Fig. 1. Bonifacio Strait Natural Reserve (BNSR) study area. In semi-protected areas spearfishing is prohibited. The perimeter of
the reserve is also the limit of the Ecosim (EwE) model
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(2)

Eqs. (1) & (2) can be re-expressed as:

(3)

and

(4)

where (P/B)i represents the production of group (i) per
unit of biomass; (Q/B)i is the consumption rate of group
(i) per unit of biomass, DCji is the diet composition that
indicates the proportion of (i) that is in the diet of pre-
dator (j), Ri is for respiration and U represents the unas-
similated food rate of group (i).

For parameterization, EwE sets up a system with as
many linear equations as there are groups in a system
where, for each equation, 3 of the basic parameters, i.e.
Bi, (P/B)i, (Q/B)i, and EEi, have to be known for each
group (i). If, and only if, all 4 of these parameters are
entered, the program will prompt you during basic
parameterization. If only 3 of the basic parameters are
entered, other parameters such as the following must
be implemented: catch rates, net migration rates, bio-
mass accumulation rates, assimilation rates and diet
compositions.

Ecosim: Ecosim provides a dynamic simulation capa-
bility at the ecosystem level, with key initial parame-
ters inherited from the Ecopath model (Christensen &
Walters 2004). Ecosim uses a system of differential
equations that derive from the Ecopath master equa-
tion (Eq. 3). The set of equations is solved in Ecosim
using an Adams-Bashford or a Runge-Kutta 4th order
integration routine (Christensen et al. 2005).

(5)

where dBi/dt is the biomass growth rate of group (i)
during the time interval dt, (P/Q)i is the net growth
efficiency, Mi the non-predation natural mortality
rate, Fi is the fishing mortality rate, ei the emigration
rate, Ii the immigration rate, and Ii – eiBi the net
migration rate. Calculations of the consumption rate
(Qji) are based upon the ‘foraging arena’ theory,
where the biomass of i is divided between available
prey (vulnerable, Vi) and unavailable prey (non-vul-
nerable fraction, Bi – Vi).

Ecopath model parameters. The system modelled in
this study represented an annual average of trophic
flows on the whole BSNR area in 2000 to 2001. The
model included 32 biological groups depicting the
main trophic components of the studied ecosystem. It
includes 12 fish groups (targeted and non-targeted
fish; Table 1). Groups can correspond to single species
or trophic aggregation, based on diet in our case. All

details describing the parameter estimations and spe-
cies grouping are presented in Supplement 1A at
www.int-res.com/articles/suppl/m412p207_supp.pdf.

Fish groups based on diet composition: In order to
create homogeneous fish groups according to their
trophic role in the ecosystem, a preliminary diet matrix
was gathered from published gut content items (54
species present in the BSNR). The diet matrix (Supple-
ment 1B) was constructed preferentially using data
from local studies (Supplement 1C), and from the
Mediterranean Sea when necessary. We then calcu-
lated a Bray-Curtis distance matrix between species
pairs. A k-means partitioning method was performed
to determine the optimal composition of each group
(Legendre & Legendre 1998). The optimal number of
fish groups was selected using the highest SSI (simple
tructure ndex) according to Dolnicar et al. (1999). Since
the groups were based on diet, the aggregation should
not hinder our ability to detect trophic cascades. Some
species of particular ecological interest were excluded
from fish trophic groups to constitute their own group:
among these were the dusky grouper Epinephelus
marginatus, a protected top-predator, the European
barracuda Sphyraena sphyraena, the small-spotted
catshark Scyliorhinus canicula and the salema Sarpa
salpa, which is the only herbivorous fish in the BSNR.

Biomasses and catches: Biomass estimations of fish
groups were based on a visual count method, using a
circular fixed point (Bohnsack & Bannerot 1986, Samo-
ilys & Carlos 2000). The underwater visual census
(UVC) method is commonly employed for fish counts in
Mediterranean marine environments (Guidetti et al.
2003, Claudet et al. 2006, Harmelin-Vivien et al. 2008).

UVCs were carried out monthly by scuba-diving
from 2000 to 2001 in the BSNR. Observed fish were
classified into 3 size classes (based on length), and the
abundance of each species per length class was esti-
mated. Length–weight relationships between size
class and fish weight were estimated using the litera-
ture (Bauchot & Pras 1980, Froese & Pauly 2010). For
species not observed in UVCs, biomass values were
collected from the literature from other Mediterranean
trophic models (Pinnegar & Polunin 2004, Coll et al.
2006). All details are given in Supplement 1A.

A second data source for estimating biomass of fish
groups was based on catches of the BSNR artisanal
fishery. Data were collected during the warm season
(between April and September) just after the imple-
mentation of the MPA. Fish landings were randomly
sampled from fishing boats in the BSNR. All caught
species were measured and their total weight was also
estimated using size–weight class correspondences.
Overall, 65 species were sampled including teleosts
and elasmobranchs. This pool of species included most
species known to live in the BSNR, excluding very

d
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small fish species (adult size <10 cm) such as Gobiidae
and Blenniidae and very large transient species such
as tunas. Discards data were also available from 2004
to 2006 (Rocklin et al. 2009).

The exploited biomass of some fish species (Supple-
ment 1A) was inferred from artisanal fishing effort dur-
ing the fishing season (2000 to 2001). It was then di-
vided by the fishing mortality rate (F) and compared to
other available data estimated for a similar ecosystem
(Calvi Bay, Corsica, France; Pinnegar & Polunin 2004).

Recreational fishing activities were divided into
spearfishing, on the one hand, and boat fishing and
shore fishing activities, on the other hand. No data on
recreational fishing catches were available for the
study area. We used a list of species targeted by spear-
fishing provided by BSNR managers and a ratio from a
study carried out in a Mediterranean MPA displaying
similar habitats and similar species (Cap Creus, Spain,

Lloret et al. 2008b). This study estimated that the bio-
mass caught by spearfishers was equivalent to 40% of
the total biomass extracted annually by the artisanal
fleet. Similarly, following Morales-Nin et al. (2005), we
made the assumption that the level of exploitation by
boat and shore fishing is common to north-shore Medi-
terranean countries.

Target fish species were different depending on fish-
ing gears, and this was determined based on informa-
tion from the literature and expert opinions (Supple-
ment 1C). Such differences were taken into account
and re-expressed proportionate to the biomass of each
species. In order to create one fleet representing all
recreational fishing activities, the biomass of each tar-
get group was added to different fleets (boat-fishing,
spearfishing, shore fishing).

Estimation of fish Q/B and P/B: Consumption/
biomass (Q/B) ratios were then calculated according to
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Groups B P/B Q/B EE U/Q Landings Landings Discards TL
art. fleet rec. fleet art. fleet

1 Tursiops truncatus 0.007 0.01 13.49 0.00 0.2 – – – 5.22
2 Sphyraena sphyraena 0.253 0.60 5.00 0.02 0.2 0.0005 0.0021 0.0001 4.96
3 Scyliorhinus canicula 0.06 1.32 4.06 0.01 0.2 0.0007 – – 4.6
4 Piscivorous fish 3.48 0.89 3.56 0.39 0.2 0.0194 0.0277 0.0004 4.45
5 Small pelagic feeders 1.15 0.93 4.47 0.93 0.2 0.0067 0.0144 0.0001 4.52
6 Epinephelus marginatus 0.874 0.28 2.74 0.00 0.2 0.0006 – 0.0003 4.30
7 Opportunistic piscivorous fish 7.56 0.64 4.83 0.96 0.2 0.0248 0.0160 0.0005 4.13
8 Cephalopods 3.42 2.12 5.27 0.97 0.4 0.0037 0.0002 – 3.94
9 Birds 0.001 5.74 85.03 0.03 0.2 – – – 4.43
10 Benthic invertebrate feeders 2.84 1.06 4.05 0.93 0.2 0.0065 0.0174 0.0004 3.65
11 Zooplanktivorous fish 13.30 0.44 9.42 0.95 0.2 0.0002 0.0001 0.0001 3.39
12 Mollusc feeders 10.08 0.75 6.60 0.90 0.2 0.0021 0.0084 0.0001 3.31
13 Benthic invertebrate feeders 2 8.00 1.03 6.40 0.96 0.2 0.0055 0.0035 0.0002 3.3
14 Shrimp 5.86 3.08 7.20 0.95 0.2 – – – 2.73
15 Macrocarnivorous fish 1.15 0.93 4.47 0.99 0.2 0.0030 0.0087 0.0001 2.91
16 Decapods 29.28 3.11 15.39 0.99 0.2 – – – 2.96
17 Lobster & spiny lobster 2.43 0.45 7.50 0.73 0.2 0.0197 – – 2.83
18 Gastropods 29.32 1.94 10.89 0.95 0.2 – – – 2.45
19 Zooplankton 4.11 50.86 172.92 0.95 0.2 – – – 2.45
20 Polychaetes 49.87 3.42 19.57 0.99 0.6 – – – 2.44
21 Suspension feeders 47.87 1.52 6.78 0.95 0.4 – – – 2.28
22 Echinoderms 11.20 0.51 2.82 0.94 0.6 – – – 2.12
23 Protozoan plankton 44.18 90.00 305.16 0.95 0.4 – – – 2.11
24 Sarpa salpa 0.30 0.58 9.24 0.22 0.2 0.0004 – 0.0002 2.07
25 Other crustaceans 10.02 20.54 94.00 0.99 0.2 – – – 2.05
26 Amphipods 22.86 9.15 22.09 0.95 0.4 – – – 2.09
27 Bivalves 12.19 2.10 8.95 0.99 0.4 – – – 2.11
28 Macroplankton 43.41 25.43 71.20 0.95 0.4 – – – 1.68
29 Phytoplankton 4.18 114.00 – 0.99 – – – – 1
30 Macro-algae 150.62 13.30 – 0.95 – – – – 1
31 Posidonia oceanica 357.79 14.92 – 0.002 – – – – 1
32 Detritus 230.85 – – 0.37 – – – – 1

Table 1. Input and output (values in italics) parameters used to model the Bonifacio Strait Natural Reserve ecosystem groups.
B: biomass (t km–2); P/B: production/biomass ratio (yr–1); Q/B: consumption/biomass ratio (yr–1); EE: ecotrophic efficiency;
U/Q: unassimilated food. Landing and discards are expressed in t km–2 yr–1; TL: trophic level; art: artisanal fishing; rec: 

recreational fishing
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the empirical regression of Pauly (1989) and Chris-
tensen & Pauly (1993):

(6)

where W∞ (or asymptotic weight) is the mean weight
that a population would reach if it were to grow indef-
initely, T’ is the mean environmental temperature  (for
the BSNR 18.6°C for 2000 to 2001; see Supplement 1D
for estimation) expressed as 1000/(°C + 273.15), A is
the aspect ratio of the caudal fin indicative of metabolic
activity and expressed as the ratio of the square of the
height of the caudal fin and its surface area, h and d
are dummy variables indicating herbivores (h = 1, d =
0), detritivores (h = 0, d = 1) and carnivores (h = 0, d =
0). Usually W∞ was calculated from L ∞, using published
length/weight parameters a and b. However, where
asymptotic length (L ∞) was not available, we used esti-
mated maximum lengths for Corsican species based on
Miniconi (1994) and we assumed that Lmax/0.95 ≈ L ∞

(Pauly 1984).
The P/B ratio was given by Beverton & Holt (1956),

demonstrating that total mortality (Z = P/B) of a fish
population, from which individuals grow according to
the Von Bertalanffy Growth Function (VBGF), can be
expressed by:

(7) 

where L ∞ is the asymptotic length, i.e. the mean size
that individuals would reach if they could live and grow
indefinitely, K is the VBGF curvature parameter (ex-
pressing the rate at which L ∞ is reached), L μ the mean
length of the population, computed from L’ upward.
Here, L’ represents the mean length at recruitment to
the fishery, assuming knife-edge selection.

Total Q/B, P/B, and diets for each fish group were
calculated taking the relative biomass of each species
in their trophic group into account.

Balancing the Ecopath model. To balance our Eco-
path model we did not use the Automatic Mass Balance
Procedure proposed by Kavanagh et al. (2004). Instead,
an ecological step-by-step approach was employed to
find a more realistic equilibrium (Christensen et al.
2005). First, a model with all parameters available was
created and basic outputs estimated. Three fish groups
(macro-carnivorous fish, small pelagic feeders and ben-
thic invertebrate feeders), a lobster/spiny lobster group
and echinoderms presented an ecotrophic efficiency
higher than 1, revealing an overpredation on these
groups. The model was therefore balanced by reducing
the predation on those 5 groups and by reallocating the
consumption to other prey groups.

Ecological indicators from Ecopath. To interpret
the Ecopath model, the software EwE includes a large

number of ecological indicators based on trophic
flows, thermodynamic concepts, information theory
and network analysis (Christensen & Walters 2004,
Coll et al. 2006). To calculate trophic levels, a value of
1 was assigned to primary producers and detritus. For
consumers, a trophic level of 1 plus the weighted
average of the prey’s trophic level was assigned.
Other indicators were provided at the system scale.
For instance the ratio of system primary productivity
over biomass (P/B) varies with the development status
of the system (Christensen & Pauly 1993). Developing
systems tend to have a high P/B, due to low biomass
and high production values, while developed systems
tend to have high biomass and low production rate
values. Odum (1971) described the primary produc-
tion over respiration ratio (Pp/R) as an important de-
scriptor of ecosystem maturity. For immature systems,
it is assumed that Pp exceeds total R, whilst for mature
systems the ratio would tend to unity (Pp/R = 1). The
Finn’s cycling index expresses the percentage of total
throughput (sum of all flows in a system) that is actu-
ally recycled (Finn 1976), and can be related to eco-
system maturity (Christensen & Pauly 1993). In order
to represent transfer efficiencies, i.e. the energy trans-
ferred from a trophic level to the next trophic level
through consumption, ‘Lindeman spine’ (Fig. 2) analy-
sis synthesizes the trophic structure of 32 groups into
a simple linear food-chain (Odum 1969, Christensen &
Pauly 1993).

The mixed trophic impact routine derived from eco-
nomic theory (Ulanowicz & Puccia 1990), shows direct
and indirect impacts that a very small increase in the
biomass of a group has on other groups of the system.
All these indicators were analyzed and compared to
other models (Christensen & Pauly 1993) in order to re-
place the BSNR trophic model within a wider context.

Building and simulating the Ecosim model. The
Ecosim model was built from the BSNR Ecopath model
and simulations were then run considering 2 assump-
tions. Firstly, over recent years (2000 to 2008), the num-
ber of active professional fishing boats has remained
constant. Secondly, no major environmental distur-
bance (pollution, etc.) has impacted the ecosystem
over that period. Variability in phytoplankton and zoo-
plankton production, due to climatic factors, was mod-
elled by generating a proportional environmental sea-
sonal forcing function (Supplement 1E). Data related to
variability in phytoplankton production were extracted
from Bosc et al. (2004) for the period 2000 to 2001. For
zooplankton, data were extrapolated from phytoplank-
ton (Supplement 1E) to infer monthly values after a lag
of 1 mo (Jamet et al. 2005).

One key feature of Ecosim is its ability to explore
how the biomasses of different groups were controlled,
with the implications for system dynamics. The 2 ex-
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treme views were top-down and bottom-up controls
(Christensen et al. 2005). This was modelled using vul-
nerability (V), expressing the maximum increase in
predation mortality under conditions of high pre-
dator/prey abundance. Low vulnerability (close to 1)
indicates that an increase in predator biomass will not
result in any substantial increase in predation mortal-
ity, and can be related to bottom-up effects. High vul-
nerability indicates that if the predator biomass is dou-
bled, it will result in an increase of the predation
mortality for a given prey species, and can be related
to top-down effects (Christensen et al. 2005).

Default values of vulnerabilities (V = 2) were used to
represent mixed flow control, while values of V = 1
were set to describe vulnerability of zooplankton to 2
of its predators (zooplanktivorous fish and poly-
chaetes) to match with a bottom-up flow control (Cury
et al. 2000). Impact of mollusc feeders on bivalves and
polychaetes was modified to be top-down controlled
(V = 10), the same for vulnerability of zooplankton and
suspension feeders on phytoplankton. Due to lack of
data, this Ecosim model was not fit to time series.

In order to study the combined influences of recre-
ational and artisanal fishing activities on the food web
and on available resources, simulations of variations in
fishing efforts were carried out over 20 yr. The initial
value of fishing effort was set to 1 for both fishing types
(the effort measured in 2000 to 2001) and varied from 0
to 4 by steps of 0.2 (a total of 440 simulations). In other
words, we simulated a total prohibition of the artisanal
fishery, a total prohibition of recreational activities, a
4-fold increase of these 2 fishing activities, and all
combinations between these extreme possibilities.
Even if our study could not rely on a rigorous estima-
tion of recreational catches, which would be challeng-
ing to carry out in such a large MPA, the expert knowl-
edge of BSNR managers and the data from comparable
studies (Morales-Nin et al. 2005, Lloret et al. 2008a)
suggest that recreational activities may extract be-

tween 40 and 100% of the artisanal fishery production.
Such values were contained in the range of simulated
fishing efforts (0 to 400%), which thus embrace realis-
tic scenarios. After each simulation, the biomass ratio
of each targeted fish group (end value /start value) was
determined and compared to the initial value, and ex-
pressed as a percentage of variation.

RESULTS

Ecopath model

Based on available literature on fish diets, 8 groups
were created using the SSI index and a k-means par-
titioning algorithm. The diet matrix and the com-
position of fish groups are available in Supplements
1B and 1C, respectively, at www.int-res.com/articles/
suppl/m412p207_supp.pdf. Biomasses of fish groups,
invertebrate groups and primary producer groups rep-
resented 4.4, 28.5 and 46.2% of the total biomass,
respectively. Biomass extracted by fishing activities
represented 0.4% of the total fish and lobster bio-
masses in the BSNR ecosystem, which is equivalent to
a global biomass extraction of 152 t for the whole BSNR
annually. The production of artisanal and recreational
fishing activities (boat and spearfishing combined
together) was estimated at ca. 65 and 87 t yr–1, respec-
tively. By comparison, dolphins consume a biomass of
0.094 t km–2 yr–1 (equivalent to 75 t on the BSNR),
which is very close to the biomass exploited by the pro-
fessional fleet (0.092 t km–2).

Input parameters and basic estimate parameters of
the Ecopath model are presented in Table 1. Eco-
trophic efficiencies were close to 1 for many groups,
while for others, such as the bottlenose dolphin Tursi-
ops truncatus, birds, European barracuda Sphyraena
sphyraena, and small-spotted catshark Scyliorhinus
canicula, EE was very low (<0.05), indicating that the
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Fig. 2. Bonifacio Strait Natural Reserve (BNSR) ecosystem flow diagram organized by inte-
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(D) are separated to clarify the representation. TST: total system throughput; Trans Eff:
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consumption of these groups is minimal. The pedigree
index of the model was 0.61 (Table 2), suggesting the
relative high quality of the data used.

Results of the BSNR model (Table 1) revealed that
groups were organized into 5 trophic levels (TL). The
highest TLs corresponded to top predators such as bot-
tlenose dolphin, piscivorous fishes, Sphyraenasphyra-
ena, Scyliorhinus canicula, and birds.

Table 2 comprises summary statistics computed by
Ecopath. These statistics allowed comparisons with
other ecosystems (protected Mediterranean rocky lit-
toral system versus non-protected) and were useful
attributes for assessing ecosystem development and
maturity. For instance, the total primary production/
total respiration ratio (Pp/R) was equal to 1.12, the total
primary production/total biomass (P/B) was equal to
8.91, and the Finn’s cycling index was 10.71%.

The ‘mixed trophic impact analysis’ (MTI, Fig. 3) rou-
tine can be seen as a sensitivity analysis and was used

to reveal the influence, through trophic cascades, of
one group on the others. Here we used this routine to
evaluate both direct and indirect impacts of all groups
on the system. One of these direct impacts is illustrated
by the decrease in the salema Sarpa salpa induced by a
small increase in the dusky grouper Epinephelus mar-
ginatu, its main predator. An indirect impact is illus-
trated by the group of small pelagic feeders. A small in-
crease in this group had a negative impact on European
barracuda and a positive impact on the bottlenose dol-
phin and small-spotted catshark, due to trophic cascade
by predation. Moreover, numerous groups in the model
were impacted by groups situated at the base of the
food web, such as macroalgae, amphipods and macro-
plankton. Some groups can have a negative impact on
themselves, such as zooplankton and protozoan plank-
ton. Several groups such as opportunistic piscivorous
fish, zooplanktivorous fish and decapods had a large
impact throughout the entire food web (Fig. 3).
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(a) Model statistics
Parameter BSNR Calvi Unit

Statistics and flows
Sum of all consumption 21339.91 7130.626 t km–2 yr–1

Sum of exports 569.7 751.724 t km–2 yr–1

Sum of respiratory flows 15151.36 2424.958 t km–2 yr–1

Sum of all flows into detritus 5723.24 3227.519 t km–2 yr–1

Total system throughput 42784 13535 t km–2 yr–1

Sum of all production 14006 3670 t km–2 yr–1

Mean trophic level of catch 3.936 3.77
Total catch 0.19 1.939 t km–2 yr–1

Network flow indices
Calculated total net primary production 7818.15 1929.396 t km–2 yr–1

Total primary production/total respiration (Pp/R) 1.12 0.796
Total primary production/total biomass (P/B) 8.91 1.503
Total biomass/total throughput 0.017 0.095
Total biomass (excluding detritus) 877.68 1284.056 t km–2

System omnivory index 0.26 0.344
Finn’s mean path length 2.72 4.26
Finn’s cycling index 10.71 21.69 % of total throughput

(b) Transfer efficiency for BSNR model
TL

II III IV V VI VII VIII IX X

Producers 12.7 12.6 13.2 9.2 6.7 5.4 4
Detritus 6.4 15.2 11.7 10.6 8.7 6.4 4.8
All flows 8.7 14.1 12.4 9.9 7.9 6 4.6 3.7 3

Proportion of total flow originating from detritus: 0.54

Average transfer efficiencies (calc. as geometric mean for TL II–IV)
From primary producers: 12.8%
From detritus: 10.4%
Total: 11.5%

Table 2. Ecological indicators related to the food web structure of the Bonifacio Strait Natural Reserve (BSNR) and Calvi model,
statistics, and network flow parameters. The first (BSNR model) displays protection measures, contrary to the second (Calvi)

model (Pinnegar & Polunin 2002). TL: trophic levels
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Ecosim simulations

Results from simulations using Ecosim showed dif-
ferent response patterns when we simulated variations
of both artisanal and recreational fishing efforts
(Fig. 4), and we identified 3 categories of response.

Firstly, we focused on groups impacted exclusively
by the artisanal fishery, meaning those losing biomass
in response to an increase of the artisanal fishery ef-
fort. For instance, an increase in this effort induced a
decrease in catches for Epinephelus marginatus, ben-
thic invertebrate feeders II and of lobsters/spiny lob-
sters. For these groups, an increase in recreational
fishing effort was without influence. In the case of the
lobsters/spiny lobsters group, a total prohibition of the
artisanal fishery effort (set to F = 0) would result in an
increase in 2.7% of the system biomass. This amount
corresponds to 51 t for the whole area of the BSNR.

Secondly, some groups were impacted by both fish-
eries, such as piscivorous fish, Sphyraena sphyraena,
small pelagic feeders and Scyliorhinus canicula. For
these groups there is an additional effect since their
biomasses decreased in catches when both fishing
efforts rose. For instance, when both fishing efforts
were at the maximum in our simulations (4 times the
actual level), piscivorous fish and the European bar-
racuda biomasses decreased by 4.7 and 5.4%, respec-
tively. These percentages corresponded to a loss of
131 t for piscivorous fish and of 10 t for S. sphyraena.

Thirdly, other groups (zooplanktivorous fish, benthic
invertebrate feeders, mollusc feeders and cephalo-
pods) displayed various non-trivial patterns, which
were largely due to trophic cascades. For mollusc feed-
ers and cephalopods, an increase in artisanal fishing
effort induced an increase in their biomass, but cou-
pled with an increase in recreational fishing effort, this

215

Fig. 3. Mixed trophic impacts analysis from the Bonifacio Strait Natural Reserve (BNSR) model showing the combined direct and
indirect trophic impacts that an infinitesimal increase in impacting groups (vertical axis) is predicted to have on impacted groups 

(horizontal axis). Black bars: positive impacts (between 0 and 1); grey bars: negative impact (between 0 and –1)
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biomass eventually decreased. For zooplanktivorous
fish and benthic invertebrate feeders, an increase in
artisanal fishing effort provoked a decrease in biomass
in the system, but, coupled with an increase in recre-
ational fishing effort, this biomass increased.

DISCUSSION

Ecopath results

Trophic levels, matter flows and summary statistics

Overall, ecological indicators related to community
energetics, community structure, cycling of nutrients,
and the comparison with other modelled ecosystems,
suggest that the BSNR is a mature ecosystem, similar
to most coastal ecosystems. The pedigree index (0.61)
representing the model quality is within the range

(0.164 to 0.676) of the 50 previously constructed mod-
els reported in Morissette (2007). TLs of fish species
are in accordance with the range of previous results for
the Mediterranean (Stergiou & Karpouzi 2001) as well
as with TLs of another Corsican rocky littoral system
models with similar attributes (Pinnegar & Polunin
2004). TLs obtained for bottlenose dolphins (5.22) and
for Sphyraena sphyraena (4.96) are higher than TLs
recorded by Pauly et al. (1998b) for dolphins (TL = 4.2)
and by Ben-Tuvia (1986) for S. sphyraena (TL = 4.04).
These differences are due to the diet of these 2 groups,
which feed on predators, especially on fish species
with a TL higher than 3.39, and could be due to MPA
effects. Indeed, MPAs are known to promote biomass
of large species and top predators (Claudet et al. 2006,
Guidetti et al. 2008) increasing, by cascade, the TL of
species feeding on them. Conversely, Pauly et al.
(1998b) found that the diet of Tursiops truncatus
(worldwide) is not exclusively composed of predator
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Fig. 4. Combined effects of changes of recre-
ational and artisanal fishing efforts on all fish
groups, on one group of cephalopods and on
one crustacean group. Red represents a bio-
mass decrease and blue a biomass increase 

in the ecosystem
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fishes, but of other items with lower TLs (large squid,
small squid, small pelagics and miscellaneous fish)
whereas Blanco et al. (2001) found that T. truncatus of
the western Mediterranean Sea feeds partly on Phycis
sp. and Conger conger. Therefore, it seems realistic
that our TL for bottlenose dolphins is higher than that
of Pauly et al. (1998b).

Tursiops truncatus is known to use fishing nets as an
easily accessible feeding source, damaging or depre-
dating fish caught in the nets (Reeves et al. 2001,
Lauriano et al. 2004, Díaz-Lopez 2006). This species
attacked, on average, 12.4% of the nets and, when
they attacked, they damaged 8.3% of individuals
caught in nets (Rocklin et al. 2009). Our data show that
the fish biomass extracted by dolphins and by the arti-
sanal fishery are similar in the BSNR. Moreover, the
bottlenose dolphin and the artisanal fishery target the
same groups of species (small pelagic feeders, pisci-
vorous fish, cephalopods, benthic invertebrate feeders)
according to Blanco et al. (2001). However, indirect
negative interactions between dolphins and fisheries
were not demonstrated (Rocklin et al. 2009), and the
low level of exploitation (compared to the biomass
available in the BSNR) induced by both artisanal fish-
ery and dolphins suggest non-limiting resources and
weak competitive interactions.

According to Odum (1969) and Christensen & Pauly
(1993), a low ratio between system primary productiv-
ity and biomass (P/B) indicates a developed system,
due to high biomasses and low production rates. This
ratio ranges from 0 to 200 for 41 Ecopath models. Here
the value of P/B (8.91) is low and equivalent to those
reported for other coastal areas (Christensen & Pauly
1993), indicating great abundance of slow-growing
individuals.

Odum (1971) explained that the ratio between total
primary production and total system respiration (Pp/R)
moves towards unity (Pp/R = 1) for mature systems. For
the 41 Ecopath models that were mentioned above,
Pp/R values range from 0.8 to 3.2. Our value of 1.12 is
close to 1, i.e. the lowest boundary of that range, and
indicates a very mature system.

The capacity of an ecosystem to entrap and cycle
nutrients increases with maturity (Odum 1969) and can
be estimated using the Finn’s cycling index (Finn
1976). Christensen & Pauly (1993) found a relation be-
tween this index and maturity ranking across the 41
Ecopath models. In the BSNR Ecopath model, the
value of Finn’s cycling index was 10.71%. This moder-
ate value is in accordance with values found in other
coastal areas (Christensen & Pauly 1993) and once
again suggests that our system is mature.

Transfer efficiencies (TE) represent the energy trans-
ferred from a trophic level to the next trophic level,
through consumption. Since Lindeman (1942), it has

often been assumed that TE varies around 10%. Our
result (11.5%) is in accordance with the range (10 to
15%) of values reported in the literature (Christensen
& Pauly 1993). Furthermore, for comparison, TEs are
12.62 and 10% for the Catalan and Adriatic Sea,
respectively (Coll et al. 2006, 2007). To sum up, all
these indicators of ecosystem maturity show that the
BSNR model is in accordance with other Ecopath
coastal models and with theory of trophic flows, sug-
gesting that the model has realistic features despite
some uncertainties.

In the mixed trophic impact analysis (Fig. 3) numer-
ous groups at the base of the food web, such as Posi-
donia oceanica, macroalgae, phytoplankton, macro-
plankton, and zooplankton, have an impact on higher
rank trophic groups by bottom-up predator–prey
interactions occurring in the system (Hunter & Price
1992, Coll et al. 2006). On the other hand, some groups
such as zooplanktivorous fishes (Boops boops, Chromis
chromis, Atherina sp.) have a strong impact on numer-
ous groups of both higher and lower trophic levels.
This zooplanktivorous fish group has a top-down effect
on zooplankton and a bottom-up control on predators.
These results underline the importance of this key
group in the ecosystem and possible wasp-waist pre-
dator–prey interactions (Cury et al. 2000, Coll et al.
2006). Opportunistic piscivorous fish species (Pagellus
acarne, Apongon imberbis, Scorpaena porcus, etc.) oc-
cupy an intermediate trophic position (TL = 4.2) within
the fish community and have a large number of trophic
interactions with a wide variety of other groups.
Changes in their biomass may induce simultaneous
positive and negative effects on other groups, which
can be interpreted as a wasp-waist effect (Cury et al.
2000).

A weak increase in Epinephelus marginatus leads to
a decrease in Sarpa salpa and to an increase in Posido-
nia oceanica biomass. This food chain was created in
accordance with data available in FishBase (Froese &
Pauly 2010), identifying E. marginatus as the unique
predator of S. salpa and S. salpa as the main consumer
of P. oceanica. The protection of the dusky grouper, an
emblematic fish species in the Mediterranean, may
have a positive impact on P. oceanica meadows by
means of a top-down effect. Since P. oceanica mead-
ows constitute crucial habitats for nurseries (e.g. Gob-
ert 2002), the management of top predators such as
groupers is critical. In the same vein, a recent study
showed that protection of large individuals of S. salpa
may alter seagrass ecosystems (Prado et al. 2008). This
type of investigation is possible in Ecosim through the
use of mediation effects (Christensen et al. 2005), but
here we only considered food web effects.

Through interaction analyses of the BSNR model, we
were able to reproduce complex cascades of trophic
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interactions observed on Mediterranean coasts and in
MPAs. One step further than observing cascades, we
used such complex interactions to predict the status of
the system according to scenarios involving non-trivial
combined effects between fishing fleets.

Comparing two neighbour Mediterranean
ecosystems: protected vs. non-protected areas

In order to understand the particularity of our sys-
tem, we carried out a comparison with a non-protected
area presenting similar sea surface temperature, habi-
tats and species composition. This comparative analy-
sis was established between 2 Ecopath models on
rocky littoral ecosystems (Table 2), one protected
(BSNR) and the other in a non-protected neighbour
area (Calvi, Corsica; Pinnegar & Polunin 2004). There
are great similarities in the model construction (target
fish, invertebrate groups) allowing comparisons of
these model outputs. Both ecosystems are mature (with
higher values of Pp/R for the BSNR model); the fishing
pressure is less and the mean trophic level of catches is
higher in the BSNR than in the Calvi ecosystem (for
values see Table 2).

The biomass extracted by artisanal fishing in the
BSNR (0.09 t km–2 yr–1) is very low compared to that at
Calvi’s (1.94 t km–2 yr-1). The BSNR artisanal fleet is
small (40 boats) and the fishing period extends over
only 5 to 6 mo yr–1. Bonifacio is the windiest area in
Corsica with 328 d of wind per year (171 d with wind
speed above 58 km h–1). In the BSNR, a restrictive pol-
icy has been enforced on fishing activities since the
creation of the MPA (in 1999): the number of profes-
sional licenses and the minimum mesh size were con-
trolled and various protected perimeters were delim-
ited. These restrictions tend to decrease the fishing
pressure on the protected parts and to increase catches
in terms of capture per unit of effort (CPUE) as demon-
strated in Mouillot et al. (2008).

Pauly et al. (1998a) established that, with an increas-
ing fishing pressure, the mean TL of catches decreases
since fishes with high TLs are primarily targeted (gen-
erally benthic and demersal piscivorous). Top pre-
dators are thus progressively replaced by fishes with
lower TLs , such as invertebrate feeders and planktiv-
orous species. This index (mean TL of catches) is able
to reveal the major difference in protection between
these 2 ecosystems. The Calvi ecosystem is indeed
more exploited than the BSNR, and its mean TL of
catches is lower than for the BSNR model (3.77 vs. 3.94,
respectively). An alternative explanation of this differ-
ence may come from the absence of Epinephelus mar-
ginatus (TL = 4.31) and the small pelagic feeder groups
(TL = 4.54) in Calvi catches. Their presence in the

BNSR data could be related to a higher conservation
status. E. marginatus was usually targeted by spear-
fishing and is a relevant indicator species of this activ-
ity (Mouillot et al. 2002, Lloret et al. 2008b).

Simulated combined effects of artisanal and
recreational fleets

Within the BSNR, artisanal and recreational fishing
activities create a combined pressure on the eco-
system, although this pressure is low compared to the
Bay of Calvi. Additional effects were observed when
these 2 pressures increased in magnitude. The first
level of interpretation was to distinguish which groups
were particularly affected by either one or both types
of fishing activity. The second level of interpretation
was to understand the main trophic links between
groups and to predict the combined effects of fishing
pressure variations on the food web.

No group of fish represented in Fig. 4 is targeted ex-
clusively by recreational activities. The nature of rela-
tions between the 2 types of fisheries is therefore lim-
ited to an additional effect or a lack of recreational
fishing effect for remarkable groups having a protected
status, and for which recreational catches are forbidden
(Epinephelus marginatus, lobsters/spiny lobsters).

In the case of Epinephelus marginatus, protected
since 1980, recreational fishing has no influence on its
stock. However, E. marginatus is occasionally caught
by the artisanal fishery. As pointed out above with MTI
analysis (Fig. 3), several groups are connected to E.
marginatus such as Sarpa alpa, which is itself con-
nected to Posidonia oceanica. So an increase in catches
of E. marginatus by artisanal fishing results in an over-
grazing of P. oceanica by S. salpa (Fig. 4).

Mollusc feeders such as sparids (Diplodus sargus
sargus, D. vulgaris, and D. puntazzo) showed a re-
markable pattern (Fig. 4). Indeed, when artisanal fish-
ing effort increases while recreational fishing effort is
still limited, the biomass of this group increases. A pos-
sible interpretation of this result can be given by ob-
serving the position of this group in the network
(Fig. 3). The trophic pressure exerted on mollusc feed-
ers by top predators, such as Sphyraena sphyraena and
opportunistic piscivorous fish, actually decreases when
the fishing effort of the 2 fleets increases. Hence, this
latter group of fish may be promoted by overfishing
and may provide an erroneous signal of protection effi-
ciency. If all species of Diplodus are present at high
biomass, we may conclude that the ecosystem is well
protected against fishing pressure, while an intensive
artisanal activity may promote the diversity and bio-
mass of such groups while recreational pressure is
limited.
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The opposite effect can be observed for zooplanktiv-
orous fish, which are less targeted by both fisheries
than other groups, due to policy protection regulations
(mesh size authorized: 62.5 mm in length). A reduction
in artisanal and recreational fishing efforts leads to the
decrease in this group biomass in the system. When
their predators are less exploited, predation on zoo-
planktivorous fish (forage fish) increases, leading to a
decrease in their biomasses.

Based on these results, and the study of Christensen
& Walters (2004), we suggest that recreational and
artisanal fleets, by removing predators with high
trophic levels, could cause top-down effects and
thereby blur the classical patterns which are sup-
posed to emerge when protection is enforced, i.e. an
increase in fish biomasses. Hence, going one step fur-
ther than highlighted by Tetreault & Ambrose (2007),
we suggest that some species groups may provide
negative signals (meaning a biomass decrease) when
MPAs are set or enforced and such potential patterns
are revealed by a trophic modelling approach and
mechanistic relationships.

Limitations

Although this paper deals partly with recreational
fisheries, we lack data on recreational catches. As an
alternative, we assumed that the percentage of
spearfishing represents 40% of the artisanal produc-
tion (Lloret et al. 2008b). In addition, we made the
assumption that the level of exploitation by boat and
shore fishing is common to north-shore Mediterranean
countries and we used values proposed by Morales-
Nin et al. (2005). However, recreational fishing pres-
sure can be very different between sites as a function
of human population density, tourist activity, cultural
traditions, legislation and management policies. Thus,
the chosen production for BSNR recreational fisheries
is arbitrary and this choice may influence our results.
To overcome this limitation we implemented simula-
tions with a large range of recreational fishing effort (0
to 400%) including realistic scenarios ranging from a
total prohibition of such recreational activities to a
strong increase (4-fold the value of artisanal produc-
tion). The actual production lies between these 2
extremes, but further field investigations are needed to
estimate this crucial variable.

Another limitation is the fact that the population dy-
namics of pelagic species and their home ranges ex-
ceed the borders of our area, while our model considers
trophic transfer within this area with no external ex-
changes. This limitation is common to all EwE models
which are not designed to include spatial dynamics.
One solution would be to increase the model area to

capture a larger fraction of their range or to drive their
population as an input. However, 85% of the total num-
ber of fish species and 90% of fish biomass are benthic
or demersal with few opportunities to disperse in such
rocky Mediterranean habitats (Supplement 1C). The
dolphins are also assumed to be sedentary to the BSNR
throughout the year (WWF 2007). Thus, we suggest
that our results are robust, even if they do not include
migrations of pelagic species, since the main biomasses
belong to sedentary species.

Our model cannot take spillover into account, an
essential process by which MPAs sustain fishing activ-
ity in their neighboring areas (Pérez-Ruzafa et al. 2008,
Forcada et al. 2009). However, all fishing activities
tend to concentrate in the vicinity of no-take areas,
which may lessen the spillover effect at a regional
scale (Goni et al. 2008, Stelzenmüller et al. 2008). The
amount of biomass exported from no-take areas
towards exploited areas within and around the BSNR
is of great interest to assess fully the benefit of protec-
tion. Using appropriate spatial data, an Ecospace
approach would be useful to assess the function of
such complex multiple-use and partial MPAs.

CONCLUSIONS

Overall, our results illustrate the utility of systemic
approaches and the value of modelling tools in manag-
ing MPAs and predicting the ecosystem level conse-
quences of socio-political conservation decisions. The
BSNR model is a preliminary assessment of the com-
bined effect of different types of fleets on a protected
area, which takes into account the overall trophic links
from the bottom to the top of the food web. After com-
parison with another Mediterranean coastal model, it
appears that protection measures may have an impact
on the mean trophic level of catches. Managers of the
BNSR predict an increase in recreational fishing activ-
ities while the fishing effort from the artisanal fishery
may stabilize. Considering the effect of recreational
fishing on coastal ecosystems, and the predictions
made by managers, it seems important to create new
regulation policies for recreational activities.

This would necessitate the delimitation of more
areas restricted to recreational activities but open to
threatened artisanal fisheries. The effects of fishery
interactions on food webs would then deserve to be
studied using a spatial approach that takes into ac-
count dispersal rate, preferred habitats of species and
variation in the size of protected areas (Pérez-Ruzafa et
al. 2008). The BSNR Ecopath model can also be used to
interpret how other threats, such as global change,
species invasion and habitat destruction, can affect the
trophic web and the sustainability of coastal fisheries.
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