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ABSTRACT: Over the last 2 decades marine open cage aquaculture in the Mediterranean Sea has
grown rapidly, leading to increased productivity in the water column near fish farms. Here we
investigated the effect of such increase in productivity on the common bottlenose dolphin Tursiops
truncatus. We developed an ecosystem model for the inner Ionian Sea Archipelago, western
Greece, to: (1) evaluate the trophic interactions between bottlenose dolphins and their surrounding ecosystem, including cage-associated organisms; (2) investigate simultaneously 3 hypotheses
that could explain bottlenose dolphin dynamics: (a) increasing fishing effort and changes in ocean
productivity, (b) competition with other species, and (c) increase in number of fish farms; and
(3) explore spatial trends in bottlenose dolphins distribution using the increased number of fish
farms as an explanatory variable. Comparisons of model predictions with historical time-series
data indicate that only the increase in number of cages and thereby in productivity near fish farms
contributed to the trends observed in dolphin numbers. Spatial analysis also confirmed an
increase in occurrence of these dolphins in the proximity of the farms. These outcomes suggest
that high productivity in waters surrounding fish cages—within a coastal area that is markedly
oligotrophic — may attract bottlenose dolphins. The present study shows that open cage aquaculture has benefited bottlenose dolphins by easing their way of catching prey. Further studies
should be conducted in other areas of the Mediterranean Sea to investigate whether the higher
occurrence of bottlenose dolphins around fish cages is a common pattern and if it is driven by the
trophic status of the ecosystem or by the type of fishes that surround the cages.
KEY WORDS: Bottlenose dolphin · Fish farms · Ionian Sea · Ecosystem modelling approach
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INTRODUCTION
The Mediterranean Sea is among the 5 most
diverse ocean areas in terms of species richness (it
hosts >17 000 species), and it contributes to the
world’s marine biodiversity with an estimate of 7%
(Coll et al. 2010, Costello et al. 2010). Yet, it is one of
the most threatened seas on earth (Costello et al.
2010)—habitat loss, overfishing, pollution, and climate change being major stressors affecting marine
biodiversity (Coll et al. 2010, 2011). Marine open
cage aquaculture, which has increased exponentially

since the early 1990s, has added to such impacts
through introduction of chemicals, pathogens, and of
genetically modified fish (Katranidis et al. 2003,
UNEP/MAP/MED POL 2004). Considerable effort
has been devoted to the investigation of the various
impacts of open cage aquaculture on coastal ecosystems. Studies that explored the effects of feed waste
on benthic communities and bottom strata suggest
that impacts occur mainly in the vicinity of the farms
in relation to the physical, hydrographic, and ecological characteristics of the site (Sar et al. 2004,
Machias et al. 2005). The release of nutrients caused
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by feed waste is considered a critical aspect of fish
farms development (Pitta et al. 1998a, Karakassis et
al. 2005). Observed increases in wild-fish biomass
surrounding fish farms have been attributed to pellets lost through cages and/or particulate organic
matter from broken pellets and faeces (Dempster et
al. 2002, Machias et al. 2004, Giannoulaki et al. 2005,
Machias et al. 2005). Few studies have looked at the
effects of open cage aquaculture on higher levels of
the food web, including top predators such as dolphins (although see Díaz López et al. 2005, WatsonCapps & Mann 2005). The importance of these
effects in terms of habitat loss, potential for incidental
mortality, and benefits deriving from increased prey
availability or ease to catch such prey is currently
being debated (Würsig & Gailey 2002, Bearzi et al.
2009). In several areas of the Mediterranean Sea, scientists have observed an increased occurrence of
common bottlenose dolphins Tursiops truncatus
(hereafter ‘bottlenose dolphin’) near fish farms (Díaz
López & Bernal Shirai 2007, Bearzi et al. 2009), where
these dolphins engage in opportunistic foraging —
possibly following a decline in their prey throughout
the basin (Stergiou & Koulouris 2000, Coll et al. 2008,
2009, Piroddi et al. 2010).
In the inner Ionian Sea Archipelago, the focus of
our study, surveys at sea conducted between 1997
and 2008 have evidenced a relatively stable biomass
trend in bottlenose dolphins (Bearzi et al. 2008a)
despite rapid declines in the abundance of other
marine megafauna (Bearzi et al. 2008a). For example,
short-beaked common dolphin Delphins delphis and
monk seal Monachus monachus have rapidly declined, partially due to local overfishing (Androukaki
et al. 1999, Bearzi et al. 2008a), but no decline for
sympatric bottlenose dolphins has been recorded
(Piroddi et al. 2010). Plausible hypotheses behind the
bottlenose dolphin dynamics could be related to:
(1) its adaptability to changes in prey availability,
despite declines in the main prey sources caused by
fishing and/or environmental changes; (2) the competition release induced by the decline of other top
predators feeding in the same areas; and (3) its
adaptability to find alternative food supply (e.g.
around cage aquaculture facilities).
Ecosystem-based approaches explore the dynamic
linkages between marine organisms and human
pressure (Mace 2001, Pauly & Christensen 2002,
Pauly et al. 2002, Smith et al. 2007, Crowder et al.
2008, Heithaus et al. 2008). In particular, ecosystem
models such as the freely available software Ecopath
with Ecosim (www.ecopath.org) have been suggested to be the most suitable tools for assessing the

direct and indirect effects of anthropogenic pressures
on marine mammals and for evaluating the possible
ecological consequences of their dynamics (Plagányi
& Butterworth 2004, Morissette et al. 2010).
We used an ecosystem-based approach to: (1) investigate the trophic interactions between bottlenose
dolphins and their surrounding ecosystem, including
cage-associated organisms; (2) evaluate 3 factors
simultaneously that could explain bottlenose dolphin
dynamics: (a) increased fishing effort and changes
in ocean productivity, (b) competition with other
species, and (c) increased number of fish farms; and
(3) explore spatial trends in bottlenose dolphin distributions.

MATERIALS AND METHODS
Study area
The present study was conducted in the inner Ionian Sea Archipelago, western Greece (Fig. 1). The
area, covering ~1020 km2 of sea surface, is extremely
oligotrophic (Casotti et al. 2003), with values of
chlorophyll a, nutrients, and particulate organic carbon among the lowest found in Mediterranean
coastal waters (Pitta et al. 1998b). Here, floating fish
farm cages have expanded rapidly along the coastal
shelves since the late 1980s. These cages were initially used to rear European seabass Dicentrarchus
labrax and gilthead seabream Sparus aurata. More
recently, operations have expanded to include fish
such as white seabream Diplodus sargus sargus,
brown meagre Sciaena umbra, and common pandora
Pagellus erythrinus (Conides & Kevrekidis 2005).

Fig. 1. Study area with bathymetric contour lines (in m) and
fish farm locations (black dots)
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The model
Ecopath is a mass-balanced model that provides a
static description of an ecosystem at a precise period
in time (Christensen & Walters 2004, Christensen et
al. 2008). It can describe principal species of autotrophs and heterotrophs individually or by aggregating them into functional groups (species with a similar ecotrophic role), while incorporating data on
biomass (t km−2), total food consumption rate (Q/B),
total biological production rate (P/B), and diet composition (expressed as a fraction of prey in the average diet of a predator). Fishing activities can also be
included by adding data on landings (t km−2), discards (t km−2), and bycatch (t km−2), as well as bioeconomic parameters (i.e. value and cost; Christensen et al. 2008).

Data
Our food-web model, built using Ecopath with
Ecosim v. 6 and based on the previous work of
Piroddi et al. (2010), consisted of 19 functional groups
representing marine mammals, turtles, sea birds,
fishes, invertebrates, and primary producer groups. It
represented the study ecosystem in 1964 and
included data on biomass, production, consumption,
diet, and catch. A full model description can be found
in Piroddi et al. (2010). To this model we added
another 3 functional groups representing planktivores, zooplankton, and phytoplankton, which are
present near fish farm cages, to account for increased
productivity around fish farms. For these functional
groups, we assumed low levels of biomass at the
beginning of the study (1964), because at that time
there were no fish farms in the area. Production over
biomass (P/B) and consumption over biomass (Q/B)
for cage-associated planktivores were estimated by
averaging the P/B and Q/B values as calculated for
the other pelagic and demersal functional groups.
For cage-associated zooplankton and cage-associated phytoplankton, the P/B and Q/B were the same
as for the previous zooplankton and phytoplankton
group. The diet composition for cage-associated
planktivores was assumed to be composed of zooplankton and phytoplankton originating in the vicinity of the farm cages. The cage-associated planktivore group was also added to the bottlenose dolphin
Tursiops truncatus diet as a small percentage (1%)
due to the absence of fish farms at the beginning
of the study. Cage-associated zooplankton was assumed to feed exclusively on cage-associated zoo-
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plankton and cage-associated phytoplankton. The
modified Ecopath basic input parameters and diet
matrix are shown in Tables 1 & 2.

Dynamic simulations
Ecosim is a time-dynamic component of EwE (Ecopath with Ecosim) and uses a series of differential
equations to calculate temporal changes in biomass
of selected functional groups (Walters et al. 1997,
Christensen & Walters 2004). Ecosim runs dynamic
simulations of the Ecopath model, incorporating time
series estimates of biomass, catch per unit effort
(CPUE), and catches for those functional groups with
available information. This model is based on the
‘foraging arena theory’ (Walters et al. 1997), which
describes interactions between predators and prey
by attributing a vulnerability term to each of these
interactions. In particular, low values of vulnerability
(close to 1) mean that prey production determines the
predation mortality (a phenomenon known as ‘bottom-up’ control), while high values of vulnerability
(close to 100) mean that predator biomass determines
how much prey is consumed (‘top-down control’;
Christensen & Walters 2004).
The Ecosim simulations run by Piroddi et al. (2010)
to explore the temporal dynamics of the main marine
organisms of the inner Ionian Sea Archipelago were
not able to reproduce the abundance trend of bottlenose dolphins. The model suggested that trophic
interactions, increased fishing effort, and changes in
nutrient concentration were not the main factors
affecting bottlenose dolphin trajectory. For this reason, we decided to investigate in more detail the
observed trend of bottlenose dolphin biomass from
1997 to 2008 using the previous model as a baseline.
In particular, we simultaneously explored 3 different
factors driving bottlenose dolphin dynamics: (1) increased fishing effort and changes in nutrient concentration (baseline model); (2) competition release
(baseline model); and (3) increased numbers of fish
farm cages (present study).
The model incorporated available estimates of biomass and bycatch of bottlenose dolphins, as well as
the biomass and catches for all the other functional
groups in the ecosystem.
(1) Fishing effort and the nutrient concentration
time series (Fig. 2) were used to fit predicted to
observed trends over time. In particular, time series
of effort for all fleets, expressed as Horse Power
(HP yr–1) were estimated using data from Kapadagakis et al. (2001) for the period from 1996 to 2000 and
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Table 1. Functional groups and their Ecopath basic input parameters for the inner Ionian Sea Archipelago ecosystem (modified
from Piroddi et al. 2010). B: biomass; P/B: production over biomass; Q/B: consumption over biomass; C: catch; TL: trophic
level; –: not applicable
Group no.

Functional group

1
2
3
4

Short-beaked common dolphin Delphinus delphis
0.019
0.09
24.67
−
4.02
Bottlenose dolphin Tursiops truncatus
0.013
0.08
21.07
−
4.40
Monk seal Monachus monachus
0.015
0.12
12.59
4.23
Sea birds (Calonetris diomedea, Larus cachinnans, Larus fuscus,
0.0031
4.6
105.43
−
3.43
Sterna nilotica, Sterna sandvicensis, Phalacrocorax carbo)
Sea turtle Caretta caretta
0.0069 0.19
2.54
−
2.81
Tuna (Thunnus thynnus Katsuwonus pelamis, Euthynnus alletteratus) 0.04
0.2
3.22 0.0035 4.08
Swordfish Xiphias gladius
0.06
0.38
4.4
0.0069 4.08
Sardines (Sardina pichardus, Sardinella aurita)
2.1
1.55
9.84
0.17 2.89
Anchovy Engraulis encrasicolus
1.2
1.3
11.66
0.12 3.11
Other pelagics (Dentex dentex, Diplodus annularis, Micromesistius
1.95
1.95
7.7
0.37 3.55
poutassou, Mugil cephalus, Oblada melanura, Pagellus erythrinus,
Pagrus pagrus, Sarda sarda, Sarpa salpa, Scomber japonicus,
Scomber scombrus, Seriola dumerili, Spicara smaris, Spondyliosoma
cantharus, Sprattus sprattus, Trachurus mediterraneus,
Trachurus trachurus)
Hake Merluccius merluccius
0.18
0.82
3.26
0.022 3.72
Other demersals (Boops boops, Lepidotrigla cavillone, Conger conger, 0.9
1.35
7.43
0.15 3.30
Dicentrarchus labrax, Diplodus sargus sargus, Epinephelus marginatus,
Helicolenus dactylopterus dactylopterus, Lophius piscatorius,
Mullus barbatus, Mullus surmuletus, Polyprion americanus,
Psetta maxima, Raya clavata, Solea solea, Sparus aurata, Scorpaenidae
and Serranidae)
Planktivores/cages
0.002
1.27
7.56
−
3.0
Cephalopods (Loliginidae and Ommastrepidae families,
0.4
3.3
7.0
0.052 3.49
Sepia officinalis, Octopus vulgaris and other members of the family
Octopodidae)
Crustaceans (Hommarus gammarus, Penaeus kerathurus,
0.05
1.35
6.5
0.011 3.10
Carcinus aestuarii, Nephrops norvegicus and miscellaneous small
crustaceans)
Benthic invertebrates
28.39
2.5
22.0
−
2.00
Zooplankton
3.7
31.0
40.0
−
2.10
Zooplankton/cages
0.0013 31.0
40.0
−
2.10
Phytoplankton
2.33 378.96
−
−
1.0
Phytoplankton/cages
0.001 378.96
−
−
1.0
Discards
0.135
−
−
−
1.0
Detritus
69.87
−
−
−
1.0

5
6
7
8
9
10

11
12

13
14

15

16
17
18
19
20
21
22

from Stergiou et al. (2007) for the periods from 1964
to 1995 and 2001 to 2003, while nutrient concentration was estimated by the model using a non-parametric routine. Details on time series of biomass, fishing effort, and nutrient concentration are referenced
in Appendix 1.
To fit the model to observed bottlenose dolphins
biomass, the ‘ fit to time series’ procedure of Ecosim
was applied by searching for those dolphin−prey vulnerability values that would minimize the sum of
squared deviation (SS) of observed data from model
predictions. Some of the default Ecosim parameters
were also adjusted to further decrease the SS. In particular, the maximum relative feeding time and the

B

P/B

Q/B

C

TL

feeding time adjustment rate for bottlenose dolphins
were increased, considering that, if prey becomes
scarce, these animals will spend more time looking
for their food resources and will change their search
feeding time as food availability varies (Christensen
et al. 2008). We allowed for density-dependent
predator−prey switching to take into account the
well-known flexibility in the foraging behavior of
bottlenose dolphins, which can adapt their diet
depending on prey availability (Bearzi et al. 2008a).
(2) A ‘trophic mediation function’ was used to
investigate whether the decline in short-beaked
common dolphin biomass had ‘no trophic’ impact on
bottlenose dolphin abundance. In Ecosim trophic
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where a*ij is the ‘rate of effective search’ parameter,
Aij is the restricted area where predator j forages on
prey i, Vij is the vulnerable prey biomass, and Pj is the
predator abundance. This equation recognizes that
predators search for prey only over restricted foraging arenas and that the vulnerable prey biomass is
distributed only over such areas (Christensen et al.
2008). In Ecosim, mediation functions are used to
influence the flow rate of a specific organism by
altering: (a) the area over which vulnerable
prey/predators are distributed, (b) the ‘rate of effective search’ parameter, and (c) the vulnerability
exchange rate νij that determines the vulnerable prey
biomass Vij. In our case, the mediation function was
used to evaluate whether the observed decline in
short-beaked common dolphins (Bearzi et al. 2008a)
could indirectly affect (e.g. by increasing the feeding
area Aij) bottlenose dolphins.
(3) Lastly, we added as a forcing function the time
series numbers of fish farm cages (Fig. 3) found in the
study area, to further explore the trend of bottlenose
dolphin biomass. In Ecosim, a ‘forcing function’ is
used to represent physical or other environmental
parameters not directly included in the model that
could influence the trophic interactions of an ecosystem. In our case, the forcing function was the trend in
fish cages impacting cage-associated phytoplankton.
The number of cages in the study area was calculated for the years from 2002 to 2008 from highdefinition satellite images obtained through Google

0.02
0.07
0.05
0.44
0.38
0.01
0.03
3 × 10−3

Flow rate = a*ij /Aij × Vij × Pj

Sardines
0.5
Anchovies
0.3
Other pelagics
0.1
Hake
Other demersals
0.05
Planktivores/cages
Cephalopods
0.05
Crustaceans
Benthic invertebrates
Zooplankton
Zooplankton/cages
Phytoplankton
Phytoplankton/cages
Discards
Detritus
Import

interaction rates can be described as flow rates using
the following formula:

Common Bottlenose Monk Sea
Sea Tuna Sword- Sar- Ancho- Other Hake Other Planktivores/ Cephalo- Crustaceans Benthic
Zoo- Zooplankton/
dolphin dolphin
seal birds turtles
fish dines vies
pelagics
demersals
cages
pods
invertebrates plankton
cages

Fig. 2. Total fishing effort and nutrient concentration used as
drivers in the fitting procedure. HP: horse power

Table 2. Functional groups and their diet matrices for the inner Ionian Sea Archipelago ecosystem (modified from Piroddi et al. 2010). Predators are given by column
and their prey by row. ‘Import’ (bottom row) is added in the diet matrix to consider those species that spend fractions of the year feeding outside the area of the model
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Spatial simulations

Fig. 3. Trend in number of fish farm cages estimated for the
period from 1990 to 2008

Earth (Fig. 4). In particular, we followed an approach
similar to that conducted by Trujillo et al. (in press)
which identified and located ocean fish cages by surveying the coastline of the Mediterranean Sea and
used the Google Earth ‘time slider tool’ to assign a
temporal scale to each satellite picture available from
2002 to 2008.
Because no time series of fish cage numbers were
available for the inner Ionian Sea Archipelago
ecosystem for the period from 1990 to 2001, we
considered the trend observed for Greece. The use
of nation-wide data as a proxy for local trends is
plausible given that between 1990 and 2001 the
marine finfish production in the inner Ionian Sea
Archipelago is known to have followed a trend
similar to that of the entire region (Conides &
Kevrekidis 2005).

Ecospace is a time- and spatial-dynamic component of Ecopath and considers all the key parameters
of Ecosim (Walters et al. 1999). It is based on the
same set of differential equations used in Ecosim and
performs a complete set of Ecosim calculations for
each cell and for each time step. Each cell is linked to
the rest of the cells by symmetrical movements
(Christensen & Walters 2004, Christensen et al.
2008). It is graphically represented by a grid map
divided into different habitats, into which the functional groups and fishing fleets are allocated. The
distribution of each group depends on habitat
preference.
Ecospace was used here to investigate spatial
trends in the distribution of bottlenose dolphins
around fish farms. Firstly, we sketched a grid map of
30 × 30 cells (cell size = 1 × 1 km) to represent the
study area and we assigned different habitats to each
cell (Fig. 5). One habitat was defined as the fish
farms, while all other habitats were classified according to bathymetry classes: 0−20 m, 21–40 m, 41–60 m,
61–80 m, 81−100 m, 101−150 m, 151−200 m, and
201−300 m. Bottlenose dolphins were allowed to distribute in all the cells, and they were assigned a dispersal rate of 190 km yr−1 (Bearzi et al. 2010b). Since
no dispersal rate data were available for the other
organisms, we assumed a dispersal rate of 200 km
yr−1 for the other top predators (e.g. short-beaked
common dolphin, monk seal) and a value of 30 km
yr−1 for all the other groups (Walters et al. 1999,
Christensen et al. 2008). The Ecospace model was

Fig. 4. Fish cages (round and rectangular) along the coast of the study area. Picture taken from Google Earth, with time slider
tool (top left corner)
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diagram (Fig. 6) was created after the
balancing procedure to visualize the
trophic flows among trophic levels
of the inner Ionian Sea Archipelago
ecosystem, as well as the interactions
between bottlenose dolphins and cageassociated groups.

Ecosim dynamic simulation
The baseline model reproduced the
biomass trends of the main functional
groups of the ecosystem relatively
well (Fig. 7). The initial sum of
squares (SSinitial = 1470) was greatly
improved when fishing effort and
nutrient concentration were included together in the fitting routine
(SSfishing-nutrient = 699). However,
as observed by Piroddi et al. (2010),
those factors were not able to explain
the bottlenose dolphin population
trajectory for the period from 1997 to
2008. The fit for bottlenose dolphins is
displayed in Fig. 8.
When we added the ‘mediation
Fig. 5. The sketched Ecospace map of the inner Ionian Sea Archipelago
function’
to the fitting procedure, no
ecosystem showing different habitats based on bathymetry classes and fish
changes (SSmediation function = 699)
farm locations. We included a map of the study area in the lower panel to
facilitate comparison
were observed in the simulated bottlenose dolphin trend. In essence, no
evidence was found to support the hypothesis that
run after having fit the model to time series data, and
short-beaked common dolphins had influenced
the spatial distribution of bottlenose dolphins in the
bottlenose dolphin trend in the area (Fig. 8).
vicinity of the fish farms was obtained using a time
Lastly, when the time series of the number of fish
series of the number of cages as the explanatory varicages was used as the main explanatory variable, the
able. The spatial distributions of bottlenose dolphins,
model was able to reconstruct the trajectory of bottheir main prey, and common dolphins are displayed
tlenose dolphin biomass (SSfish cages = 441) through
in Fig. S1 in the supplement at www.int-res.com/
2005 (Fig. 7). The model was unable to capture the
articles/suppl/m440p255_supp.pdf.
bottlenose dolphin biomass trend in the last 3 yr of
the study (2006 to 2008) even if the simulated trajectory fell within the confidence intervals (Fig. 8).
RESULTS
Ecopath input parameters and flow diagram
Ecospace spatial simulation
The mass-balanced model for the inner Ionian Sea
Archipelago for the year 1964 (Piroddi et al. 2010)
was modified by adding 3 functional groups to represent those organisms in close association with fish
farm cages. The model was balanced after slightly
increasing the initial biomass of cage-associated
planktivores and zooplankton from 0.001 and 0.002 t
km−2 to 0.0013 t km−2), respectively (Table 1). A flow

We used Ecospace to display changes in the spatial
distribution of bottlenose dolphins, the main prey
sources, and common dolphins in the study area between 1964 and 2008 (maps displayed in Fig. S1). The
resulting maps showed the distribution of these functional groups under 3 different fish farm development
scenarios: no fish farms, early fish farm expansion,
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5
Bottlenose dolphins
Monk seals
Common dolphins
Hake

4
Sea birds

Tuna

Swordfish
Cephalopods
Crustaceans

Other demersal

Anchovies Other pelagics
Sardines

Planktivores/cages
3
Sea turtles

Benthic invertebrates

Zooplankton
Zooplankton/cages

2

Detritus

Phytoplankton/cages
1

Phytoplankton

Discards

Fig. 6. Flow diagram expressing trophic flows and trophic levels of the inner Ionian Sea Archipelago ecosystem. Each functional group is represented as a circle, and its size is proportional to its biomass. The trophic interactions of bottlenose dolphins
Tursiops truncatus with other prey (thin, solid lines) and with cage-associated (bold, dotted lines) planktivores, zooplankton,
and phytoplankton are highlighted

and intensive fish farm expansion. The predicted spatial scenarios suggested that — in the absence of fish
farms and consequently of cage-associated planktivores — bottlenose dolphins, prey, and common dolphins would distribute evenly in the study area. In
contrast, expansion of fish farming operations characterized by a high abundance of cage-associated
planktivores would result in a stable concentration of
bottlenose dolphins distributing around marine fish
culture areas and clear evidence of a decline in the
other marine organisms with no changes in their spatial distribution (Fig. S1).

DISCUSSION
Mariculture production in Greece has increased
largely because of the development of cage technologies in inshore waters (EEA/UNEP 2000), as well as a
raising market demand for fish (Stergiou et al. 2009).
Fishermen and fish farmers have often claimed that
dolphins have increased largely as a result of aquaculture development, being attracted by schooling
fish in the vicinity of fish farms (UNEP 1998). Also, scientists have qualitatively observed bottlenose dolphins Tursiops truncatus in the proximity of fish farm
cages in several coastal areas of the northern and central Mediterranean (e.g. Díaz López & Bernal Shirai
2007, Bearzi et al. 2009). In our study area, surveys at

sea conducted between 1997 and 2008 have evidenced a relative increase in the occurrence of bottlenose dolphins searching for food and feeding
around coastal fish farms (Bearzi et al. 2008a, 2009).
Such an increase in dolphin concentration around fish
farms has been suggested to be related to the high
density of wild fish species in the vicinity of the fish
cages (e.g. Díaz López & Bernal Shirai 2007, Bearzi et
al. 2009). Sea-cage fish farms act as ‘super-FADs’
(FAD: fish aggregation device; Dempster et al. 2002),
attracting a large variety of wild fish that feed on large
food pellets lost through the cages, and/or on particulate organic matter (POM) from broken pellets and feces (Dempster et al. 2002, Machias et al. 2004, 2005,
Giannoulaki et al. 2005). While this could imply only a
spatial redistribution of wild fish surrounding seacage fish farms with no evidence of increase in their
total biomass, Machias et al. (2006) have demonstrated
that, in both Ionian and Aegean Seas, such an increase in fish farm facilities leads to an increase in
biomass of commercially important fish stocks. Such a
mechanism, particularly in oligotrophic ecosystems, is
related not only to the direct consumption of feed pellets around the fish cages, but also, and principally, to
the increase in primary production through released
nutrients and a rapid transfer of these nutrients up the
food web, with a strong influence on the coupling between pelagic and benthic compartments (Belias et al.
2003, Machias et al. 2006, Pitta et al. 2009).
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Fig. 7. Predicted (solid lines) versus observed (dots) biomass (t km−2) for common dolphin Delphins delphis and the main bottlenose dolphin Tursiops truncatus prey, using time series of fishing effort and changes in nutrient concentration as drivers.
Parameters of linear regression (dashed lines) are indicated

Bottlenose dolphins are known to be opportunistic
allowing them to adapt to changes in prey availability (Shane et al. 1986, Bearzi et al. 2008b) and to take
advantage of human activities by either following
fishing boats to feed on discarded fish (Fertl &
Leatherwood 1997, Bearzi et al. 1999), by catching/
stealing fish during fishing operations (Diaz López
2006, Lauriano & Bruno 2007, Gonzalvo et al. 2008),
or by feeding near fish farm facilities (Díaz López &
Bernal Shirai 2007, Bearzi et al. 2009). This feeding
strategy has most likely been adopted by bottlenose
dolphins to increase their feeding rate, while decreasing the energy expenditure associated with foraging (Fertl & Leatherwood 1997), in order to com-

pensate for the lack of fish prey in the surrounding
waters. Recent studies have demonstrated how overfishing has caused detrimental effects on fish stocks
in the study area (Bearzi et al. 2008a, Gonzalvo et al.
2010, Piroddi et al. 2010), including important prey of
bottlenose dolphins (Bearzi et al. 2010a). It is possible
that a decrease in the availability of prey prompted
the behaviorally flexible and opportunistic bottlenose dolphin to focus (at least in part) on fish
resources located around fish farm cages. While such
a link has often been proposed, to our knowledge it
has never been documented — making the present
study the first attempt to investigate the trophic
mechanisms behind this interaction.
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Fig. 8. Tursiops truncatus. Predicted (lines) versus observed
(dots, mean ± SD) biomass of bottlenose dolphins, using
(1) time series of fishing effort and changes in nutrient concentration as drivers, and the mediation function approach
(dashed line), and (2) the number of fish farm cages as the
driver (solid line)

Ecosystem modeling approaches have been used
increasingly to understand the trophic role of marine mammals and their dynamic interactions with
other marine organisms, as well as human activities
(mainly fisheries; Guénette et al. 2006, Gerber et
al. 2009, Morissette et al. 2010). Using such an approach, we showed how the rapid development of
marine fish culturing along the coasts of the study
area has directly influenced the bottlenose dolphin
distribution. Our results suggest that, while increased fishing effort and changes in ocean productivity could be used to explain the decline of major
fish stocks and top predators in the area, the expansion of aquaculture facilities and the consequent
increase in productivity in the water column was the
only key factor influencing the dynamics of bottlenose dolphins. Furthermore, no evidence was
found to indicate that the decline in short-beaked
common dolphins indirectly affected the bottlenose
dolphins through a ‘competition release’ mechanism
(e.g. by increasing the feeding area). Our model was
unable to replicate the bottlenose dolphin trend in
the last 3 yr of the study (2006 to 2008). Several interpretations could possibly explain such trajectory (e.g.
sea-cage aquaculture is just a limiting source of food
and has reached its maximum contribution in the
bottlenose dolphins diet, or that fishing in the area
has depleted prey to a level that bottlenose dolphins
cannot compensate by going to the cages for additional food); however, we believe that 3 yr are not
sufficient to provide an explanation for this trend and
more studies are needed to test these hypotheses.
Despite the potentially positive effects of open cage
aquaculture on bottlenose dolphin populations re-

sulting from increased prey availability and the ease
of catching prey, several factors could also be of concern. For instance, the supply of hormones and antibiotics to farmed fish to improve fish productivity could
affect dolphin reproduction or reduce their resistance
to pathogens (Parsons et al. 2000, Würsig & Gailey
2002). Another potential impact could result from the
interaction between this cetacean and fish farmers
(Díaz López & Bernal Shirai 2007). So far, in the
Mediterranean Sea, only one study has attempted to
estimate, using an ecosystem modeling approach, the
impact of dolphins on aquaculture infrastructures (i.e.
by stressing farmed fish), and that study found no substantial disturbance (Díaz López et al. 2008).
The present study suggests that fish farms may play
an important trophic role in oligotrophic and overfished areas such as the inner Ionian Sea Archipelago.
However, the modeling approach used here has still
some weaknesses. The spatial distribution of bottlenose dolphins around the cages may be influenced by
more factors than those included here. Fish farm location (e.g. coastal versus open ocean) and ecosystem
type (e.g. oligotrophic versus eutrophic) are likely
crucial factors. Preference for certain fish farms may
be influenced by their spatial location as well as by
the fish species that aggregate around the cages. Future studies should investigate to what extent dolphin
presence around fish farms is driven by the nature of
the ecosystem and by the type of fishes that surround
the cages. Also, this ecosystem was modeled looking
at the increase of phytoplankton, zooplankton, and
fish due to the increased number of cages in the area.
Biogeochemical processes induced by open cage
aquaculture (e.g. nutrients, food pellets, dissolved
oxygen) are important factors affecting food web dynamics, and they should be explored and integrated
in future model construction.
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Appendix 1. Time series of biomass, fishing effort, and nutrient concentration used in the fitting procedure of Ecosim
Time series

Years

Short-beaked common dolphin biomass
Bottlenose dolphin biomass
Hake biomass
Sardine biomass
Anchovy biomass
Other demersals’ biomass
Other pelagics’ biomass
Fishing effort

1995−2007
1997−2008
1964−2003
1964−2003
1964−2003
1964−2003
1964−2003
1964−2008

Nutrient concentration

1964−2008
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