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Balears, Spain

Within the context of the ecosystem approach to fisheries management, an
ecosystem model was developed for the Balearic Islands in the early 2000s,
covering from 0 to 800 m of depth. The aim of the study was to describe the
structure and functioning of the ecosystem together with the fishing impacts.
The results show that the biomass of the primary producers (PP), mainly
dominated by Posidonia oceanica meadows and red algae beds, represented a
high percentage of the biomass (39.20%) in the ecosystem. Most of the trophic
flows occurred between PP (mostly benthic) and trophic level Il. The mixed
trophic impact analysis also highlighted a positive impact of the functional
groups (FGs) at the base of the food web. Besides, there were important
trophic flows between several demersal FGs, and many groups of the pelagic
compartment, confirming the importance of the benthopelagic coupling
previously reported. The mean trophic level of the catch (mTLc=2.76) was
lower than those reported in adjacent areas due to the discard of benthic
producers. By excluding benthic PP, the Balearic Islands showed the highest
mTLc (3.44) among all the Mediterranean areas modelled, probably due to
differences in the trophic structure, lower fisheries exploitation levels and
lower development of the purse seine fleet targeting small pelagic fishes. The
mean transfer efficiency (21.80%) was double than the global average (10%),
which highlights the oligotrophy of the system, the importance of demersal
production which has lower rates of transfer through the food web, and a more
efficient use of nutrients in the ecosystem. Sponges, one of the most important
groups of benthic invertebrates in the Balearic Archipelago, are known to recycle
dissolved organic matter, which is reintroduced into the food web similar to the
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microbial loop, but the magnitude of this and other processes remains still
unknown in this area. The present study is a first step to develop spatio-temporal
simulations under different exploitation scenarios and to calculate ecological
indicators to assess the state of the marine environment in this region.
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Balearic Islands, ecopath model, food web, trophic flows, fishing impacts, comparative

model approach

1 Introduction

The need to apply an ecosystem approach to fisheries
management (EAFM) is globally accepted. This holistic approach
allows fisheries assessment and management to take into account the
physical, biological and socio-economic complexities of living
resources (Pikitch et al.,, 2004). The complementarity of EAFM to
single-species assessment and management takes into account the
maximisation and sustainability of the target species yields. However,
EAFM approaches are still largely lacking in fisheries assessment and
management (Patrick and Link, 2015). This situation is evident in the
Mediterranean, where fisheries assessment and management is
largely based on the single-species approach of few assessed stocks
(GFCM, 2022; STECF, 2022). The current application of the
European Multiannual Plan for fisheries exploiting demersal stocks
in the Western Mediterranean (MAP; Regulation (EU) 2019/1022 of
the Parliament and of the Council) is a clear example of the continued
dominance of the single-species approach in Mediterranean fisheries,
which uses the Maximum Sustainable Yield of the main target species
as the main reference point for the implementation of management
measures. This approach, which is perhaps the simplest but not the
most effective given the diversity and complexity of the
Mediterranean fisheries (Caddy, 1993; Farrugio et al., 1993;
Lleonart and Maynou, 2003), may be one of the reasons for the
long-term history of generalised overfishing in the area (Colloca
et al., 2013).

Key tools for the implementation of the EAFM are marine
ecosystem models. In this sense, trophodynamic models have
become key tools for the multidimensional assessments required
by the EAFM (Longo et al,, 2015), as they allow the integration of
available information on trophic relationships, interactions with
environmental factors and anthropogenic pressures such as fishing.
Among them, the Ecopath with Ecosim (EwE) approach
(Christensen and Walters, 2004) is one of the most used
ecological models worldwide and in the Mediterranean (Coll and
Libralato, 2012; Colleéter et al., 2015; Keramidas et al., 2023), where
ecological models may be particularly important (Caddy, 1993;
Lleonart and Maynou, 2003).

In the Western Mediterranean Sea, several Ecopath models
have been implemented for the ecosystems of the mainland shore,
including coastal, shelfs and deep sea areas (Coll et al., 2006; Coll
et al., 2008; Banaru et al., 2013; Tecchio et al., 2013; Corrales et al.,
2015; Coll et al,, 2021). However, the functioning of the insular
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ecosystems in their eastern part (i.e. the Balearic Islands) is still
unknown, which contrasts with the abundant information on their
trophic webs (e.g. Cartes et al., 2008a; Madurell et al., 2008; Fanelli
et al., 2009; Valls et al., 2014; Valls et al., 2017).

Due to their specificities, the Balearic Islands are considered as
an individualised area for assessment and management purposes in
the Western Mediterranean (Quetglas et al., 2012): the
Geographical Subarea 5 (GSA 5) of the General Fisheries
Commission for the Mediterranean (GFCM). The most important
aspects for this differentiation are: (1) Geomorphology: The Balearic
Islands are one of the most distant insular areas in the
Mediterranean, separated from the mainland by 200 km and by
bottom depths up to about 2000 m, except in the Ibiza Channel, the
area closest to the mainland, where the maximum depth is about
800 m. The Archipelago is divided into two physiographic
provinces, Eivissa-Formentera and Mallorca-Menorca, which are
separated by the Mallorca Channel, with maximum depths of more
than 600 m (Acosta et al., 2002); (2) Oligotrophy: the waters around
the Archipelago, where there is no supply of nutrients from river
runoff, are more oligotrophic than the adjacent waters off the
Iberian coast and the Gulf of Lions (Estrada, 1996; Bosc et al.,
2004); (3) Sediment types: the sediments on the Balearic shelf are
mainly biogenic sands and gravels (Acosta et al., 2002), in contrast
to the predominance of terrigenous mud on the mainland; (4) The
presence of habitats: due to the clear waters in the Archipelago, the
algae beds predominate down to a depth of 90 m, overlapping with
the shallow shelf bottom trawl fishery, including essential and
sensitive habitats such as the Peyssonnelia and rhodoliths beds,
respectively (Ballesteros, 1992; Ballesteros, 1994; Ordines et al.,
2009; Barbera et al., 2012; Ordines, 2015; Ordines et al., 2017); (5)
The exploitation state of resources and ecosystems, which is better
than in the adjacent mainland area due to a historically relatively
less developed fishing fleet, in which the artisanal vessels represent a
higher percentage than on the mainland (80% vs 60%, respectively)
(Quetglas et al., 2012); and (6) The general lack of interaction with
mainland fishing fleets, particularly in Mallorca and Menorca,
where the fleets targeting demersal and small pelagic species are
entirely local (Quetglas et al., 2012).

This study represents a first step in the characterisation of the
Balearic Islands with an ecosystem view, including the Mallorca
and Menorca subunit, using an ecosystem model. Our main
objectives are: (1) describe the structure and functioning of the
ecosystem using the Ecopath food-web model in early 2000s, (2)
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assess the impact of fishing activity using ecological indicators,
and (3) describe the main specificities and differences with other
modeled ecosystems in the Western Mediterranean Sea and
adjacent waters.

2 Materials and methods
2.1 Study area and period

The Ecopath model developed in this study considered the
Mallorca and Menorca subunit of the Balearic Promontory, and
represents an average annual situation of the early 2000s (2001-
2003; Figure 1). The Balearic Islands model includes the continental
shelf and the middle slope (between 0 and 800 m), covering a total
area of 15,197 km?. The islands of Ibiza and Formentera were not
included in the model because of their different ecological and
oceanographic conditions, but also due to data limitations. The
Ibiza and Formentera sub-unit is still a poorly known area, where
the international bottom trawl survey in the Mediterranean
(MEDITYS) started in 2021.

The Balearic Islands are the most distant insular area in the
Western Mediterranean, separated from the Iberian Peninsula by a
minimum distance of 95 nautical miles and with depths ranging
from 800 to almost 2000 m (Acosta et al., 2002). The Archipelago
delimits the Balearic sub-basin in the north from the Algerian sub-
basin in the south. These sub-basins are characterised by different
oceanographic conditions (Lehucher et al., 1995) and are connected
by a series of channels that play an important role in the regional
circulation, as passages for the exchange of water masses between
them. Mesoscale frontal events between Mediterranean and
Atlantic waters (Pinot et al., 1995) and the input of cold northern
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waters into the channels (Fernandez de Puelles et al., 2004), may act
as external fertilisation mechanisms that increase productivity off
the Balearic Islands. The Archipelago has no rivers, and
consequently the sediments of its shelf are mainly biogenic sands
and gravels, with a high percentage of carbonates (Canals and
Ballesteros, 1997). The lack of supply of nutrients from land runoff
makes the oligotrophy around the Balearic Islands more
pronounced than in the adjacent waters off the Iberian coast and
the Gulf of Lions (Estrada, 1996; Bosc et al., 2004).

The main fisheries in the area are those exploited by the bottom
trawl fleet and the artisanal fleet (Quetglas et al., 2016b). The
bottom trawl fishery is highly multispecific and operates between
50 and 800 m depth, particularly in the continental shelf, targeting
more than 60 species of fish, cephalopods and crustaceans (Palmer
et al,, 2009; Ordines et al,, 2014). The main target species in the
continental shelf and shelf break are the striped red mullet Mullus
surmuletus and the European hake Merluccius merluccius, in the
upper slope are the deep-rose shrimp Parapenaeus longirostris and
the Norway lobster Nephrops norvegicus, and the red shrimp
Aristeus antennatus in the middle slope. The artisanal fleet
operates mainly on the continental shelf, using a variety of gears
including trammel nets and gillnets (mainly targeting M.
surmuletus, the spiny lobster Palinurus elephas, and the cuttlefish
Sepia officinalis), handlines (targeting the squid Loligo vulgaris),
long lines (mainly targeting Dentex dentex, sparid fishes and the
scorpionfish Scorpaena scrofa), and specific purse seines targeting
the dolphinfish Coryphaena hippurus and the transparent goby
Aphia minuta (Quetglas et al., 2016b). The total landings of the
commercial fleet were around 4000 t per year, but in addition to
these catches there is a very important recreational fishery with
catches ranging from 1200 to 2700 t per year (Morales-Nin et al.,
2005; Morales-Nin et al., 2008).

Isobaths
——-800m
———-500m
———-200m
-100 m
-50 m

40°N

39°40'N

39°20'N

oN

3

25°N 30°N 35°N 40°N 45°N 50°N 55°N

5°'W  0° S5°E 10°E 15°E 20°E 25°E 30°E 35°E

2°E 3°E

FIGURE 1

3°20E 3°40E 4°E 4°20E

Mallorca and Menorca study area, situated in the Western Mediterranean Sea.

Frontiers in Marine Science

03

frontiersin.org


https://doi.org/10.3389/fmars.2023.1166674
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sanchez-Zulueta et al.

2.2 Food-web model description:
equations and basic parameters

The food-web model of the Balearic Islands was constructed
using the Ecopath with Ecosim (EwE) software version 6.6.8
(Christensen and Walters, 2004; Christensen et al., 2008). We
used the static component Ecopath that allowed us to provide a
snapshot representation of the food web in terms of biomass and
energy flows during the studied period.

Ecopath is based on the mass-balance assumption over the time
period and it is parameterized by two master equations, describing
the biological production (Eq. 1) and consumption (Eq. 2) of each
functional group (thereafter FG).

Production = predation mortality + fishing mortality
+ other mortality + biomass accumulation

+ net migration (1)

Consumption = production + respiration
+ unassimilated food 2)

Within each FG, three of the four basic parameters are required:
biomass of group i (B;), production/biomass ratio (P/B;),
consumption/biomass ratio (Q/B;) and the ecotrophic efficiency
(EE;) defined as the fraction of the production that is used in the
system (Christensen et al., 2008). The fourth parameter is estimated
through the mass-balance routine. Moreover, the catch by fleet and
functional group (Y;) and the diet (DC;) of all groups are also
needed. Further details on the algorithms and equations, and the
main advantages and limitations of the approach are described in
Christensen and Walters (2004); Christensen et al. (2008) and
Heymans et al. (2016).

2.3 Input data and sources

2.3.1 Functional groups

In this model, the ecosystem is defined according to functional
groups (FGs) trophically linked to each other. FGs can be constituted
by a group of species with similar ecological features (i.e. habitats,
feeding habits), a single species, or representing different ontogenetic
phases of a species (i.e. juveniles and adults) (Christensen et al., 2008;
Heymans et al,, 2016). The definition of FGs in the Balearic Islands
model was based on the commercial importance of the species, data
availability and ecological traits. The main species targeted by the
fishery (dolphinfish, hake, anglerfish, mullets, red shrimp, deep-rose
shrimp and Norway lobster) were modeled separately. One multi-
stanza FG was created for European hake (Merluccius merluccius)
based on juvenile hake population, i.e. < 25 cm of total length and adult
hake, ie. > 25 cm, with an age of transition of 18 months according to
the National Programme of collection, management and use of data in
the fisheries sector (Mellon-Duval et al., 2010) (Figure 1A). Overall, up
t0 994 species were grouped into 45 FGs, including 1 group of dolphins,
1 group of seabirds, 20 groups of fishes, 17 groups of invertebrates, 3
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groups of primary producers (benthic primary producers, seagrass and
phytoplankton) and 2 groups of detritus (discards and
detritus) (Table 1).

2.3.2 Input data

Input parameters (biomass, production, consumption, diet
composition and fisheries data) were principally obtained from
published literature and unpublished information, mostly taken
from local field studies of the Spanish Institute of Oceanography
(IEO) (Table 2; Table A.1).

Biomasses were obtained from different sources and
methodologies: (1) for demersal and benthopelagic species,
distributed between 50 and 800 m depth, biomasses were
estimated from information obtained from the BALAR bottom
trawl research surveys conducted during spring in 2001, 2002
and 2003, which followed the MEDITS sampling protocol
(Bertrand et al., 2002; Spedicato et al., 2019), including the
stratified sampling strategy (Massuti and Renones, 2005); (2)
for small benthic species (e.g. crabs, shrimps, echinoderms) and
algae (e.g. benthic primary producers), biomasses were obtained
from beam trawl research surveys in the continental shelf
(CANAL, INDEMARES and DRAGONSAL projects; Barbera
et al., 2012; Dominguez et al., 2013) and the slope (IDEADOS
project: Massuti et al., 2014); (3) for coastal fish species (0-50 m)
(Coll et al., 2003; Morey et al., 2003; Mallol and Goni, 2004; Coll
et al., 2007), marine mammals (Forcada et al., 2004), seabirds
(Arcos et al., 2009) and sea turtles (Cardona et al., 2005)
biomasses were taken from visual census; (4) phytoplankton
biomass was calculated through images of chlorophyll-a data via
satellite (MODIS). Biomass of microzooplankton &
mesozooplankton was obtained from data estimated in the
study area (Fernandez de Puelles et al., 2003; Fernandez de
Puelles et al.,, 2007); (5) detritus biomass was calculated by the
empirical equation of Christensen and Pauly (1993); and (6) for
those FGs without biomass data in the area (FGs: medium
pelagics, dolphinfish, mesopelagic fishes, suprabenthos and
macrozooplankton) biomasses were estimated by mass
balancing using the EE default value of 0.95. Annual biomass
estimates were weighed to the total area modelled taking into
account the area from each stratum and then averaged for the
period 2001-2003.

For the majority of FGs, production (P/B) and consumption (Q/
B) rates were calculated using empirical equations. P/B parameters
were obtained: (1) for target species (adult hake, mullets, red
shrimp, white shrimp and Norway lobster) from fish stock
assessments GSA 5; (2) for fishes, from the empirical equation of
Pauly (1980) or Gascuel et al. (2011); (3) for most invertebrate
species (i.e. octopus, cuttlefishes, other shrimps, crabs,
echinoderms) was calculated following Brey’s model (Brey, 2001);
(4) for FGs with no available data (i.e. dolphins, seabirds,
loggerhead turtle, suprabenthos, gelatinous plankton,
macrozooplankton, microzooplankton & mesozooplankton and
benthic primary producers), we used P/B values from other
models and corrected for the difference of mean temperature
according to Opitz (1996).
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TABLE 1 Input data by functional group (FG).

10.3389/fmars.2023.1166674

FG Bi P/B (0)/:] EE P/Q u/Q
1 Dolphins 0.03 0.06 12.31 - - 0.20
2 Seabirds 0.00 4.65 66.47 - - 0.20
3 Loggerhead turtle 0.00 0.15 227 - - 0.20
4 Pelagic sharks 0.07 - 2.69 - 0.10 0.20
5 Large pelagics 0.20 - 2.40 - 0.18 0.20
6 Medium pelagics - - 5.44 0.95 0.12 0.20
7 Dolphinfish - 0.45 4.82 0.95 - 0.20
8 Macrocarnivorous fishes (shelf) 0.31 0.45 421 - - 0.20
9 Juvenile Hake 0.03 1.78 9.80 - - 0.20
10 Adult Hake 0.05 1.69 4.30 - - 0.20
11 Anglerfish 0.03 0.80 4.00 - - 0.20
12 Shelf Demersal fishes 1.09 1.70 6.47 - - 0.20
13 Demersal fishes 1.00 1.59 6.93 - - 0.20
14 Deep-sea fishes 0.60 1.51 6.34 - - 0.20
15 Mullets 0.07 0.87 6.30 - - 0.20
16 Flatfishes 0.29 0.98 8.06 - - 0.20
17 Mesopelagic fishes - 1.37 8.24 0.95 - 0.30
18 Horse mackerel 0.48 1.42 8.50 - - 0.20
19 Sardine & anchovy 0.60 1.83 9.15 - - 0.30
20 Benthopelagic feeders 2.00 1.37 9.01 - - 0.30
21 Demersal sharks (shelf) 0.09 0.75 6.18 - - 0.20
22 Demersal sharks (slope) 0.07 0.65 5.94 - - 0.20
23 Rays & skates 0.07 0.95 4.17 - - 0.20
24 Octopus 0.41 1.24 527 - - 0.13
25 Cuttlefishes 0.21 1.48 6.38 - - 0.20
26 Squids 0.34 131 6.29 - - 0.40
27 Bivalves & gastropods 3.47 1.04 4.26 - - 0.40
28 Red shrimp 0.04 1.23 9.44 - - 0.20
29 White shrimp 0.02 2.15 10.03 - - 0.20
30 Norway lobster 0.03 0.59 6.37 - - 0.20
31 Lobsters 0.08 1.07 4.51 - - 0.20
32 Other shrimps 3.33 2.86 12.48 - - 0.20
33 Crabs (Reptantia) 2.42 2.71 8.98 - - 0.20
34 Echinodermata 2.62 0.86 2.61 - - 0.30
35 Other benthic invertebrates 2.44 3.48 12.64 - - 0.40
36 Annelids 1.54 2.82 10.29 - - 0.40
37 Suprabenthos - - 46.53 0.95 0.30 0.30
38 Gelatinous plankton 0.39 14.13 51.42 - - 0.20
39 Macrozooplankton - 20.78 51.88 0.95 - 0.20

(Continued)
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TABLE 1 Continued

FG Bi P/B Q/B EE P/Q u/Q
40 Micro & mesozooplankton 5.00 43.42 125.80 - - 0.20
41 Benthic primary producers 35.09 1.12 - - - -
42 Seagrass 19.82 2.00 - - - -
43 Phytoplankton 5.47 168.26 - - - -
44 Discards 0.84 - - - - -
45 Detritus 43.14 - - - - -

Bi, initial biomass (tkm™); P/B, production/biomass (year'); Q/B, consumption/biomass (year); EE, Ecotrophic Efficiency; P/Q, production/consumption; U/Q, unassimilated food/
consumption.

TABLE 2 Modified data input and outputs obtained from the model of the Balearic Islands.

FG TL Bf P/B Q/B EE P/Q F M2 Mo F/Z
1 Dolphins 4.63 0.03 0.06 12.31 0.29 0.01 0.02 0.00 0.04 0.29
2 Seabirds 2.94 0.00 4.65 66.47 0.00 0.07 0.00 0.00 4.65 0.00
3 Loggerhead turtle 3.48 0.00 0.15 227 0.61 0.07 0.09 0.00 0.06 0.61
4 Pelagic sharks 4.89 0.07 0.27 2.69 0.96 0.10 0.26 0.00 0.01 0.96
5 Large pelagics 4.35 0.20 0.43 2.40 0.99 0.18 0.43 0.00 0.00 1.00
6 Medium pelagics 4.10 0.13 0.65 5.44 0.95 0.12 0.15 0.47 0.03 0.23
7 Dolphinfish 4.38 0.05 0.45 4.82 0.95 0.09 0.34 0.08 0.02 0.76
8 Macrocarnivorous fishes (shelf) 4.55 0.31 0.45 421 0.99 0.11 0.04 0.40 0.01 0.09
9 Juvenile Hake 4.16 0.03 1.78 9.80 0.62 0.18 0.36 0.73 0.68 0.20
10 Adult Hake 4.67 0.05 1.69 4.30 0.99 0.39 0.06 1.14 0.08 0.05
11 Anglerfish 4.81 0.03 0.80 4.00 0.30 0.20 0.24 0.00 0.56 0.30
12 Shelf Demersal fishes 3.22 1.09 1.70 6.47 0.99 0.26 0.12 1.56 0.01 0.07
13 Demersal fishes 3.84 1.00 1.59 6.93 0.99 0.23 0.08 1.49 0.02 0.05
14 Deep-sea fishes 3.79 0.60 1.51 6.34 0.99 0.24 0.08 1.41 0.02 0.05
15 Mullets 3.52 0.07 0.87 6.30 0.94 0.14 0.24 0.58 0.05 0.27
16 Flatfishes 3.57 0.29 0.98 8.06 0.96 0.12 0.06 0.88 0.04 0.06
17 Mesopelagic fishes 3.13 3.16 1.37 8.24 0.95 0.17 0.00 1.30 0.07 0.00
18 Horse mackerel 3.46 0.48 1.42 8.50 0.85 0.17 0.09 1.12 0.21 0.06
19 Sardine & anchovy 292 0.60 1.83 9.15 0.95 0.20 0.08 1.67 0.08 0.04
20 Benthopelagic feeders 3.36 2.00 1.37 9.01 0.95 0.15 0.04 1.26 0.06 0.03
21 Demersal sharks (shelf) 4.01 0.09 0.75 6.18 0.43 0.12 0.32 0.00 0.42 0.43
22 Demersal sharks (slope) 4.06 0.07 0.65 5.94 0.98 0.11 0.50 0.15 0.01 0.76
23 Rays & skates 4.00 0.07 0.95 4.17 0.78 0.23 0.63 0.11 0.20 0.66
24 Octopus 4.02 0.41 1.24 5.27 0.82 0.23 0.03 0.98 0.22 0.03
25 Cuttlefishes 4.07 0.21 1.48 6.38 0.99 0.23 0.05 1.42 0.01 0.03
26 Squids 4.16 0.34 1.31 6.29 0.96 0.21 0.02 1.24 0.05 0.02
27 Bivalves & gastropods 2.24 3.47 1.04 4.26 0.99 0.24 0.00 1.02 0.02 0.00
28 Red shrimp 342 0.04 1.23 9.44 0.98 0.13 0.26 0.94 0.02 0.21

(Continued)
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TABLE 2 Continued
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FG TL Bf P/B (0)/:] EE P/Q F M2 MO F/Z
29 White shrimp 3.30 0.02 2.15 10.03 0.62 0.21 0.11 1.22 0.81 0.05
30 Norway lobster 345 0.03 0.59 6.37 0.99 0.09 0.04 0.54 0.00 0.07
31 Lobsters 3.31 0.08 1.07 4.51 0.97 0.24 0.09 0.95 0.04 0.08
32 Other shrimps 3.10 3.33 2.86 12.48 0.99 0.23 0.00 2.85 0.01 0.00
33 Crabs (Reptantia) 2.80 2.42 271 8.98 0.89 0.30 0.00 2.39 0.31 0.00
34 Echinodermata 2.02 2.62 0.86 2.61 0.48 0.33 0.04 0.37 0.45 0.05
35 Other benthic invertebrates 2.20 2.44 3.48 12.64 0.47 0.28 0.01 1.64 1.83 0.00
36 Annelids 2.04 1.54 2.82 10.29 0.63 0.27 0.00 1.77 1.05 0.00
37 Suprabenthos 2.10 1.42 13.96 46.53 0.95 0.30 - 13.26 0.70 0.00
38 Gelatinous plankton 2.69 0.39 14.13 51.42 0.57 0.27 0.00 8.03 6.10 0.00
39 Macrozooplankton 2.57 1.57 20.78 51.88 0.95 0.40 - 19.74 1.04 0.00
40 Micro & mesozooplankton 2.02 5.00 43.42 125.80 0.56 0.35 - 24.29 19.13 0.00
41 Benthic primary producers 1 35.09 1.12 - 0.14 - 0.01 0.15 0.96 0.01
42 Seagrass 1 19.82 2.00 - 0.00 - 0.00 0.00 2.00 0.00
43 Phytoplankton 1 5.47 168.26 - 0.54 - - 90.97 77.28 0.00
44 Discards 1 0.84 - - 0.14 - - - - -
45 Detritus 1 43.14 - - 0.36 - - - - -

TL, trophic level; Bf, final biomass (t-km'z); P/B (Z), production/biomass (year'l); Q/B, consumption/biomass (year'l); EE, ecotrophic efficiency; P/Q, production/consumption. F, fishing
mortality (year'l); M2, predation mortality (year™"); MO, other natural mortality (year™); F/Z, exploitation rate.

Q/B was calculated: (1) for almost all the FGs using the
empirical equation of Pauly et al. (1990); (2) for seabirds,
consumption was calculated using the empirical equation
proposed by Nilsson and Nilsson (1976); (3) in the case of
dolphins, consumption was estimated using the empirical
equation of Innes et al, 1987 and Trites et al, 1997; (4) for
mesopelagic fishes FG, as no information was available, the
consumption was calculated assuming their consumption is about
6 times higher than their production from the equation proposed by
Christensen et al. (2008); (5) for the juvenile hake, consumption was
estimated by the model (as a multistanza group); and (6) for other
FGs (i.e. loggerhead turtle, octopus, cuttlefishes, squids, bivalves &
gastropods, crabs (reptantia), echinodermata, other benthic
invertebrates, annelids, suprabenthos, gelatinous plankton,
macrozooplankton and micro-mesozooplankton), as information
was not available for this area, the values were adapted from other
models, which involved similar species.

The diet composition matrix used in the parameterisation of the
model was constructed using local stomach content data of 71
species, including fish, cephalopods and crustaceans, obtained
during the MEDITS and IDEADOS research surveys, together
with published diet datasets (41 species) from the Balearic Islands
(see references in Table A.2 and Table A.1). For those groups for
which no trophic information available in the study area, data were
collected from the literature. Migratory species (seabirds, marine
turtles, pelagic sharks, medium and large pelagic fish, dolphinfish)
were taken into account by modelling part of their diet composition
as imports into the ecosystem, following Coll et al. (2006).

Frontiers in Marine Science

Bottom trawlers, artisanal boats, purse seiners, surface
longliners and recreational boats were included in the model.
Official landings were obtained from the daily sales records
between 2001 and 2003, provided by OPMALLORCAMAR, the
fisheries producers of Mallorca, which commercialises the catches
of all the fishing fleets around the Island, and by the Regional
Government of the Balearic Islands for the fishing fleets of Menorca.
IUU and black market data were compiled from Carreras et al.
(2015) and Estimated from Sea Around Us (seaaroundus.org)
program datasets. Discards were calculated based on the data
collected from sampling developed by scientific observers on
board the local fishing fleet between 2001 and 2003. Finally,
recreational catches were obtained from studies carried out in the
Balearic Islands (Morales-Nin et al., 2005; Cabanellas-Reboredo
et al., 2017), also supplemented with data from the Sea Around Us
project (Carreras et al., 2015).

2.4 Pre-balancing and balancing analyses

An Ecopath model is considered mass-balanced if the following
requirements are accomplished (Christensen and Walters, 2004;
Christensen et al., 2008): (1) EE values are less than 1; (2) Gross
efficiency of food conversion or P/Q values are between 0.1 - 0.35
with the possible exception of fast growing organisms, such as
zooplankton, with larger values, and lower values for top predators;
(3) Respiration/biomass ratio (R/B) values are between 1 - 10 year'1
for fishes and between 50 - 100 year™ for planktonic organisms; (4)
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Respiration/assimilation ratio (R/A) values are lower than 1
(respiration should not exceed food assimilation); (5) Production/
respiration ratio (P/R) values should not be higher than 1; and (6)
the net efficiency (NE) of food conversion values are lower than 1;
moreover, the net efficiency should be higher than the P/Q.

To achieve the balancing of the Balearic Islands model, a
manual procedure was applied, following the best practices
principles of the approach (Heymans et al., 2016) and a top-down
strategy. The main deviations from the initial values were related to
the biomass of juvenile hake, octopus, cuttlefishes, squids, bivalves,
shrimps (red shrimp, white shrimp and other shrimps), crabs and
annelids groups. Therefore, biomass values were readjusted as a
condition for achieving a mass balance of the model for these
groups with larger EE values. We corrected the estimations of
biomass for epifauna (i.e. other shrimps) as beam-trawl sampling
could underestimate it by a factor of up to ten (Reiss et al., 2006).

The Prebal diagnostics introduced by Link (2010) are used to
ensure that the input data follow general ecological and fisheries
principles. These diagnostics guide the balancing procedure, and are
applied before the model is balanced and the dynamic application is
run (Scotti et al., 2022). The aim is to increase the robustness and the
reliability of the results generated. For this model, the Prebal diagnosis
(Figure 2A) allowed us to check and visualise B, P/B, Q/B and P/Q per
all FGs.

2.5 Model analysis and
ecosystem indicators

Ecological indicators were used to analyze fishing impacts based
on trophic flow analysis, thermodynamic concepts, information
theory and trophodynamic indicators (Christensen and
Walters, 2004).

2.5.1 Pedigree index and quality of the model

The Pedigree index (Christensen and Walters, 2004) was used to
quantify the uncertainty associated with the input data and to validate
the choices made during the balancing process. This index provides
an uncertainty value or a confidence interval (CI) for each FG, which
is calculated for the overall model. This index varies from 0 (low-
quality model, i.e. values estimated from other models) to 1 (high-
quality model, i.e. well-sampled and high-precision local input data).

The quality of the model was evaluated by comparing model
outputs to independent data. Specifically, trophic levels (TLs)
estimated by the model were compared to the &N values
estimated by stable isotopes values (8'°N) of 130 species
belonging to 27 FGs (Figure 2). For those FGs from the model
with several §'°N values, they were weighted using biomass
proportions of these species in each FG. TLs estimated were
plotted against the FGs &'°N values, and a linear regression was
performed to fit a model between the two variables and test their
correlation. The comparison of TLs estimated by EwE with stable
isotopes has been done previously as they are highly correlated
(Navarro et al., 2011; Corrales et al., 2017).
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2.5.2 Ecosystem properties and trophic flows

The trophic structure of the ecosystem was represented using
the Lindeman spine (Lindeman, 1942), proposed by Ulanowicz
(1995), in which the system is represented in a linear food chain
form where biomasses and trophic flows are represented for each
TL, whereas the detritus is separated from the primary producers to
show the energy amount that flows through it.

In order to evaluate the status of the ecosystem and its stage of
development and maturity, ecological indicators (Table 3) described
by the theory of development of Odum (1969) were used: (1) the
total system throughput (TST, tkm™year), which estimates the
total flows of the ecosystem (Ulanowicz, 1986; Christensen and
Pauly, 1993; Christensen and Walters, 2004), as the sum of
consumption, flows to detritus, exports and respiration; (2) the
sum of all production (TP, tkm™>year™); (3) the total primary
production (TPP, tkm™year™), which represents the total primary
production of all producers; (4) the ratio of total primary
production to total respiration (TPP/TR), which represents the
stage of maturity of the ecosystem, where production tends to
exceed respiration in immature systems, resulting in a ratio greater
than 1 (Odum, 1971); (5) the net system production (TPP-TR, t-km"
%year’!), which represents the difference between total primary
production and total respiration, with lower estimates indicating a
more mature ecosystem (Christensen and Walters, 2004); (6) the
ratio of total primary production to total biomass (TPP/TB), which
represents maturity of the ecosystem under study, as in immature
ecosystems the production exceeds the biomass; (7) the ratio of total
biomass to total system throughput (TB/TST), which represents the
degree of maturity, as it increases with the maturity of the ecosystem
under study (Odum, 1971); (8) the total biomass (TB, tkm™),
excluding detritus; (9) the transfer efficiency (TE, %), that estimates
the fraction of the overall flows at each TL which are either exported
out of the ecosystem (e.g by the fishing activity) or transferred to
higher trophic TLs as consumption; (10) the Connectance Index
(CI), which is the ratio of the number of actual links to the number
of possible links in a given food web, roughly proportional to the
number of FGs in the system (Nee, 1990); and (11) the System
Omnivory Index (SOI), indicates how feeding interactions are
distributed across TLs and is defined as the average omnivory
index of all consumers weighted by the logarithm of each
consumer’s food intake (Pauly et al., 1993).

2.5.3 The fishery: exploitation status

The Mixed Trophic Impact (MTI) routine quantifies direct and
indirect trophic impacts among all FGs in the ecosystem
(Ulanowicz and Puccia, 1990), including fishing fleets. The MTI
was also used to quantify the impact of fishing fleets on the FGs. In
addition, to evaluate the exploitation status of the fisheries, the
following indicators were analysed: (1) total catch (t-km'z-y'l); (2)
mean trophic level of the catch (mTLc), which represents the
strategy of a fishery in terms of selected food-web components
and is calculated as the weighted average of the TL of harvested
species (Pauly et al., 1998); (3) the exploitation rate (F/Z, fishing
mortality/total mortality); (4) the gross efficiency of the fishery
(GE), estimated as the ratio between total catch and total primary
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TABLE 3 Characteristics and ecosystem theory indices for the Balearic Islands and other neighboured models.

Statistics and indicators BI GA SCS NWM GL GC Units
Characteristics of the ecosystem

Surface 15,197 7,085 4,500 45,547 20,400 7,224 km?
Study period 2001 - 2003 2011 1994 1999 - 2003 2000 - 2009 2009 year
Number of functional groups 45 45 40 54 40 43

Number of fleets 5 4 8 7 3

Depth range 0 - 800 50 - 800 50 - 400 0 - 1000 0 - 2500 15 - 800 m
Ecosystem Theory Indices

Total system throughput (TST) 2848.79 2565.9 4038.0 3758.0 2995.0 77349 tkmZyear”
Sum of all consumption (TQ) 1013.78 789.0 851.7 897.3 1480.1 1946.9 t~km'2-year'1
Sum of all exports (TE) 539.25 511.93 1251.9 1088.1 251.7 2233.7 t~km‘z-year'1
Sum of all respiratory flows (TR) 460.88 398.2 326.9 279.6 498.7 955.1 tkmZyear™
Sum of all flows to detritus (TFD) 834.88 866.8 1607.5 1493.1 764.6 2599.2 t~km’2-ye:«.\r'1
Sum of all production (TP) 1324.18 1095.3 1851.3 1599.9 1572.8 3704.4 tkm*year"
Calculated total net primary production (TPP) 998.8 909.5 1577.0 1366.1 1042.4 3187.7 t-km'z-year'l
Total primary production/total respiration (TPP/TR) 22 2.3 4.8 4.9 2.1 33

Net system production (TPP-TR) 537.93 5113 1250.1 1086.5 543.7 22326 tkmZyear!
Total primary production/total biomass (TPP/TB) 10.4 31.3 26.7 32.0 15.1 39.8

Total biomass/total throughput (TB/TST) 0.03 0.01 0.01 0.01 0.02 0.01

Total biomass (excluding detritus) (TB) 96.09 29.1 58.9 42.7 68.9 80.0 tkm™
Mean transfer efficiency (mTE) 21.80 13.9 12.2 14.3 19.7 14.9 %
Connectance Index (CI) 0.28 0.20 _ 0.15 0.25

System Omnivory Index (SOI) 0.33 0.26 0.22 0.19 0.21 0.18

Ecopath pedigree index 0.63 0.55 0.67 0.62 0.67 0.63

Fishery Status Indices

Total catch 1.37 1.94 5.36 4.18 2.13 4.55 tkmyear
Mean trophic level of the catch (mTLc) 2.76 3.16 3.12 3.13 3.24 3.32

Gross efficiency of the fishery (GE, catch/net PP) 0.001 0.002 0.003 0.003 0.002 0.001

Primary production required to sustain the fishery

(PPR, considering PP) 1.85 16.28 36.70 12.08 13.58 12.97 %
f;g?gﬂ:fd‘i‘ﬁ?;;ﬁ;ﬁl;’ sustain the fishery 2.66 2267 41.99 17.36 S 16.45 %

BI, Balearic Islands; GA, Gulf of Alicante (Garcia-Rodriguez et al., 2021); SCS, South Catalan Sea (Coll et al., 2006); NWM, North-western Mediterranean Sea (Corrales et al., 2015); GL, Gulf of

Lions (Banaru et al., 2013); GC, Gulf of Cadiz (Torres et al., 2013).

production; and (5) the primary production required to sustain the
fishery (PPR, %), which represents the amount of primary
productivity required to sustain commercial fisheries (Christensen
and Pauly, 1995) and it is calculated as:

PPR= 1/9- 3, [Y;- (1/TE)™] (3)

where Yi is the catch of a given group (i), TE is the mean transfer

efficiency, TLi is the trophic level of group (i) and factor 1/9 is taken as
the average conversion coefficient from wet weight to g C.
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2.5.4 Comparison with other food-web
models in the Western Mediterranean
Sea and adjacent waters

Several Ecopath models have been previously constructed in the
Mediterranean Sea close to the Balearic Islands, for example: the
Catalan Sea (CS) (Coll et al., 2006), the Northwestern
Mediterranean Sea (NWM) (Corrales et al., 2015), the Gulf of
Lions (GL) (Banaru et al., 2013), and the Gulf of Alicante (GA)
(Garcia-Rodriguez et al., 2021); including the Gulf of Cadiz (GC)
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(Torres et al,, 2013) in the Atlantic Ocean but closely connected to
the Mediterranean (Table 3). Although most of these models were
developed following similar criteria, comparisons among ecosystem
models are difficult due to important differences in the
characteristics of the models that can affect results (time period,
fishing fleets, depth range and number and species composition of
FGs (Heymans et al.,, 2014). Therefore, we only compared robust
indicators following previous studies (Heymans et al., 2014;
Corrales et al., 2015; Corrales et al., 2017). The indicators that
allowed us to compare neighbouring models were: (1) total system
throughput (TST, tkmy™), which is the sum of all consumption
(TQ), sum of all exports (TE), sum of all respiratory flows (TR) and
sum of all flows to detritus (TFD); (2) total net primary production
(TPP, t~km’2-y’l); (3) total primary production/total respiration
(TPP/TR); (4) net system production (TPP-TR, tkm2y™); (5)
total primary production/total biomass (TPP/TB); (6) total
biomass/total system throughput (TB/TST) and (7) mean transfer
efficiency (mTE, %).

3 Results
3.1 Quality and uncertainty of the model

The pedigree index had a value of 0.629 (Table 3), which
indicates that the input data used in this model has an adequate
quality. Most of the biomass and diet composition data, as well as
landings and discards data were collected in the study area. The
index values and confidence intervals used in this study are
presented in Table A.2. Furthermore, the trophic levels

50

10.3389/fmars.2023.1166674

estimated by the Ecopath model were highly and positively
correlated with the 8'°N values (R2 0.6495, p<0.001;
Figure 2). Such correlation is related to the accuracy of the diet
information used in the model for 27 out of 40 FGs

among consumers.

3.2 Output parameters

The total biomass supported by the ecosystem (excluding
detritus and discards) was 96.09 t-km™ (Table 2). This biomass of
producers is mainly composed of two FGs: benthic primary
producers (36.52%) and seagrass (20.63%). The rest of
representative percentages of biomass supported by the ecosystem
are structured as follows: phytoplankton (5.69%),
microzooplankton & mesozooplankton (5.20%), bivalves &
gastropods (3.61%), other shrimps (3.46%) and mesopelagic fishes
(3.28%), with other groups having smaller proportions.

Most FGs showed high Ecotrophic Efficiency values (EE > 0.90;
Table 2), indicating that the production of each group was widely
used within the ecosystem in terms of predation and/or exploitation
by fisheries. For fishes, EE were high, except for anglerfish. In
contrast, low values of EE (< 0.30) were observed for vulnerable
species (dolphins and seabirds), indicating that a small fraction of
the production of these groups is being used in the modeled
ecosystem (by predation or by fishing). In addition, primary
producers (benthic primary producers, seagrass and
phytoplankton) also showed low EE values (0.14, 0.002 and 0.54),
indicating that a large proportion of their production flows to the
detritus compartment. Phytoplankton had the highest flow to

45

1% =0.6495; p < 0.001
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Relationship between the trophic levels (TLs) estimated by Ecopath and 5N values (mean) calculated from stable isotopes analysis in the Balearic
Islands. The solid line represents the regression line and the numbers correspond to the functional groups (see Table 1).
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detritus (422.5 t-km’z-year’l) (Table A.3) followed by
microzooplankton & mesozooplankton (221.4 tkm?year™), and
both were much higher compared to seagrass (39.56 tkm™year™)
and benthic primary producers (33.77 t~km'2'year'1).

The values of the respiration - assimilation (R/A) (Table A.3)
rate ranged from 0.50 for macrozooplankton to 0.99 for dolphins.
Most of the highest values were associated with organisms with high
TLs, whereas this rate was lower in organisms of lower TLs. The R/B
ranged from 0.96 for echinodermata to 57.22 for microzooplankton
& mesozooplankton. Most FGs had a ratio lower than 10, except
suprabenthos (18.61), macrozooplankton (20.72), gelatinous
plankton (27.00), seabirds (48.52) and micro & mesozooplankton.
for which P/R values ranged from 0.01 (dolphins) to 1.00
(macrozooplankton). Finally, net efficiency (NE) ranged from
0.006 (dolphins) to 0.50 (macrozooplankton) and was higher than
their production/consumption (P/Q) value for all FGs. The values
of NE and P/Q were within the expected range (Christensen and
Walters, 2004). Most of these high values were associated with fast
growing groups, while they were low for dolphins, seabirds or
loggerhead turtles.

3.3 Trophic levels and trophic flows

The FGs were included in four trophic levels, ranging from
TL=1 for primary producers (benthic primary producers, seagrass
and phytoplankton), to TL=4.9 for pelagic sharks. Cephalopods,
including octopus, squids and cuttlefishes, together with demersal
elasmobranch (rays, skates and sharks), displayed TL>4. For
osteichthyes, the TL ranged between 2.9 for sardine and anchovy
to TL24.5 for anglerfish (4.8), adult hake (4.7) and
macrocarnivorous fishes (4.5). Decapod crustaceans encompassed
less than one TL (from crabs TL=2.8 to Norway lobster TL=3.5).
Plankton (gelatinous plankton, macrozooplankton and
microzooplankton & mesozooplankton) and other invertebrates

PELAGIC HABITAT

Longline (surface),

5 .

N Pdagic sharks
Purse séine

8
\ Dolphins
Large pelagics Dolphinfish

4 Medin pelagics

.
Macrocarnivorous fishes (shelf)

Juvenilé Hake ¢

10.3389/fmars.2023.1166674

(echinoderms, annelids, suprabenthos and other benthic
invertebrates) ranged from TL=2.1 to 2.2.

The trophic flows among the FGs observed from the Ecopath
flow diagram (Figure 3) showed several links between some
demersal FGs, such as juvenile and adult hake, anglerfish and
demersal fishes, and many groups of the pelagic compartment, i.e.
mesopelagic fishes, sardine & anchovy, gelatinous plankton,
macrozooplankton and microzooplankton & mesozooplankton.
The detritus appeared to be an important compartment of the
ecosystem and closely linked to the demersal habitat in terms of
biomass and production, based on the links of the diagram flow and
on the biomass and flow values of this FG, represented in the
Lindeman spine.

The Lindeman spine representation (Figure 4) showed that
most of the biomasses and trophic flows were between TL I and II.
The primary producers had the highest biomass (60.38 t-km™),
followed by detritus (43.98 tkm™) and TL II (17.78 tkm™). The
biomass located on the primary producers’ compartment (TL I) was
43.08%, whereas this percentage was lower in the adjacent modeled
areas: 22.7% in North-western Mediterranean, 32.2% in Gulf of
Lion and 25.2% in Gulf of Cadiz. Flows obtained from primary
producers to detritus (502.5 tkm>.year") were higher than the total
flows of upper TLs to detritus (336.8 t-kmyear™"), with the higher
contribution of TL II (279.8 t-km’z-year’l). Flow values from
primary producers were almost equally distributed between
detritus (495.9 t-km'z-year'l) and TL II (502.5 t-km'z-year'l).
Respiration was higher for TL II, while the highest Transfer
Efficiency (TE), export and catch flows were mainly concentrated
between TL IIT and IV.

3.4 Ecosystem properties

Statistics and ecological indicators obtained are shown in Table 3.
The total system throughput (TST) was 2848.79 tkm *year .
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FIGURE 4

Lindeman spine representation of trophic flows from the Balearic Islands model. The flows are represented in t-km™.year™.

In terms of flows, the total consumption (35.59%) and the flow to
detritus (29.31%) were higher than exports (18.93%) and respiration
(16.18%), meaning that a significant quantity of biomass ends up
as detritus.

The sum of all production (TP) was 1324.18 tkm *year and
the total primary production (TPP) was 998.80 t-km*year'. The
total primary production/total respiration ratio (three times higher
for the rest of ecosystems compared except for the GC, which was
twice, TPP/TR), close to unity in mature ecosystems, was 2.2 t-km’
Zyear™ in the Balearic Islands, revealed that the energy produced
was two times higher than the total respiration needed to maintain
the balance cost. The net system production (TPP-TR) was 537.92
t-km?.year™. The total primary production/total biomass (TPP/TB)
ratio in the Balearic Islands showed that the productivity was ten
and a half times higher than the biomass accumulated within the
ecosystem (10.4). The total biomass/total system throughputs (TB/
TST) ratio shows the energy needed by the model to sustain the
biomass in the Balearic Islands ecosystem and it was 0.03. The
Connectance Index (CI) was 0.28 and the System Omnivory Index
(SOI) was 0.33. The mean transfer efficiency (mTE) of the system
was high (21.80%) and TE values had their maximum between TL
III and 1V, according to the Lindeman spine (Figure 4).

3.5 Fisheries impacts on the ecosystem

The MTI showed that most FGs had a negative impact on
themselves and on their main preys, due to competition for food
resources and predation, respectively (Figure 5). For example, adult
hake had a negative impact on itself and on juvenile hake. Demersal
fishes had a negative impact on horse mackerel and mullets.
Octopus had a negative impact on lobsters. FGs at the base of the
food web (microzooplankton & mesozooplankton, phytoplankton
and detritus) concentrated most of the positive impacts on other
FGs. MTTI also showed that the bottom trawl and the artisanal fleets
had the most widespread impacts on the ecosystem and most of the
highest negative impacts on several groups, mainly from the
demersal compartments (Figure 5). Bottom trawls had negative
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impacts on anglerfish, demersal sharks (shelf), demersal sharks
(slope), rays & skates and red shrimp. The artisanal fleet had
negative impacts on vulnerable groups and/or groups located at
the upper part of the TLs, such as dolphins, seabirds, loggerhead
turtle, dolphinfish, anglerfish, mullets, rays & skates, octopuses,
cuttlefishes and red shrimp. Purse seiners (including tuna purse
seiners) and the recreational fishery had negative impacts on some
of their target species, large pelagics and dolphinfish, respectively.
Longline had a negative impact on pelagic sharks.

The fishing mortality values (F) were higher (F>0.2) for
anglerfish, mullets, pelagic sharks, red shrimp, demersal sharks
(shelf), dolphinfish, juvenile hake, large pelagic fishes, demersal
sharks (slope) and rays & skates, compared to the rest of FGs of the
Balearic Islands (Table 2). The majority of FGs showed high
predation mortality (M2) and it was the first cause of mortality
for most groups of invertebrates (octopus, cuttlefishes, squids,
bivalves & gastropods, red shrimp, white shrimp, Norway lobster,
lobster, other shrimps, crabs and annelids) and fishes
(macrocarnivorous fishes, medium pelagic fishes, mullets, juvenile
hake, flatfishes, horse mackerel, adult hake, benthopelagic feeders,
mesopelagic fishes, deep-sea fishes, demersal fishes, shelf demersal
fishes and sardine & anchovy). Pelagic sharks, large pelagic fishes,
dolphinfish, and demersal elasmobranchs (sharks, rays and skates)
were the groups with higher fishing mortality than predation
mortality (Table 2). The exploitation rates (F/Z) also showed high
values >0.5 (i.e. more than 50% of mortality is produced by fishing)
for loggerhead turtle, rays & skates, demersal sharks (slope),
dolphinfish, pelagic sharks and large pelagic fishes. Some groups
showed F/Z values ranging from 0.51 to 0.2: dolphins, demersal
sharks (shelf), mullets, anglerfish, medium pelagic fishes, red
shrimp and juvenile hake. Other FGs showed lower exploitation
rates (Table 2).

The total catch in the model was 1.37 '[-km’2~year’1 (Table 2) and
it was dominated mainly by benthic primary producers (28.18%)
and shelf demersal fishes (9.70%). Other FGs such as rays & skates,
deep-sea fishes, sardine & anchovy, demersal fishes, large pelagic
fishes, benthopelagic feeders and echinoderms showed high landing
values too.
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1: Dolphins
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4: Pelagic sharks

5: Large pelagics

6: Medium pelagics

7: Dolphinfish
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10: Adult Hake

11: Anglerfish
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13: Demersal fishes
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17: Mesopelagic fishes

18: Horse mackerel

19: Sardine & anchovy

20: Benthopelagic feeders
21: Demersal sharks (shelf)
22: Demersal sharks (slope)
23: Rays & skates

24: Octopus

25: Cuttlefishes

26: Squids

27: Bivalves & gastropods
28: Red shrimp

29: White shrimp

30: Norway lobster

31: Lobsters

32: Other shrimps

33: Crabs (Reptantia)

34: Echinodermata

35: Other benthic invertebrates
36: Annelids

37: Suprabenthos

38: Gelatinous plankton
39: Macrozooplankton

40: Micro & mesozooplankton
41: Benthic primary producers
42: Seagrass

43: Phytoplankton

Impacting group

44: Discards
45: Detritus

1: Bottom trawl

2: Artisanal

3: Purse seine

4: Longline (surface)
5: Recreational

Mixed Trophic Impact (MTI) analysis of the Balearic Islands model. The size of the rectangles represents the size of the functional group trophic
impact, while blue indicates positive impact and red negative impact. The five fishing fleets are also included.

The mean trophic level of the catch (mTLc) was 2.76. Bottom
trawl fleet represented the highest catch in the area (59.85%), but
with the lowest trophic level (mTLc = 2.24) (Table 4). On the
contrary, the longline (surface) fleet had the highest mTLc (4.55)
but the lowest catch. It is important to highlight the weight of the
recreational fleet, representing the second highest catch in the area

(14.6%) and exploiting species situated at higher trophic level than
the artisanal fleet (3.51 vs 3.17). When benthic primary producers
were excluded from the catches, the mTLc of the bottom trawl fleet
increased to 3.31, resulting in a global mTLc=3.44.

Regarding the gross efficiency of the fishery (GE), the model
exhibited a low value (0.001) (Table 3). The primary production

required to sustain the fishery (PPR, %) was estimated at 1.85%
during the period between 2001 and 2003. When this value takes
into account the primary production together with the detritus, the
value was 2.66% (Table 3).

4 Discussion

The different components of the marine ecosystem of the
Balearic Islands have been widely studied, from the shallow
continental shelf to deep waters, considering different approaches
and including life history and population dynamics of the main

TABLE 4 Catch (t-km2.year™), their representative percentage (%) and mean trophic level of the catch (mTLc) for the fleets, with all FGs and
excluding primary producers (P): benthic primary producers and seagrass.

Fleets of the Balearic Island Catch % mTLc Catch (excluding P) % (excluding P)  mTLc (excluding P)
Bottom trawl 0.82 59.85 2.24 0.44 44.44 331
Artisanal 0.18 13.14 3.17 0.18 18.18 3.17
Purse seine 0.13 9.49 375 0.13 13.13 3.75
Longline (surface) 0.04 2.92 455 0.04 4.04 4.55
Recreational 020 14.60 351 020 20.20 351
All fleets 137 100 276 0.97 100 3.44
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target species of fisheries, benthic habitats, vulnerable species and
trophic dynamics (e.g. Barbera et al., 2012; Massuti et al., 2014; Valls
et al,, 2014; Ordines et al., 2015; Quetglas et al., 2016a; Ramirez-
Amaro et al., 2020). However, the present study describes, for the
first time, the structure, functioning and fishing impacts of the
Mallorca and Menorca’s marine ecosystem, using a food-
web model.

The pedigree index obtained for the Balearic Islands model
indicates that the input data used in this model has an adequate
quality. In fact, it is located in the upper part of the rank of the models
assessed worldwide by Colléter et al. (2015). Further, our results
revealed a clear correlation between the TLs estimated by the
Ecopath model and the measured stable isotope values of nitrogen
(8*°N), validating the assessment of Ecopath output of TL, and
highlighting that the diet information used in the model for 27 out
of 40 FGs among consumers was accurate (Navarro et al, 2011;
Corrales et al.,, 2017).

Biomasses were mostly estimated from local studies, using a variety
of approaches such as underwater visual census in littoral areas and
different sampling gears such as bottom trawl, beam trawl, plankton
nets at deeper and offshore waters. However, and despite the large
amount of scientific knowledge on the marine species and their
environment around the Balearic Islands, there are still gaps for
some important FGs and a generalized lack of information in terms
of biological parameters. For that reason, the biomass of important
groups, mainly fish inhabiting the pelagic domain and species at the
base of the food web (i.e, medium pelagic fishes, dolphinfish,
mesopelagic fishes, suprabenthos and macrozooplankton) had to be
estimated by the model. Also, many input parameters such as P/B and
Q/B were estimated by the model, calculated with empirical equations
or taken from other models.

The mixed trophic impact (MTI) analysis highlighted the
positive impact of the FGs found at the base of the food web
(detritus, phytoplankton, microzooplankton & mesozooplankton
and macrozooplankton). In oligotrophic areas, such as the Balearic
Islands, with little supply of terrigenous nutrients and without
advective inputs of organic matter via submarine canyons,
trophic webs are supported to a greater extent by planktonic
biomass, rather than by benthic biomass (Madurell et al., 2004;
Madurell and Cartes, 2005). In the coastal areas of the Archipelago,
stable carbon isotopes provided evidence of the contribution of
Posidonia oceanica as carbon source for species dwelling seagrass
meadows (<35 m depth) (Cardona et al., 2007). However, in deep
waters one single carbon source of pelagic origin supports the food
webs of the lower shelf and the upper and mid slope (Polunin et al.,
2001; Valls et al., 2014). Such energy transfer highlighted the close
coupling between surface and benthic production in deep waters. In
terms of trophic interactions, the nycthemeral migrating
community constitutes an important food source for many
abundant demersal species in the Balearic Islands (Cartes et al.,
2008b; Cartes et al., 2009; Valls et al., 2011; Valls et al., 2015; Valls
et al., 2017), which represents an active transport of carbon and
other nutrients to the benthic habitats in the modeled area.
Mesopelagic fish and suprabenthos biomass estimates showed a
large difference (one order of magnitude higher) compared to other
ecosystems modeled using Ecopath in the Mediterranean, which

Frontiers in Marine Science

14

10.3389/fmars.2023.1166674

reflects the importance of such groups in the study area. In fact,
both FGs play an important role in these nycthemeral migrations
and in the formation of the deep scattering layer and the benthic
boundary layer in our study area (Olivar et al,, 2012; Pefa et al.,
2014). However, biomass values have to be considered with caution
as they were estimated by the model.

4.1 Ecosystem structure and function

The TST (2848.79 tkm>year™) was only compared to the Gulf of
Alicante considering the number of FGs (i.e. 45 FGs). Both models
reflected similar values in the aggregation of trophic flows. In terms of
TST (sum of all consumption, exports, respiratory flows and flows into
detritus), the sum of all consumption (35.59%) and flow to detritus
(29.31%) were the most important flows in the Balearic Islands model,
highlighting the amount of biomass that finishes into the detritus
compartment. Trophic flows from primary producers to detritus and
to TL II were 50%. The sum of TP (1324.18 tkm2year') and TPP
(998.8 tkm™>year") were similar to the Gulf of Alicante.

In terms of system maturity indices, the TPP/TR ratio and TPP-
TR were similar to that found in the Gulf of Lions (Banaru et al.,
2013) and the Gulf of Alicante (Garcia-Rodriguez et al., 2021). The
TPP/TR ratio (2.2) represents the stage of maturity of the ecosystem
(Odum, 1971), and showed that the energy produced was
approximately two times greater than the maintenance costs.
Lower estimates of TPP/TR and TPP-TR (537.93 t~km’2~year’1)
indicated that the Balearic Island ecosystem is slightly closer to
maturity (Christensen and Walters, 2004) compared to the
neighbouring models. In the case of TPP/TB (10.4), the value was
the lowest among published models, reflecting a higher level of
biomass accumulation in the system compared to its productivity.
TB/TST value (0.03) was 3 times higher when compared to these
other ecosystems.

Regarding food-web complexity indices, the Connectance Index
(0.28) was similar to that obtained for the Gulf of Cadiz (Torres
et al,, 2013) and suggested moderate-low inner linkages within the
food web. Furthermore, the System Omnivory Index (0.33) was
similar to the Gulf of Alicante (Garcia-Rodriguez et al., 2021) and
relatively higher than the values obtained in other models. The
System Omnivory Index indicated a more complex predator-prey
relationships than other neighbouring models, but lower than
global averages (Christensen and Pauly, 1995). The Balearic
Island ecosystem is in a medium-low stage of development.
However, according to several indices values, it could be
considered as a slightly more mature ecosystem than the rest of
the Mediterranean neighbouring models in comparative
terms (Table 3).

The biomass located on the primary producers’ compartment
(TL I) was higher than in the adjacent modeled areas (North-
western Mediterranean, Gulf of Lion and Gulf of Cadiz). The
highest Transfer Efficiency (TE) in the present model occurred
between the TL III and IV, and both compartments supported the
highest and rather similar fishery exploitation. Such export flows
contrast with those observed in Mediterranean and Atlantic areas
where catches are mainly concentrated in TL II or III.
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The mean transfer efficiency (mTE) in the Balearic Islands was  trawl fleet has a lower value (3.31) than in the adjacent area of the
21.80%, which is higher than the average value of 10% reported  North-western Mediterranean (3.40; Corrales et al., 2015), probably
worldwide (Christensen and Pauly, 1995). Such value can be  due to the high importance of the middle slope fishery targeting red
explained by the oligotrophic character of the Mediterranean,  shrimp in the Balearic Islands, whose landings represented more
more pronounced in the Balearic Islands (Bosc et al., 2004),  than 20% of the total biomass landed by this fleet, composed mainly
compared to the adjacent waters oft the Iberian Peninsula and the  of crustaceans (Quetglas et al, 2012). The longline fleet, which
Gulf of Lions (Estrada, 1996; Bosc et al., 2004). In oligotrophic  targets large pelagic fish, represented the smallest proportion of the
areas, food webs are known to recycle and use nutrients more  total catch but with the highest mTLc, similar to other longline
efficiently through strong microbial loop (Pomeroy et al., 2007;  fleets from the Western Mediterranean (Coll et al., 2006; Corrales
Armengol et al., 2019). etal,, 2015). It is noteworthy the higher catches (14.60%) and mTLc

(3.51) of the recreational fleet compared to the artisanal fleet in the
Balearic Islands. Despite the important catches of the recreational
fishery and its increasing trend (Carreras et al., 2015), there is a lack
4.2 The impact of ﬁshlng activities in the of information and robust data regarding the species targeted by
Balearic Islands this fleet. Such information is needed to properly account for its
potential impact on the exploitation state on some target stocks

The present model showed lower values of mean trophic level of  (Quetglas et al., 2016b).
the catch (mTLc) and catches (t'km'2~year'1), compared to the The Gross Efficiency of the Fishery (GE) for the Balearic Islands
models developed from adjacent areas. Whereas the mTLc for  (0.001) was higher than the worldwide value (0.0002) calculated by
these models is between 3.12-3.32, in the Balearic Islands model =~ Christensen et al. (2008) from different marine ecosystems, but
the mTLc is 2.76. Such result was highly influenced by the low TLc  similar to the values found in neighbouring areas of the Western
of the bottom trawl fleet (2.24), which represents 59.85% of the total ~ Mediterranean and the Gulf of Cadiz (Table 3). This value points
catch. The high biomass of benthic primary producers in the shelf  out the high impact of the fishing activity (Corrales et al., 2015) and
bottoms, which constitute 45.9% of the catch, may explain the low the fact that fishing catches are less effective in converting primary
TLc of the bottom trawl fleet calculated by the model. By excluding  production (Keramidas et al., 2022).
benthic primary producers and seagrass from mTLc calculation, the The primary production required to sustain the fisheries (PPR,
Balearic Islands showed the highest mTLc (3.44) among all the  considering PP) for the Balearic Islands ecosystem was 1.85%. This
Mediterranean areas modelled. This may be the result of both  was the lowest value compared to nearby models (12-37%) (Coll
differences in the trophic structure and a relatively better status of et al.,, 2006; Banaru et al., 2013; Torres et al., 2013; Corrales et al.,
the ecosystem in the Balearic Islands due to a lower level of  2015; Garcia-Rodriguez et al., 2021) and even compared to the usual
development of the fishing fleet, but also due to the scarce  values (24-35%) of other coastal systems throughout the world
representation of purse seiners in this area. Purse-seiners fleet is ~ (Christensen and Pauly, 1995). This could be due to the high
characterized by large catches of small pelagic fish like sardine and ~ phytoplankton production relative to the low total catch (1.37
anchovy and consequently has the lowest mTLc in the North-  tkm™year). However, our values were similar to models from
western Mediterranean model (Corrales et al., 2015). In adjacent  other oligotrophic areas such as those from the North Aegean Sea
areas, purse-seiners landings can represent up to 50% of the total ~ (3.45%; Tsagarakis et al., 2010) and the Gulf of Gabes (3.77%;
landings in contrast to the Balearic Islands where purse-seiners  Hattab et al., 2013) (Table 5).
landings do not reach 15% (Quetglas et al,, 2012). Moreover,
whereas mTLc of purse seiners in the North-western
Mediterranean model shows the lowest values among the fleets 4.3 Limitations of Balearic Islands model
operating there (2.99; Corrales et al., 2015), in the Balearic Islands
its value (3.75) ranks second after longliners. In fact, even excluding There are still gaps of knowledge on basic biological parameters
algae and seagrass and from the catches, the mTLc of the bottom  for many species (target and non-target species) included in this

TABLE 5 Total net primary production (TPP), total catch, Primary production required to sustain the fishery (PPR) from primary producers (a) and
from primary producers and detritus (b) of the Balearic Island model (Bl) compared to other models of the Aegean Sea area: North Aegean (Tsagarakis
et al,, 2010), and Central Mediterranean: Gulf of Gabes (Hattab et al., 2013).

W Mediterranean Aegean Sea area C Mediterranean
Parameter
Bl North Aegean Gulf of Gabes
TPP 999 535 1258 tkmZyear™!
Total catch 1.37 2.35 1.72 ‘ tkm Zyear™
PPR (a) 1.85 345 3.77 ‘ %
PPR (b) 2.66 6.76 7 ‘ %
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model. In terms of biomass, whereas the data of many FGs was
obtained from the MEDITS bottom trawl surveys, developed
between 50 and 800 m depth, data from infralittoral bottoms
shallower than 50 m depth is scarce and scattered. Biomass of
demersal and benthic organisms are also better estimated (studied
and sampled) than the biomass for pelagic groups located in the
water column. The model had to calculate the biomass for some
FGs, such as medium pelagic fishes, dolphinfish, mesopelagic fishes,
suprabenthos and macrozooplankton, due to the lack of
information. Finally, the biomass of phytoplankton and
zooplankton, should be obtained from in situ sampling surveys in
order to have more accurate data. This lack of information identifies
potential targets of future research in the study area.

We gathered local information on the diet of many organisms
in the Balearic Islands, obtained from the stomach content analyses
carried out during the last decades from samples collected in the
MEDITS surveys and previously published data in the area. For
some FGs such as dolphins, turtles, pelagic sharks, large pelagic
fishes, medium pelagic fishes, sardine & anchovy, bivalves &
gastropods, annelids, suprabenthos, gelatinous plankton and
zooplankton, the diet composition had to be completed with
information from other areas of the Western Mediterranean. In
spite of this, some studies developed in this area have revealed that
the feeding behaviour of important species such as Merluccius
merluccius (Rueda et al., 2019) or Galeus melastomus (Ordines
et al,, 2021) show differences even at medium spatial scales. Such
results highlight that diet data should be improved with studies
developed in the Balearic Islands in future research.

For the majority of FGs, production (P/B) and consumption (Q/
B) parameters were calculated using empirical equations. For target
species of fisheries developed in the Balearic Islands (adult hake,
mullets, red shrimp, white shrimp and Norway lobster), Q/B
parameters were obtained from the empirical equation of Pauly
et al. (1990), whereas P/B parameters were obtained from the stock
assessments models applied to these fisheries. This information
should be updated in the future as more empirical data on FGs
parameters and assessments are available.

The “other benthic invertebrates” FG considered in the present
model is constituted by numerous species with many differences in
ecological and biological traits. The role of some of the taxonomic
groups inside this FG needs to be better determined and properly
addressed in the future. For example, sponges are one of the most
important groups of benthic invertebrates in the Balearic
Archipelago (Ordines et al., 2017; Massuti et al., 2022).
Considering the importance of the sponge loop in recycling
dissolved organic carbon making it available for other organisms
of the ecosystem (De Goeij et al., 2013), the magnitude of this and
other processes such as the microbial loop, currently unknown in
the area, should be also properly considered in the model.

Another limitation of the model is to explain how the benthic
primary production flows from the infralittoral and circalittoral
bottoms, which are mainly dominated by the highly diverse and
productive Posidonia oceanica meadows and red algae beds,
respectively (Ordines and Massuti, 2009; Alvarez et al, 2015),
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into the whole food web. In fact, both the diet matrix and the
MTI analysis showed few possible ways in which the energy and
matter of benthic primary producers could influence other FGs. In
the model, benthic primary producers and seagrass have high
biomass and low EE. According to Heymans et al. (2016), values
of EE near to 0 are expected for functional groups, which suffer no
predation and are not exploited by the fishery. In the Balearic
Islands, benthic primary producers and seagrass are directly
consumed by very few species. These peculiarities are supported
by isotopic analysis and stomach contents. Further, benthic primary
producers EE is higher than seagrass EE because the former can be
found at depths up to 90-100 m and are harvested by bottom trawls.
Much of the biomass of these FGs goes to detritus. In this sense, the
magnitude of the microbial and sponges’ loops (De Goeij et al.,
2013) which is currently unknown in the area, may be related to the
functioning of biomass flows from seagrass and benthic PP to
higher trophic levels. On the other hand, benthic primary producers
have positive effects in structuring benthic communities of
sedimentary bottoms. They act as “Essential Fish Habitats” for
the demersal resources and increase their productivity in the
Balearic Islands, particularly for the species inhabiting in red
algae beds (Ordines and Massuti, 2009; Ordines et al., 2009;
Ordines, 2015). These indirect roles and non-trophic interactions
can be represented and captured in dynamic versions of the model
(Horn et al., 2021).

In fact, the Ecopath model of the Balearic Islands presented in
this study will be a first step to develop temporal and spatio-
temporal dynamic simulations, with the aim of evaluating the
impact of different fisheries management measures, particularly
those related to the implementation of the ongoing multiannual
plan for the fisheries exploiting demersal stocks in the Western
Mediterranean Sea (Regulation (EU) 2019/1022). It can also be
useful within the context of the Marine Strategy Framework
Directive, which aims to more effectively protect the European
marine environment and to achieve a good environmental status,
enabling a sustainable use of marine goods and services (Piroddi
etal., 2015). For that, it is required the application of an ecosystem-
based approach to better link ecosystem components,
anthropogenic pressures and impacts on the marine environment
as it has been proposed in this study.
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