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Abstract: Life cycle assessment is used in this study to evaluate the potential environmental impacts of
producing gilthead seabream in an offshore sea farm exposed to storms in the Spanish Mediterranean
Sea. The farming methods used can be considered as “basic” since no centralized or automatic food
distribution system exists and there is no control system. This study aims to identify the main hotspots
under these conditions and to propose and compare viable alternatives to them. Contribution analysis
found that the component of the system with the greatest potential environmental impact (48% of the
overall impact) was fish feed, especially the raw material used. Other contributory factors were the
fuel consumed by the vessels operating in the farm (35%), the dumping of N and P in the environment
due to the metabolism of the fish (12%), the cages and their anchorage system (5%). A sensitivity
analysis showed that a significant reduction in potential environmental impact can be achieved by
increasing feeding efficiency. Feed formulation in raw materials is also an important factor and
could serve to diminish overall adverse effects. A balance needs to be found between productive
performance (growth, survival and feed conversion rate), feed price and its influence on production
costs and the overall environmental consequences.
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1. Introduction

Eighty five percent of aquacultural production of gilthead seabream (Sparus aurata; hereafter
seabream) in Europe and other countries mostly takes place in floating cages [1]. Production in 2013 was
estimated to be 179,924 tonnes [2], while the main European producers are Greece (42%), Turkey (23%)
and Spain (9%). Just over 93% of the seabream produced along the Spanish Mediterranean and Atlantic
coasts comes from offshore cages, which are exposed to storms and strong hydrodynamic conditions.
These facilities are located on detrital bottoms, at a depth of 30–50 m and away from sensitive habitats,
such as those of Posidonia oceanica meadows and maerl beds [3–6].

Offshore farming facilities (cages and anchoring) are characterized by their flexibility, which
reduces stress on the structures. Cages are circular for a better tolerance of waves and currents [7].
While such facilities have demonstrated their technical and economic viability for fish ongrowing, the
harsh offshore conditions limit the implementation of centralized systems for automatic programmed
feeding and control systems to prevent feed losses.

It is well documented that most of the adverse environmental impacts associated with fish farming
are restricted to the immediate vicinity of the farms and are related with the release of organic wastes
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derived from feed, both in dissolved (ammonium, urea, etc.) and particulate (uneaten feed and feces)
forms [8–16].

Dissolved wastes are quantitatively much more plentiful than particulate ones [10,17,18].
Nevertheless, in Mediterranean offshore ongrowing systems, it has been demonstrated that dissolved
wastes are potentially less harmful than solid, since the former are quickly dispersed by local
currents [19–22]. For this reason, most of the efforts regarding local environmental impact have
focused on the seabed and benthic communities [3,11,23–31].

However, current knowledge about other environmental impacts at a global scale (abiotic
depletion, global warming, acidification, cumulative energy demand, etc.) is still very far from
the level that exists for different aquaculture systems (e.g., net-pen, floating-bar, flow-through tank and
recirculation systems) in salmonids [32–34]. As suggested by some authors [35], to better understand
the consequence of fish farms on the environment, it is important to determine the impact on the
immediate surroundings and on a global scale.

An integrative approach, considering both impacts at the local and global scale, is necessary to
better understand the consequences of fish farming on the natural environment [35].

The first significant intensive integral production of seabream off the Spanish Mediterranean coast
began in 1984 (Murcia, SE Spain; [36]), and floating marine cage fish farms have existed since then
in this region [37]. The sector has developed and consolidated and currently comprises 10 facilities
in the open sea. The province of Murcia is amongst the largest producers of seabream and seabass
(Dicentrarchus labrax; hereafter seabass) in Spain, with an average production in the past five years
of about 10 thousand tonnes (28% of the total Spanish production). Hence, the offshore production
of seabream as described in this study can be considered representative of this activity in a more
global context.

We apply life cycle assessment (LCA) to the production of seabream in a basic offshore fish farm
(BOFF) as described above. The objectives were to: (1) describe a basic facility lacking any centralized
or automatic feed distribution system or control system in an area exposed to strong hydrodynamic
conditions, which may be taken to be representative of cage farming operations in Spain; (2) identify
the components of the system that most contribute to the environmental impacts associated with
the activity; and (3) analyze viable alternatives for reducing environmental impacts with the aim of
improving environmental management at the farm level.

2. Material and Methods

Life cycle assessment (LCA) is a standardized method [38,39] designed to collect and evaluate
the inputs and outputs and the potential environmental impacts associated with a product system,
from the acquisition of raw materials or their generation from natural resources to their final disposal.
Also known as cradle-to-grave analysis, LCA includes the quantification and evaluation of consumed
resources and emissions to the environment at all stages of the life cycle, from the extraction of raw
material to waste disposal [40]. LCA consists of four stages: (1) the definition of the objective and
scope; (2) inventory; (3) impact analysis; and (4) interpretation. Such an analysis allows management
of the most important impacts throughout a product’s life cycle.

2.1. Objective, Scope and Functional Unit

The aim of this study was to characterize the potential environmental impacts and their causes
associated with the aquacultural production of seabream up to a commercial size of 450 g. The study
was carried out in a fish farm under offshore conditions in the Mediterranean with an annual
production of 1000 tonnes. The farm, as described above, is considered “basic” and representative of
those operating off the Spanish coasts, as it has no centralized feed distribution system, no automatic
distribution system and no control system. This study aims to identify the main hotspots existing
under these conditions and to propose and compare alternatives for seabream aquaculture.
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The functional unit is defined as 1 tonne of seabream at the fish farm gate and is used as a reference
unit to which all environmental impacts are quantified. Such a measure of live-weight fish at the farm
gate is the functional unit commonly used in this type of study [41,42].

The different subsystems that can be established for the LCA of marine fish production may be
based on the value chain, in such a way that LCA can be clearly related with an economic and financial
analysis. The subsystems are: (1) production, which includes the hatching and nursing activities
that provide the juveniles to start the process and the ongrowing of the same up to marketable size;
(2) marketing, which encompasses classification and packaging, distribution and sale and consumption;
and (3) the manufacture of the fish feed necessary for nursing and ongrowing. In this first study,
LCA includes two subsystems: seabream ongrowing and manufacture of feed (Figure 1).
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Figure 1. Subsystems for the LCA of marine fish production. The dashed line shows the scope of LCA
of gilthead seabream production in offshore fish farms.

The hatching and nursing subsystem is an important phase in the production of fish, but in our
scenario area, there are no companies dedicated to this purpose; so, we have no specific data. Due to
its characteristics, it is an entirely different and more complex process (onshore facility, maintenance of
the reproductive stock, production of phytoplankton and zooplankton to feed the larvae, etc.), and as
in other LCAs on Mediterranean fish species [43], it has not been included. However, our intention in
the future is to try to overcome such difficulties and address all of the subsystems involved in seabream
production, from hatchery to consumption.

In the LCA of different products, particularly those related to the production of marine fish,
it is common to ignore infrastructure since it is assumed to have no significant environmental
impacts [33,44], because of the long periods of amortization. However, we have made an effort
to expand current knowledge on the contribution of the infrastructure to the total impact of the system
following the recommendations of some authors [45]. Offshore fish ongrowing facilities include
elements with different periods of amortization, some of short duration. Therefore, not only have
we taken into account operations related to the production cycle in offshore facilities (such as feed,
emissions due to fish metabolism and fuel consumed by vessels), but also the cages themselves,
including their anchoring systems, although boats have not been considered. For the fish feed, we have
considered the manufacturing process and raw material, but related infrastructures are not taken
into account.
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2.2. Description of the System and Its Components, Data Collection and Life Cycle Inventory

To define a basic offshore fish farm (BOFF), we made confidential surveys and visited companies
located along the coast of the province of Murcia (Región de Murcia, SE Spain). We also consulted
companies manufacturing and selling the infrastructure needed for offshore cage fish farming (floating
cages, ropes, buoys, mooring, etc.) and also fish feed producers. Official documents from the Service of
Fishing and Aquaculture Service of the Autonomous Government of Murcia Region and data available
in the literature were also consulted [1,7,46–49]. The basic farm that is evaluated in this study has a
production of 1000 t·year-1 of seabream. The nearest harbor is located about 5 km away, and the depth
in the facilities is 40 m. The site is exposed to prevailing winds (from NE and SW); 80% of the waves
have a significant height of 0.4–1.2 m, but waves with significant heights of around 10 m have been
recorded in the area, but with a low (<0.1%) probability [50].

The size of the farms take into consideration that juveniles entering the cages weigh 12 g and
are harvested when they reach 450 g after 18 months on average. Each cage produces an average of
90 tonnes, and the mortality rate is 10%. Extruded feed is distributed by cannons from a boat that visits
all of the cages of the fish farm. The feed conversion rate (FCR = feed supplied / biomass increase)
was 2.

The analyzed system is defined with the following components and sub-components: FACILITIES
which includes the CAGE (FLOATING RING and NET) and MOORING; and OPERATIONS
throughout the production cycle, which includes GROWTH (responsible for the emissions of N
and P due to the metabolism of the fish); FEED, in which RAW MATERIALS and MANUFACTURING
are distinguished; and TRANSPORT (from the feed factory to the farm operating harbor); and FUEL
consumed by the vessels operating in the farm and their emissions into the atmosphere (Figure 1).

2.2.1. Facilities

The various materials used in the FACILITIES are grouped into CAGE (FLOATING RING and
NET) and MOORING.

CAGE

Twenty cages are needed for the annual production of 1000 tonnes. The cages diameter is 25 m.
Each consists of two concentric floating rings of high density polyethylene (325 mm in diameter,
28 kg·m−1), filled with expanded polystyrene foam (density 10 kg·m−3) and a perimeter handrail
of 90 mm in diameter (3.14 kg·m−1), held to the two floating rings by 40 pieces of polyethylene
(20 kg per unit). Each cage has a 110-kg structure of polyethylene to support the top net, which is used
to prevent birds from catching the fish.

NET

The NET is a 16 meter high nylon bag with a mesh size that changes according to the size of the
fish. For simplification, we consider the longest, with 27-mm mesh and which weighs 0.5 kg·m−2.
The net is attached to the polyethylene ring with a propylene rope and is ballasted at the bottom.
The top nylon net has a mesh size of 50 mm.

MOORING

The 20 cages are grouped into two rows bound together by ropes joined to the three main ropes,
two external ones and one in the middle, according to the scheme in Figure 2. Flotation buoys can be of
different volumes, and we considered one with an average value of 1100 L, manufactured in polyethylene
and filled with polyurethane. Their distribution in the installation is also shown in Figure 2.

The mooring system works with 28 cast iron anchors (1000 kg per unit), as shown in Figure 2.
A 20-m chain (36 kg·m−1) extending from each anchor is attached to a 56-mm rope, and a PVC depth
buoy (3.62 kg per unit) is attached. All of the metal components used to attach the mooring elements,
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such as rope guards, distribution plates, swivels, shackles, etc., are also included. The lease containing
the facility is marked by four perimeter buoys (like those described above) moored to concrete blocks
(4000 kg per unit).

The various elements have different amortization periods: the polyethylene structure of the cage
lasts 10 years; the net 5 years; and for the anchoring, we considered different average values based on
the materials: 10 years for the buoys and 5 years for ropes and metal mooring parts (shackles, thimbles,
etc.); and 25 years for anchors, chains and concrete blocks.
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Figure 2. Schema of the basic offshore fish farm for the production of 1000 tonnes of gilthead seabream.
1: Cage; 2: union rope between the cage and the main rope; 3: main rope; 4: surface buoys; 5: rope and
chain anchor; 6: anchor; 7: marker buoys of the fish farm.

Table 1 shows the materials expressed in kg of the BOFF facilities to produce 1000 t·year−1

of seabream. To assess the environmental impact of the various elements making up the facilities,
reference flows of various installation materials are calculated considering the useful life of the
materials and the duration of the production cycle (Table 2). The calculation is made according to the
following formula:

Mr = (Mi × PC)/(UL × 1000)

where Mr is the amount of material (kg) from the BOFF facilities in relation to the functional
unit (1 tonne of seabream), Mi is the amount of material (kg) used in BOFF for the production
of 1000 t·year−1 of seabream, UL is the useful life of each material in months and PC is the duration of
the production cycle measured in months (18 months).

Table 1. Materials expressed in kg of the facilities of the basic offshore fish farm (BOFF) for the
production of 1000 t·year−1 of seabream.

Materials FLOATING RING NET MOORING Total

Polyethylene 111,097.11 3718.00 114,815.11
Polystyrene 1604.44 1604.44

Nylon 13,738.10 13,738.10
Polypropylene 1330.00 14,328.30 15,658.29
Polyurethane 473.00 473.00

Polyvinylchloride 73.36 73.36
Cast iron 28,000.00 28,000.00

Steel, chromium steel 6682.70 6682.70
Steel, low-alloyed 22,912.00 22,912.00

Concrete block 16,000.00 16,000.00
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Table 2. Inputs and outputs for the production of 1 t live-weight of gilthead seabream in the basic
offshore fish farm (BOFF).

Input FACILITIES (kg·t−1)

Materials FLOATING RING NET MOORING

Polyethylene 16.6646 0.5577
Polystyrene 0.2407

Nylon 4.1214
Polypropylene 0.3990 4.2985
Polyurethane 0.0710

Polyvinylchloride 0.0220
Cast iron 1.6800

Steel, chromium steel 2.0048
Steel, low-alloyed 1.3747

Concrete block 0.9600
Transport (kg km) 500 500 500

Input FEED (RAW MATERIALS,
1 t feed (kg·t−1 feed) FCR: 2

Output FUEL (kg·t−1);
emissions to air; emissions factors [51]

Wheat 140 CO2 1409.697
Wheat gluten meal 130 CO 3.555

Fish meal 200 NOx 26.216
Soybean meal 220 NMVOC 1.155

Corn gluten meal 100 CH4 0.049
Fish oil 80 VOC 1.200

Rapeseed oil 50 PM10 0.622
Soybean oil 50 SO2 2.444

Vitamins and minerals 30 N2O 0.036
Feed plant transport

(t·km) 500 NH3 0.004

Fish farm transport
(t·km) 500

Input FEED (MANUFACTURING) [44] Output FEED (MANUFACTURING) [44]

Input FUEL (kg·t−1) Output GROWTH (kg·t−1);
Emissions to Sea Water

Diesel 444.33 Total N 119.59
Lubricating oil 1.26 Total P 5.93

FCR: food conversion rate; Nox: nitrogen oxides; NMVOC: non-methane volatile organic compounds;
VOC: volatile organic compounds.

The data in relation to the extraction of raw materials, processing, manufacturing and transportation
come from the Ecoinvent 3.1 database (compiled October 2014).

2.2.2. Operations in the Production Cycle

FEED

The diet of the seabream is mostly composed of extruded feed, mainly provided by four companies.
These feeds are made primarily from wheat, fish meal, soybean meal, maize gluten meal, wheat gluten
meal, fish oil, rapeseed oil, soya oil, a premix of minerals and vitamins and amino acids. The raw
materials’ composition in kg per 1 tonne of feed are shown in Table 2.

For this study, we establish a standard feed, based on the information provided by fish feed
producers and confidential consultations. Furthermore, information available in the literature for other
marine species was reviewed [43,44,52]. This standard feed (FEED) is approximately 43% protein and
22% lipid.

Data related to the agricultural production of the RAW MATERIALS, as well as transformation
and transport to the fish feed factory, were taken from Agri-footprint 2.0 mass allocation databases
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(October 2015), except for the fish meal and fish oil data, which are not available and were taken
from the LCA Food DK (Denmark) database. In this database, however, these raw materials follow
a consequential model based on the assumption that the production of fish oil avoids the use of
rapeseed oil, and so, they are not assigned any environmental load. Therefore, the data were modified,
considering the meal and fish oil as by-products with an allocation of masses. The LCA Food DK
database considers that 1 kg of fishmeal and 0.208 kg of fish oil can be obtained from 4.66 kg fresh
weight of fish. For this reason, the environmental load involved in these processes is expressed
proportionally, i.e., 82.78% for the fishmeal and 17.22% for the oil.

The premix (minerals and vitamins) and amino acids are not available in the databases and have
not been taken into account. However, they only represent 3% of the total. For the feed manufacturing
process (MANUFACTURING), data provided by [44] were used. TRANSPORT involves the transport
of the feed by truck to the harbor associated with the farm from the factory located 500 km away.

GROWTH

GROWTH reflects N and P emissions due to the metabolism of the food during the entire
production cycle. The gross metabolic waste is calculated using a nutritional approximation based
on the following equation: C = G + E + F, where C is the % in dry matter of N or P in the ingested
food, G is the quantity of nutrients retained for growth, E are losses through excretion and F are losses
through the feces [10,17,18,29,53–55]. To calculate the waste output, we applied the model for gilthead
seabream proposed by [10], the average apparent digestibility coefficient of three commercial extruded
feeds for seabream from [56]) and an FCR of 2 obtained from confidential surveys of fish farming
companies (Table 2).

FUEL

BOFF has 4 vessels: one inflatable boat with a 200-hp engine, one monohull boat of 400 hp,
one catamaran with 2 × 100 hp and another catamaran with 2 × 310 hp. From the annual consumption,
we estimated that the fuel consumption to produce 1 t of seabream (functional unit) is 444.33 kg
of diesel and 1.26 kg of lubricant. The data relating to the extraction of raw materials, processing,
manufacturing and transport come from the Ecoinvent 3.1 database (compiled October 2014), and
emissions due to the consumption of diesel were estimated using data for fishing vessels [51] (Table 2).

2.3. Evaluation of the Impact of the Life Cycle

Of the two methodological LCA approaches commonly used, attributional LCA and consequential
LCA [34], we used the attributional approach, which focuses on a description of the product system and
its environmental exchanges using average data from a retrospective point of view. For quantification
of the impacts associated with the studied system, we use a midpoint approach, CML, in which the
results of the inventory of the life cycle are characterized into categories of relevant environmental
impact and expressed in reference units to indicate the potential contribution to specific global
environmental impacts.

The impact indicator categories were calculated based on the CML methodology (v. 3.02, 2013)
developed by the Institute of Environmental Sciences, University of Leiden [40] and SimaPro 8.04
software (PRé Consultants: Amersfoort, The Netherlands.). This methodology has been used in
numerous seafood LCAs for both fishing and aquaculture [32,33,44,52,57–62]. The impact categories
used in this study to determine the potential impact are abiotic depletion (AD), global warming (GW),
ozone layer depletion (OLD), photochemical oxidation (PO), acidification (A) and eutrophication (E).
Cumulative energy demand (CED) was also used (SimaPro 8.04). GW, A, E and CED are the most
commonly-used impacts in LCAs in aquaculture, while the evaluation of impacts that manifest themselves
at a regional level, such as loss of biodiversity amongst others, has not yet been developed [42].
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2.4. Interpretation of the Results

2.4.1. Uncertainty Analysis

To determine the reliability of the evaluation model of the different impact categories in the BOFF,
a Monte Carlo uncertainty analysis was carried out using the inventory data [63]. For this, we used the
SimaPro 8.02 software, carrying out 1000 simulations with a 95% confidence interval. For each category
of environmental impact, the software estimated the average, the standard deviation, the coefficient of
variation, 95% confidence intervals and the standard error of the mean.

To determine the reliability of the differences in the different indicator impact categories for the
alternatives, we also used a Monte Carlo test with SimaPro 8.02 (carrying out 1000 simulations from
the inventory data with a 95 confidence interval), which estimates the probability of A ≥ B, where A is
the value of the environmental impact category obtained in the model for the BOFFF and B the value
obtained for each of the analyzed alternatives.

2.4.2. Contribution Analysis

This analysis calculates the contribution of different factors, or components of the system, to each
of the impact category indicators used in the study. Two qualitative indexes that are useful in the
presentation and discussion of the results are also used. The overall contribution of each component of
the system to all of the impact categories (OC) is expressed as a percentage. This is calculated as the
sum of contributions of each component of the system to all impact categories divided by the number
of impact categories. Likewise, the overall contribution of each raw material contained in the feed and
in relation to RAW MATERIAL (sub-component of the system) was calculated. The global reduction of
impacts (GRI) is calculated as a percentage of the sum of the reductions of impacts for each alternative
studied in relation to potential impacts found in the BOFF (100%).

2.4.3. Sensitivity Analysis

Four possible alternatives to the model developed for the BOFF were evaluated. These alternatives,
which reflect realistic scenarios that might be developed in the seabream production sector, are:

Alternative 1: 15% decrease in FCR.
Alternative 2: 15% decrease in the FCR and 30% decrease in fuel consumption (70% FUEL).
Alternative 3: a diet rich in maize gluten meal (40%).
Alternative 4: all of the above factors.

3. Results and Discussion

3.1. Uncertainty Analysis (Monte Carlo)

The uncertainty analysis shows the reliability of the model to evaluate the potential environmental
impacts of the fish farm (Table 3). The highest coefficient of variation was recorded for OLD (27.56%),
so that the confidence intervals are wide at 95%. On the other hand, the coefficients of variation were
low for E (0.36%), GW (2.53%), A (5.60%) and PO (7.43%) and around 10% for AD (12.90%) and CED
(11.47%). The coefficient of variation of OLD may be due to the high variability of the inventory data
regarding air emissions of CFCs, the origin of which is mainly the production of energy and fuel.
Whatever the case, OLD is the least reliable environmental impact category in the present study.
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Table 3. Monte Carlo uncertainty analysis of the potential environmental impact categories (PEIC) in
the basic offshore fish farm (BOFF); 1 t live-weight of gilthead seabream.

PEIC Equivalency Unit Mean SD CV (%) 95% CI SEM

AD kg Sb-eq 0.00165 0.00021 12.90 0.00125–0.00210 0.000067
GW kg CO2-eq 7124 180 2.53 6796–7487 5.69
OLD kg CFC-11-eq 0.00130 0.00035 27.56 0.00089–0.00217 0.000011
PO kg C2H4-eq 1.12 0.08 7.43 1.01–1.33 0.003
A kg SO2-eq 38.46 2.15 5.60 35.64–43.82 0.07
E kg PO4-eq 81.79 0.36 0.44 81.18–82.64 0.01

CED GJ 98.12 11.25 11.47 79.51–121.98 0.36

AD: abiotic depletion; GW: global warming; OLD: ozone layer depletion; PO: photochemical oxidation;
A: acidification; E: eutrophication; CED: cumulative energy demand. SD: standard deviation; CV: coefficient of
variation; CI: confidence intervals; SEM: standard error of mean.

3.2. Contribution Analysis

The component of the system that globally contributed the most to the environmental problem
(OC) was FEED (Figure 3) at 48%, followed by FUEL (35%), GROWTH (12%) and FACILITIES (5%).
In the LCA on fish production in different aquaculture systems, both at sea and on land, feed is mainly
responsible for the associated impacts [32–34,43,44,60].
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3.2.1. FACILITIES

The contribution of the FACILITIES to most of the impact categories is generally low (Figure 3),
except AD, which represents 26%. MOORING is the sub-component of FACILITIES (Figure 4) that
represents the greatest contribution to AD (92%) and OLD (58%), while CAGE (RING + NET) is
responsible for the highest contributions to GW (69%), PO (64%), A (63%) and E (57%).
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Many authors assume that infrastructure makes a negligible contribution to the life cycle impacts of
fish farming systems [32,33,44] due to the long life (more than 20 years) estimated for the infrastructure
and equipment [44].

In land-based fish farming systems, the contribution of infrastructure to the various impact
categories is low in relation to other components of the system, such as energy or feed. This has
been reported in the case of seabass in traditional raceways and cascade raceways [60], rainbow
trout (Oncorhynchus mykiss) in freshwater raceways, turbot (Scophthalmus maximus) in recirculating
systems [43] and salmon (Salmo salar) in a land-based saltwater flow-through system and freshwater
recirculating system [32]. In sea farming systems close to the coast, the contribution of the infrastructure
in the impact categories has been found to be low. This has also been reported for sea bass in sea
cages [43] and salmon in a conventional marine net-pen system and marine floating bag system [32].
In the present study, the infrastructure was also seen to have a small impact in the different categories
of environmental impact. However, it played an important role in AD (Figure 3), primarily due to the
metallic elements used in MOORING (Figure 4).

3.2.2. FEED

FEED is the component of the system that generally represents the greatest overall contribution to
the various impact categories, except in the case of E, when it is only 11% (Figure 3). Its contribution to
GW (71%) is of particular note. Among the subcomponents of FEED, TRANSPORT (from the factory
to the feed installation) made a very low contribution to the impact categories, being almost negligible.
RAW MATERIALS (Figure 5), on the other hand, was the sub-component that generally had a greater
impact, with contribution values ranging from 51% (AD) to 90% (CED).
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Amongst the sources of protein, overall fish and soybean meal made the greatest contribution
to the impact categories (Figure 6). In the case of soybean meal, this is due to its production in the
field and extraction of the oil with solvents. In the case of fish meal, the cost of fuel for fishing vessels
and the thermal dehydration process to obtain the meal were responsible. By contrast, wheat gluten
meal and maize gluten meal made low contributions to the impact categories. Although the former
(fish meal and soybean meal) are present in the feed in a greater proportion than wheat gluten meal
and maize gluten meal, representing approximately double the amount, this does not explain the
results (Table 2). As shown in Figure 7, the overall contribution to all potential environmental impacts
of soybean meal (20%) and fish meal (35%) is 2–4-times higher than that of wheat gluten meal and
3–5-times higher than for maize gluten meal. As for these last two, the contribution of the former raw
material (8%) is higher than that of the latter (6%). Therefore, of the protein sources, maize gluten meal
made the lowest contribution to environmental impacts (Figure 7).
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In agreement with several authors [33,43,44,52,60], this study found that feed is the greatest
contributor to most of the environmental impacts of fish farms, except eutrophication. An LCA of the
feed for turbot also found that raw materials were greater contributors to environmental impact than
the manufacturing processes [44]. It was also found that soybeans and fish meal were the raw materials
contributing the most environmental impacts and suggested that this may be due to the fact that
present day fish feeds depend on large quantities of these raw materials. A comparative assessment of
feed manufacturing shows that different protein sources have different impact results [63], and the
formulation of feed is the most important contributor in all production systems (extensive, intensive
and recirculating) for rainbow trout [34]. The substitution of feed ingredients would be the main
alternative if the environmental impacts of fish feed are to be reduced [52].
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3.2.3. GROWTH

The emission of N estimated in this study (119.59 kg·t−1) is the highest of those calculated for
other species studied and in other aquaculture systems (Table 4). Only the values for seabass are
similar [43,60]. There was a direct relationship between the values of FCR and N emissions, and the
value of FCR was highest in the present study. However, this relationship was not observed in the
emission of P. The estimated value here (5.9 kg·t−1), which is lower than that calculated for seabass, falls
within the range of variations observed in the different studies (4.1–18.1 kg·t−1) mentioned in Table 4.

GROWTH only contributes to E (Figure 3), although, for this particular impact category, it is
the component that has the greatest weight, representing 84%, while FEED only represents 11%
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(Figure 3). These results are equivalent to those found for different species and in different aquaculture
systems [32–34,43,58,60]. For example, similar values of around an 80% contribution for GROWTH
were found in different ongrowing systems for Atlantic salmon at sea (net-pen and floating bag) and
on land (land-based flow-through). The exception was in the recirculating system, where water can be
collected and treated [32].

Table 4. Acidification (A), eutrophication (E) and global warming (GW) data in the production of 1 t
live-weight according to several alternatives and values obtained in other LCA studies.

Aquaculture
System Species FCR Output N

(kg·t−1)
Output P
(kg·t−1)

A (kg
SO2-eq)

E (kg
PO4-eq)

GW (kg
CO2-eq) Ref.

Offshore cage (1)

This study
BOFF 2.0 119.3 5.9 38.5 81.8 7124

Alternative 1 1.7 97.7 3.2 35.9 62.9 6346
Alternative 2 1.7 97.7 3.2 29.6 61.6 5769
Alternative 3 2.0 119.3 5.9 39.2 83.4 5595
Alternative 4 1.7 97.7 3.2 30.3 63.0 4484

Marine system
Sea cage (2) 1.8 101.7 16.7 25.3 109.0 3600 [43]
Net-pen (3) 1.3 31.3 4.9 17.9 35.3 2073 [32]

Net-pen, Norway (3) 1.1 41.1 5.2 17.1 41.0 1790 [33]
Net-pen, UK (3) 1.3 58.7 8.5 29.7 62.7 3270 [33]

Net-pen, Canada (3) 1.3 51.4 13.6 28.1 74.9 2370 [33]
Net-pen, Chile (3) 1.5 71.3 12.6 20.4 51.3 2300 [33]
Floating bag (3) 1.2 28.4 4.4 18.0 31.9 2250 [32]

Land system
Raceway system (2) 1.8 107.6 15.0 54.0 180.0 11,087 [60]
Cascade system (2) 2.1 111.6 18.1 70.0 215.0 17,449 [60]

Flow-through tank (3) 1.2 26.0 4.1 33.3 31.0 5410 [32]
Extensive system (4) 1.2 65.0 10.0 10.7 60.4 2239 [34]
Intensive system (4) 0.9 65.0 10.0 10.8 60.0 3561 [34]

Flow-through tank (4) 1.2 65.0 10.0 19.2 28.5 2020 [43]
Recirculating (5) 1.2 81.5 10.6 48.3 77.0 6017 [35]

Recirculating (*) (6) 1.4 0.0 0.0 63.4 11.6 10,300 [32]
Recirculating (*) (4) 0.9 0.0 0.0 40.7 4.0 13,622 [34]

(*): Waste treatment. (1): Sparus aurata; (2): Dicentrarchus labrax; (3): Salmo salar; (4): Oncorhynchus mykiss;
(5): Scophthalmus maximus; (6): Salvelinus alpinus.

3.2.4. FUEL

FUEL has a major impact on A (55%), but also on CED (52%), OLD (48%) and PO (46%) (Figure 3).
Diesel consumption in the BOFF studied here is much higher than that recorded for marine net-pens
for the ongrowing of Atlantic salmon, about 28 L of diesel and 36.3 of gasoline per tonne of live-weight
fish [32]. This is because BOFFs are much further from the coast, about 5 km, than net-pen structures,
which usually consist of several cages around 100 m off the coast or in fjords for shelter from storms [64].
The cages are usually arranged in two rows along either side of a central walkway, which facilitates
routine operations (review of cages, removal of casualties, feeding, etc.) without requiring workers to
use boats. Furthermore, the distribution of feed is usually centralized and automated, so the boats do
not have to go from one cage to another to distribute feed, as in the BOFF.

3.3. Sensitivity Analysis

3.3.1. Alternative 1: FCR Sensitivity Analysis

The FCR value affects FEED and GROWTH, with FEED being the component that contributes
most to the global impact of the activity. The FCR used in this work (two) is obtained from confidential
surveys of companies in the sector. High values are also found for the culture of seabass (Table 4)
both in cages [43] and in tanks [60], in contrast to the low values (Table 4) reported for Atlantic
salmon [32,33] and trout [34,43]. The distribution of food plays an important role in these differences;
the culture of the latter species usually involves automatically-driven and programmed centralized
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feeding systems, as well as feed control systems, to minimize the feed supplied and the amount of
uneaten feed.

When the distribution of food is manual, it is assumed that some is not captured and digested
by the fish, and the efficiency of food seems to have a determining influence on the level of impacts
related to the feeding of seabass [60]. In BOFF, feed was distributed by canon, which can be considered
practically as a manual system, and, in addition, was supplied only one or two times a day, so feeding
efficiency is low. In salmonids, it was reported that the feeding regime and food distribution influence
the amount of feed lost in sea cages with a large number of fish [65–67].

On the other hand, seabream, unlike seabass or Atlantic salmon, chew the feed before swallowing
it, and this behavior generates waste in the form of pellet fragments, which is related to their size, and
can represent as much as 8.45% of the feed during the whole ongrowing cycle [68]. As the authors
indicate, these losses can be minimized with a proper food supply protocol, taking into account the
size of the pellet and the size of the fish, and thus, have a significant economic impact on the fish
farm [69].

Losses can be minimized, as shown in the cultivation of salmonids, by developing a suitable
protocol for feed supply (pellet size, frequency of distribution, etc.) and installing centralized, automatic
feed control systems. In this way, the wasted feed in salmon farming fell from 20%–30% [70] to 3% [14].

Producers of seabream and seabass in offshore systems in the Mediterranean are aware that they
have to implement centralized, automatic feed control and distribution systems to reduce the FCR.
It is important to emphasize that feeding costs in this type of fish farm are 45%–50% of the production
costs, so the loss of feed has a major economic impact. In fact, some companies have a platform
or feed silo boats and mechanized distribution systems, although no generalized control systems.
After consultation with several producers in the same study area [71], feed loss was estimated to be
5%–10% of the food provided in seabream farms. Our consultations with producers provided higher
values of around 15%.

Thus, a sensitivity analysis was made to evaluate the possibility of attaining an FCR of 1.7, that
is reducing the losses of supplied feed by 15%. In such a situation there would be a reduction in
the total environmental impact (GRI) with respect to the BOFF of 10% (Table 5). The Monte Carlo
analysis determined that for all categories of environmental impact, the probability that A ≥ B was
100%. The most affected impact category would be E, with a reduction of 23% (Figure 8), although we
should also highlight the reduction in GW (11%); for the other categories, impact reduction values
would be between 7% (A) and 9% (AD).
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Table 5. The overall contribution of each component of the system to all the impact categories (overall
contribution (OC) %).

Alternatives INSTALLATION FUEL GROWTH FEED GRI

BOFF 4.96 35.23 11.94 47.87
Alternative 1 5.45 38.32 11.55 44.69 10.24
Alternative 2 5.87 31.44 11.78 50.91 20.81
Alternative 3 5.92 38.76 11.72 43.61 9.15
Alternative 4 6.97 34.74 11.53 46.75 28.59

GRI: global reduction of impacts in relation to BOFF. BOFF: standard feed, FCR 2, 100% FUEL. Alternative 1:
standard feed and FCR 1.7. Alternative 2: standard feed and FCR 1.7 and 70% FUEL. Alternative 3: raw materials
alternative (40% maize gluten meal) and FCR 2. Alternative 4: raw materials alternative (40% maize gluten
meal), FCR 1.7 and 70% FUEL.

3.3.2. Alternative 2: Sensitivity Analysis of Fuel Consumption

With a centralized system of feed distribution and control in the BOFF, the routine activities of the
vessels would diminish significantly, with a consequent reduction in fuel consumption. The necessary
infrastructure, as already shown, would not have a significant impact on potential environmental impacts.
We do not have all of the data necessary to calculate how much fuel consumption could be reduced, but
to analyze the impact of this factor on the environment, we have estimated a reduction of 30%.

Alternative 2 gives an FCR of 1.7 and 70% of FUEL consumption, which would lead to a reduction
in the overall impact of 21% (Table 5). The Monte Carlo analysis determined that for all categories
of environmental impact, the probability that A ≥ B is 100%. In this situation, the reduction in the
different environmental impacts (Figure 8) would vary between 13% (AD) and 25% (E). The absolute
value of GW would be higher than the reported values in net-pen systems of Atlantic salmon and
would be within the range reached in land-based fish farming systems (Table 4).

3.3.3. Alternative 3: Sensitivity Analysis for Changes in Raw Materials of Feed

Using maize gluten meal as a source of protein in feed for fish reduces the use of marine-origin
resources in the diets, lowering the environmental impact or, at least, bringing it into line with standard
feeds, since the energy used to produce maize gluten meal is less than that required to produce fish
meal [52]. Maize gluten meal, a protein-rich by-product of the manufacture of maize starch by the wet
milling process [72], could be a good alternative for feeding seabream. Furthermore, it is low in fiber,
has no anti-nutritional factors and, except for arginine, lysine and methionine, has a good essential
amino acid profile. Different studies have shown that maize gluten meal is well accepted by seabream
(40% content of the feed) and other fish species [72,73].

Based on all of this, we evaluated an alternative diet whose composition in raw materials is shown
in Table 6. In short, we increased the content of maize gluten meal and omitted soybean meal, while
the proportion of fish meal was reduced to 10%. Given that the cost of using amino acids as feed
supplement is still not clearly understood financially or environmentally, it will be necessary to carry
on using a certain percentage of fishmeal [52].

The alternative diet resulted in a reduction in the global impact compared with the basic fish farm
of 9% (Table 5). The Monte Carlo analysis determined that for AD, GW, OLD and PO, the probability
of A ≥ B was 100%, 75% for CED and 0% for A and E. The environmental impact reduction (Figure 8)
was 18% for AD, 21% for GW, 14% for OLD and 15% for PO. These results agree with those suggested
by other authors in terms of the importance of raw materials in the formulation of feed for reducing
the environmental impacts of the aquaculture [52,57,63].
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Table 6. Raw materials and nutritional composition in kg for 1 tonne of feed.

Raw Materials (kg·t−1) Standard Feed Alternative Feed

Whole Wheat 140 140
Soybean meal 220
Wheat gluten 130 150

Corn gluten meal 100 400
Fish meal 200 100

Fish oil 80 80
Soybean oil 50 50
Rapeseed oil 50 50

Nutritional composition (kg·t−1)

Protein 426.55 453.15
Lipid 220.20 212.60
Fiber 18.57 9.97
Starch 131.20 165.10
Ash 39.91 21.54

Gross energy (MJ·kg−1) 22.12 22.98
Protein/Energy 19.28 19.72

3.3.4. Alternative 4: All of the Above Factors

In this alternative, the analyzed scenario includes the three previous stages, that is an FCR of 1.7,
70% FUEL and the alternative diet with 40% maize gluten meal.

The Monte Carlo analysis determined that for all categories of environmental impact, the
probability of A ≥ B is 100%. The overall impact reduction would reach 29%, varying (Figure 8)
between 21% (A) and 37% (GW) (Table 5). In this scenario, the overall contribution of the infrastructure
increases slightly (7%), although it should be noted that most of the materials used in the installation
can be recycled. Thus, suitable management of the recycling of the different materials, in particular of
the metal, would be also an environmental advantage.

This scenario (Alternative 4) is perhaps the one that should be pursued by offshore fish farming
companies in the Mediterranean Sea, since, in addition to environmental improvements, it represents
an important reduction in the production of feed and fuel costs.

4. Conclusions

As described for other fish farming systems, in the offshore production of seabream, operations
related to feeding—fish feed and emissions of N and P due to the metabolism of the fish—are the
factors that make the greatest contribution to environmental impacts.

The establishment of protocols suitable for the feeding of seabream (optimal ration, frequency and
feed supply schedule), the incorporation of technology for the centralized and automated distribution
of feed, as well as control systems to prevent losses are needed to decrease FCR. This would represent a
significant degree of environmental improvement both in global and local terms. These actions would
not only improve the environmental image of the production companies, but would also contribute to
the decrease in production costs. These recommendations might form an important line of technological
research and development to ensure the sustainability of the offshore aquaculture sector.

Feed formulation is also seen as an important research line in order to incorporate raw materials
that involve the lowest environmental costs possible, while maintaining production (growth, survival
and FCR) and financial returns.

Although in general, it makes a low contribution to environmental impacts, the infrastructure
should also be taken into account, and it is important to establish mechanisms for recycling as many
components as possible.
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