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Fisheries management needs to broaden its perspective to achieve sustainable resource use. Life cycle
assessment (LCA) is an ISO standardized method to evaluate the environmental impacts of products
using a broad and systematic approach. In this study, the outcome of a management regime promoting
species-selective trawling in Swedish Nephrops trawl fisheries was studied using LCA methodology by
quantifying the impacts per kilogram of landing using two different fishing methods. Demersal trawling
has previously been found to be both energy intensive and destructive in terms of seafloor impact and
discards. It is demonstrated that species-selective trawling fulfils management objectives, although
with tradeoffs in terms of fuel consumption and associated GHG emissions. To prioritize between
impacts, one must be aware of and quantify these potential tradeoffs. LCA could be an important tool
for defining sustainable seafood production as it can visualize a broad range of impacts and facilitate
integrated, transparent decision making in the seafood industry. It is also concluded that, with current
LCA methodology, use of total discarded mass could increasingly be distinguished from potential
impact by applying two new concepts: primary production requirements and threatened species

affected.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Managing fisheries is complex. Measures are often determined
based on uncertain data, in a limited time, and with a range of
different motives - economic, social, and biological - predomi-
nantly lacking the integrated perspective [1]. Several of current
fishing regimes have been found to have severe negative impacts,
not only on targeted species, but also on whole marine ecosys-
tems, and are accordingly being questioned [2,3].

Discussions of sustainable fisheries management have focused
mainly on stock recovery and sustainable exploitation rates [4],
whereas possible consequences of measures taken to improve or
sustain stock status, such as increased energy consumption or
seafloor disturbance, are seldom integrated in the same manage-
ment context. This may result in incoherent management deci-
sions, which in turn lead to overcapacity and fuel subsidies.
Besides improving fisheries economics [5], there is a cumulative
need to mitigate the net effects of a range of anthropogenic
stressors on the marine environment [6].
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The need for an overall evaluation of the impacts of manage-
ment measures can be seen in recent developments such as
increasing consumer awareness and the ongoing reform of the
EU Common Fisheries Policy [7,8]. Broader approaches, such as
strategic environmental assessments (SEA), are asked for to pre-
evaluate expected impacts of proposed fisheries management
measures in the EU [9]. As a complement, there is a need for the
post-evaluation of broader environmental impacts of measures
taken, in order to increase the transparency of the seafood sector.

1.1. Life cycle assessment and seafood production

Life cycle assessment (LCA) is an ISO standardized methodol-
ogy that relates resource use and environmental impacts to a
product from a cradle-to-grave perspective [10]. In seafood
production, early LCAs generally concluded that, of traditional
impact categories, such as greenhouse gas (GHG) emissions, the
fishing phase dominated the life cycle due to the fuel intensity
[11,12]. Fisheries management, by influencing, for example, the
type of gear used, may have implications for the resource use of
fisheries. Overcapacity and decreasing fish stocks are expected to
lead to excess effort, which could in turn influence fuel consump-
tion [11,13-15]. By shifting from a product to a management
perspective, LCA could provide a comprehensive and transparent
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evaluation of the overall environmental implications of fisheries
management measures by comparing the environmental impacts
per seafood product, revealing the magnitudes of impacts and the
potential tradeoffs between them. So far, the only study using LCA
to evaluate various fisheries management scenarios identified a
range of 17-1161 of diesel per ton of landed herring [16].
However, biological impacts were not to a great extent taken
into consideration in LCA’s as is attempted here.

If one considers biodiversity loss [17], fish stock depletion [7],
trophic interactions [18], size alteration [19], and seafloor dis-
turbance [20], which are not usually considered at present [21],
the impacts of fishing become even more serious. The problem
has been lack of methodology. One study that tried to gage
discards and seafloor area disturbed per kg of landed Norway
lobster (Nephrops norvegicus) indicated vastly different biological
impacts for different fishing practices: 15,000 m? of seafloor was
found to be affected by trawling while creeling affected only
1.8 m? of seafloor, with total discards of 4.5 kg versus 0.36 kg [22].

The present study considers differences in appropriation of
primary production from discards as a differentiated discard
impact for an LCA framework. Primary production requirements
(PPR) are considered, because primary production limits global
fisheries yield [23] and gives a rough proxy for trophic interac-
tions such as depletion of top predators, an established fisheries
impact [17,18].

A new LCA category included is the potential discard impacts
on vulnerable, endangered, and critically endangered (VEC) fish
species [24]. Fisheries are often the reason why fish are under
threat, so it is important that this impact should inform practice.
The International Union for Conservation of Nature (IUCN) Red
List is intended to protect species not specifically covered by a
management framework, as is often the case with discarded
species, and has been shown to be adequately correlated with
the results from stock assessments [25,26]. Landed fish species
are not included, but are considered as a managed, hence
controlled, impact.

1.2. Case study: The Swedish Nephrops fishery

Nephrops is one of the most valuable species in Swedish
fisheries. The fishery is located in the western coastal waters,
the Skagerrak and Kattegat (ICES area Illa SD 20 and 21, Fig. 1)
and is conducted using demersal trawls and creels. The recom-
mended and agreed-on total allowable catch (TAC) for the area
was 5170 tin 2010, of which the Swedish portion was 1359 t [27].

The Nephrops trawl fishery in the North-east Atlantic is known
to have one of the highest discard ratios in the world [28]. Discard
is the portion of the catch that is thrown back to sea, in amounts
that vary strongly with, for example, area fished, season, manage-
ment policies, economic incentives, and fisherman behavior. In
Nephrops trawl fisheries, by-catch consists to a great extent of fish
species many of which are restricted with quota. To decouple
Nephrops catches from quota-filled fish species and keep the
fishery open when quotas on other species are closed, in 2004,
the Swedish Board of Fisheries developed and implemented a
species-selective grid of Nordmere type (Fig. 2) which releases
fish through an escape window [29].

Fishing days permitted with conventional trawls have gradu-
ally been reduced since 2004 in accordance with long-term
management for cod recovery by reducing fishing mortality of
cod [30,31]. Vessels trawling without sorting grids are restricted
by both TAC and effort measures in line with the updated Cod
Recovery Plan. Grid trawling is excluded from effort regulation
due to low by-catches of cod, only being subject to a national level
effort limitation [32]. Furthermore, vessels with sorting grids are
allowed access to some areas closed to conventional trawling,

such as a no-trawl coastal zone and parts of a marine protected
area in the Kattegat (Fig. 1). From having been mainly a mixed
fishery, catching Nephrops and fish, grid introduction has led to
the development of a separate single-species fishery for Nephrops
[33]. In 2009, grid trawling accounted for 50% of total Swedish
Nephrops landings; conventional trawling landed 30%, while
creeling landed the remaining part (Fig. 3).

Selective fishing practices, however, may not reduce overall
pressure on the marine environment, as landings per effort are
lowered for gear that in this case are already characterized by high
fuel consumption [11,14,22] and seafloor disturbance [20]. Species-
selective fishing is more vulnerable when catches of Nephrops are
low, and could accordingly increase resource wastage. At the same
time, use of sorting grids could represent an improvement, as
sorting time decreases, contributing to higher quality and mitigating
overcapacity. Expert opinions on marine ecosystem stressors urge
immediate action to reduce GHG emissions and restore the structure
and function of marine ecosystems [34]. It is therefore important
that broader evaluations establish a proper framework for deter-
mining whether cutting the fleet or making it less effective would
contribute most to reaching management goals.

1.3. Aim of the study

The present study aims to evaluate the broad environmental
implications of having the Nephrops trawl fishery in Sweden
structured into two separate fisheries in response to EU regula-
tions to protect cod. This will be done using LCA expanded with
potential biological impacts. More specifically, potential tradeoffs
between the environmental impacts of introducing the species-
selective grid, such as increased seafloor area swept or fuel
consumption, are quantified in relation to possible biological
implications, such as discard impact on threatened species
(VEC) and trophic interactions (PPR).

An additional aim is to advance the development of LCA
methodology with regard to the inclusion of indicators of differ-
entiated discard impact (VEC and PPR) in the framework.

2. Methods
2.1. General life cycle assessment (LCA) methodology

LCA consists of four phases: goal and scope, inventory, impact
assessment, and interpretation of results. During the goal and scope
phase, system boundaries for the study are defined and the product
of focus, i.e., the functional unit (FU), is specified. In the next step,
inventory, all resource use and emissions of interest according to the
goal and scope are quantified in relation to the functional unit. In the
impact assessment, collected data are grouped in categories of
potential environmental impact. The most commonly used impact
category is global warming potential (GWP), in which all GHG
emissions caused in the product’s life cycle are grouped and
weighed together according to the latest scientific findings of the
Intergovernmental Panel on Climate Change (IPCC). During the
interpretation of results, the robustness of the results is tested, for
example, by sensitivity- or uncertainty analysis. The main areas of
application of LCA results are in product development, environ-
mental management, and communication (e.g., eco-labels).

2.2. Methodological choices for this study

LCA was chosen because it is the most holistic product-
oriented method for assessing environmental impacts and can
identify improvement potentials [16,35-37], and because of a
general interest in using LCA as a management tool. This
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Fig. 1. ICES area Illa SD 20 and 21.

Fig. 2. The Nephrops sorting grid (illustration: Jiirgen Asp).

particular fishery was chosen to build on the findings of an earlier
study [22] of the wider environmental implications of promoting
sorting grid use in trawl fisheries.

System boundaries include Swedish trawl fishing operations
targeting Nephrops in terms of fuel production and consumption,
seafloor disturbance, and impacts of discards and landings
(Table 1). The time frame is one year, 2009, providing a snapshot
of the fishery. Production of fishing vessels and gear was not
included because they are known to make a minor contribution to
the total result [38], especially in resource-intensive fisheries
such as trawling, and are also an equal background system, since
the same boats use both types of gear. The functional unit (FU),
1 kg of landed total catch, was chosen because this is the
managed output of the different fishing fleets and because grid
landings are replaceable with landings from conventional traw-
lers targeting Nephrops, regardless of species composition.

2.3. Data sources, assumptions, and limitations

All studied impacts were analyzed separately for Kattegat and
Skagerrak, as some differences between the areas, such as marine

habitat, species distribution, and, to some extent, different man-
agement measures, could affect results. A marine protected area
in the Kattegat affects the fishing grounds available for the gear
and the no-trawl coastal zone extends three nautical miles in the
Kattegat, versus four nautical miles in the Skagerrak. The sampled
trips belong to Nephrops-targeted operations as defined by the
Board of Fisheries, i.e., a minimum of 10% of the landings by mass
consist of Nephrops. Discard survival rate was set to zero,
although gear type and species exhibit differences, as too many
factors interfere in order to include survival rates [39].

A fuel consumption model based on installed engine power
(kW) [40] was applied to Swedish logbook data and adjusted to
usage of only 40% of kW during trawling, based on estimates from
interviews with fishermen (12 boats landing approximately 25%
of the Nephrops trawl landings). A vessel’s diesel consumption per
trawling hour is assumed to be approximately the same whether
or not the grid is used, although absolute figures could be
influenced by differences in trawling depth, gear configuration,
speed, location, and weather [41]. Energy use per landing is hence
mainly affected by catchability. A maximum transportation speed
was applied to every first haul in a day, assuming 2 h for grid
trawling in the Skagerrak (3 h for conventional) and 1.5 h for grid
trawling in the Kattegat (2.5 h for conventional). Model assump-
tions are tested in a sensitivity analysis. Data collected and
compiled by the Board of Fisheries on absolute annual fuel use
by fishermen were not made available in a format detailed
enough for the purpose of the present study for confidentiality
reasons, but were used for double-checking. Combustion figures
for diesel (MK1) were taken from the Swedish Petroleum &
Biofuel Institute (www.spbi.se).

In terms of seafloor disturbance, area swept was assessed by
differentiating between the proportional use of single versus
double trawls. Gear indices were based on data from Nilsson
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Fig. 3. Contributions of different types of gear to Swedish Nephrops landings, 1999-2010.

Table 1
Resource use (fuel) and impacts assessed per functional unit in this study.

Impact Unit

GWP CO,e

Fuel use Liters diesel

Total discard Kg

PPR kg C

VEC Individuals of threatened species (vulnerable,

endangered or critically endangered according to
IUCN criteria)

Target stock Qualitative+kg juveniles discarded

Seafloor m?

and Ziegler [42], i.e., 0.22km?h~! for single trawls versus
0.39 km? h~! for double trawls at an average trawling speed of
2.5 knots, and applied to logbook data.

2.4. Data analysis and impact assessment

Based on earlier LCA results for capture fisheries in combina-
tion with our own beliefs as to what approximately characterizes
a sustainable fishery, we limited the environmental impacts
studied to fuel use with associated GHG emissions, discards (i.e.,
total discard quantity), PPR, VEC, seafloor area swept, and a
qualitative discussion of target species impact (Table 1).

Inventory data included were discard quantity, target juveniles
caught (see Ziegler et al. [43]), and seafloor area swept (see
[22,42,44]). As for impact assessment, GWP [45] and Biotic
Resource Use (BRU) [46] have previously been included in the
LCA context. BRU captures the amount of carbon from primary
production needed in aquaculture to produce 1 kg of wet weight
of the cultured species. In this study and for capture fisheries in
general, this is better addressed for what it is, i.e., PPR, as was the
original intention of the equation [47], because PPR is only one
component of the slightly vaguer BRU concept.

Species discarded that have a regional status in Sweden as
critically endangered (CR), vulnerable (VU), and endangered (EN)
in compliance with IUCN criteria [24], together with (in this case)
species under regional protection (Swedish Board of Fisheries,
www.fiskeriverket.se), are included as individuals of VEC species
discarded per functional unit.

3. Results

Some of the inventory data are only presented as inventory
results, while others are characterized.

3.1. Target stock

The definition of the fleet resulted in coverage of 96% of trawl
landings. Sorting grid-equipped trawls effectively sorted out
undesired fish species according to both logbook and observer
data (Fig. 4(a) and (b)). Fig. 4(b) describes the species composition
of the functional unit.

The main fish species protected by grid use are cod (Gadus
morhua), haddock (Melanogrammus aeglefinus), hake (Merluccius
merluccius), and saithe (Pollachius virens). For conventional traw-
lers, cod accounted for 20% of the landings (25% of catch) by mass
in the Skagerrak and 8% (9% of catch) in the Kattegat (Fig. 4(a) and
(b)). Grid trawling caught mainly flatfishes and juvenile Nephrops,
notably Common dab (Limanda limanda) in the Kattegat.

As for impact on Nephrops stock, Sweden landed a total of
1331t of Nephrops in 2009 (quota 1359 t). In mass, Nephrops
accounts for 96-97% of the landings in grid trawling; in conven-
tional trawling, Nephrops accounts for 63% of the landings in the
Kattegat and 40% in the Skagerrak. The economic value of the
Nephrops part of the landings was 98% for grid landings in the
Kattegat (87% for conventional); in the Skagerrak, the economic
value of the Nephrops part was 99% for grid landings but only 75%
for conventional trawl landings. The Nephrops stock in the
Skagerrak and Kattegat is currently considered as being exploited
sustainably at a level below a proxy for MSY [48].

Conventional trawling in the Skagerrak was also found to
produce a low amount of discarded juvenile Nephrops compared
with the other categories studied (Table 2). A high amount of
discarded Nephrops does not necessarily have to represent a
significant target stock impact. Discards have been included in
assessments since 1999 and the high discard rate is coupled with
a large minimum landing size (40 mm carapace length), which
allows reproduction before being landed [49]. The total effect on
the Nephrops population is unknown, but it has been suggested
that release of juvenile Nephrops reduces instant fishing mortality
[50]. According to fishermen, the grid sorts out the largest
individuals limited by the distance between the bars, possibly
reducing stock impacts as larger females are more fecund.
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Fig. 4. (a). Catch composition by mass from observer data. Top row, Kattegat conventional (left) and grid trawl (right); bottom row, Skagerrak conventional trawl (left) and
grid trawl (right). (b). Landing composition by mass as reported in logbooks. Top row, Kattegat conventional (left) and grid trawl (right); bottom row, Skagerrak

conventional (left) and grid trawl (right).

3.2. Discard quantity and composition

Discard quantity and species composition differed consider-
ably between the two kinds of trawling (Table 2). Grid trawling in
the Kattegat produced the highest amount of discard/FU. How-
ever, the main portion of discard species in conventional trawling
consisted of valuable and quota-restricted fish species such
as cod, haddock, and whiting (Merlangius merlangus); in grid
trawling, mainly juvenile Nephrops were discarded, in the Katte-
gat together with flatfish of low economic value, such as small
dab.

The high dab occurrence in Kattegat grid trawling could be
because conventional and grid trawling are more spatially sepa-
rated in the area (Fig. 5). Survey data have indicated that the
occurrence of juvenile dab is much higher closer to the coast.

3.3. Seafloor and energy use

Trawling intensity is heavily aggregated (Fig. 5), making
certain areas more affected than others. The highest intensity of
seafloor disturbance is found within four nautical miles of the
coast in the Skagerrak, an area open only for grid trawls and
passive fishing gear.

For the Skagerrak, single trawls dominate grid trawling prac-
tice, representing 74% of effort, whereas single trawls account for
only 47% of conventional trawling effort. In the Kattegat area,
generally higher use of double trawls (almost 70% of the trawl
effort of both practices) resulted in a slightly higher seafloor
disturbance per kilogram of Nephrops for both types of gear than
did grid trawling in the Skagerrak. Based on these differences, the
seafloor area swept per kg of Nephrops was in the range of
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Table 2
Discard data per kg landed (with s.e.); hauls were aggregated into boat means.

Gear and area No. of No. of No. of Total discard Nephrops VEC (No.) PPR
vessels sampled trips hauls (kg) discard (kg) (kg C)
Skagerrak grid 8 11 21 1.3+0.1 0.70 + 0.1 0.5+0.1 31+6
Skagerrak conventional 8 12 22 1.2+04 0.17+0.1 3.2+0.1 120 + 37
Kattegat grid 5 12 23 25405 0.81+0.2 1.0+04 88 +22
Kattegat conventional 7 14 27 1.7+03 0.75+0.2 2.7+0.6 89+19
Conventional
N Trawling hours
" per 3 km x 3km area -
=o-27 -
-1
72-143
B 144 - 250
W 251 - 445
B 447 - 018
I 917 - 2,285
Fig. 5. Aggregated trawl effort for conventional (left) and grid trawling (right) in 2009.
9 . . L )
10,009—22,000 m~, with conventional tr%lw!mg in the Skagerr.ak 2007 e Kattegat
contributing to the lowest value and grid in the Kattegat twice 180 oConv Kattegat
the value. . . . B Grd Skagerrak B
Fuel consumption varied I?etweeq 1.3 and 2.41 of fuel con- 1 oconv Skegerak
sumed per kilogram of landings, with Skagerrak conventional 1.40+ ]
trawling being the most energy-efficient practice and grid trawl-
ing needing nearly twice the amount per landing. These results 1201
were tested in a sensitivity analysis. 1.004
3.4. Overall resource use and impact assessment results ]
060
All inventory data and impact assessment results are pre- .
sented in Fig. 6; inventory data, such as seafloor area swept and )
discards, are included in the same graph as these results are 0.20 1
relevant without defining the potential impact. Conventional 0.00
trawling generally used less fuel and disturbed less seafloor area ' Seafioor  Fuel Discard VEC PPR Target GWP
juveniles

per kilogram of landings than did grid trawling; however, grid
trawling is superior in protecting threatened species.

3.5. Sensitivity and uncertainty analysis

3.5.1. Change of functional unit

If the aim is to keep the trawl fishery for Nephrops open,
evaluating impacts per kilogram of landed Nephrops could be of
interest. Choice of adequate general allocation method to share
impacts and resource use between multiple outputs has been
debated before [51,52], but, justified by the fact that conventional
trawling targets the most profitable mix and grid trawling was
developed to catch the economically important Nephrops, impacts

Fig. 6. Relative contribution (value of 1 is average of all practices) to mean levels
of trawling impact for 1 kg of landings of the four fishing practices.

are allocated between Nephrops and fish landings based on the
percentage of total economic value (Fig. 7). Note that the
remaining allocated figures for landed fish species should not be
used separately.

The dominant trawl practice in terms of contribution to
Nephrops landings is single grid trawl in the Skagerrak area (28%
of trawl landings). The new results indicated little if no tradeoffs
per kilogram of Nephrops caught with grid, only fewer threatened
fish caught and a lower PPR (Fig. 8).
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Fig. 8. Relative contribution (value of 1 is average of all practices) to mean levels
of impact for landing 1 kg of Nephrops after economic allocation.

3.5.2. Implications of differences between types of gear

The general assumption of an average speed of 2.5 knots was
confirmed by analysis of VMS data. However, grid trawling, i.e.,
clean Nephrops trawling, would generally require less speed than
fish trawling, and a slight difference in speed between the types
of gear was also confirmed by VMS analysis (Fig. 9). This
difference gives grid trawling a (not accounted for) lower seafloor
area swept impact than that of conventional trawling, reducing
originally assumed differences.

Differences in transportation distance assumed in the
model did not significantly alter the final results. The higher
speed of conventional trawling (Fig. 8) would increase the fuel
consumption per effort. Other potential differences, such as, drag
resistance and weight, would likely also contribute to grid
trawling being more fuel efficient than conventional trawling
(Table 3).

4. Discussion

Grid trawling complies well with management objectives,
which are to reduce fishing mortality of cod. However, from a
broader perspective, grid trawling has some tradeoffs and there
are regional differences for the practice. Resource use in terms of
fuel use per total landings is higher using grid trawls, approxi-
mately 11 extra per kilogram landed, but this inefficiency is less
important than the superior protection of threatened species
contributed by grid practice. In addition, this study found that
discard was highest in the Kattegat grid fishery; however, in
terms of susceptibility to impact (VEC) and extent of disturbance
(PPR), grid trawling is still superior to conventional trawling.
Survival potential is also generally higher for discarded flatfishes
and juvenile Nephrops than for the gadoid fish species discarded
to a greater extent in conventional trawling. If the impacts are
seen per kg of Nephrops landings (after economic allocation), no

40 -
35 4
30
25
20 |
15 A

10

[¢] - T v - T - T T T !

2 2.1 2.2 2.3 2.4 25 2.6 2.7 2.8 2.9 3

Fig. 9. Distribution in percent of vessel speed in knots for the two types of gear in
the 2-3 knot interval.

Table 3
Likely direction of fuel use if it is not equal between types of gear; + = increase, -
= decrease.

Netting? Depth” Weight® Location?

Grid - - - —
Conventional + + + +

2 Grid uses a square mesh with better hydrodynamics.

b Grid is generally used in shallower areas due to optimization of gear
performance.

¢ Grid has a lower total catch to be hauled.

d Grid trawling generally occurs closer to the coast.

general elevated fuel use or seafloor impact is seen, suggesting
that at present fish stock levels, grid trawling is not generating
significant tradeoffs when targeting Nephrops; instead, it has a
lower impact on threatened fish species and lower PPR. With the
proposed discard ban in the upcoming reform of the EU Common
Fisheries Policy, a selective practice such as grid trawling would
be preferable, though it is important to be aware of compromises
in other areas, such as fuel consumption.

By this study, it was demonstrated that LCA can be used to
quantify potential tradeoffs from a management measure and to
contrast regional effects (i.e., restoration of locally depleted fish
stocks) to potential global effects (such as GHG emissions). Higher
resolution of discard impacts was obtained by applying PPR and
VEC to the discard mass.

4.1. Implications for fisheries managers

Integrated assessments should be carried out to ascertain the
likely magnitude of the possible imposed tradeoffs and then
determine priorities in order to mitigate the overall impacts of
fisheries. LCA could quantify compliance with progress towards a
good water quality status by 2020, as mandated by the EU Marine
Water Directive [53]. Grid trawling would, in this context,
probably be superior to the mixed fishery in terms of threatened
species (descriptor 1), depletion of the populations of commercial
fish species (descriptor 3), and trophic level distortions (descrip-
tor 4). However, seafloor integrity (descriptor 6) is still relevant to
grid trawling (a type of demersal trawling), which is allowed in
areas protected from conventional trawling. As muddy habitats
are important fishing grounds, they are often difficult to protect
due to their economic value to fisheries. The trawling intensity of
these habitats in coastal areas probably leaves few areas not
permanently altered, making the protection of a few areas of
biodiversity reserves important for replenishing the disturbed
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areas. The seafloor impact of grid trawling needs to be further
addressed in the future.

The reform of the EU Common Fisheries Policy (CFP) [8]
implies that ecology must be a top priority and a prerequisite
for other sectors. However, social and economic consequences
have traditionally had and will likely continue to have great
influence in future CFP versions. Earlier findings have contrasted
low GHG emissions from small vessels with high accident risk
[54]. The grid construction, according to fishermen, is prone to
higher accident risk and may become clogged. Separation of the
two trawl practices is only economically viable due to the current
large minimum landing size and associated market prices. The
question is whether the top priority should be to subsidize
selective trawling (to increase profit margin and security on
board) or cut fossil fuel subsidies and reduce GHG emissions. It
should also be noted that single-species fisheries driven by
depletion from formerly fished stocks could incur increasing risks,
in terms of both production stability and profits [55]. As present
fish stock levels in the area do not allow a sustainable mixed
fishery, it could be questioned why the trawling fleet should
continue to catch a mainly luxury food item when creeling is an
alternative with considerably less associated impact [22].

4.2. Implications for LCA methodology

The former LCA study [22] of trawled Nephrops identified
higher fuel consumption than was found here. First, a different
approach to modeling was used and the system boundaries were
set differently; for example, the former study used sample fuel
data covering yearly fuel use instead of modeling the whole fleet,
aggregated Kattegat and Skagerrak, and using a different defini-
tion of the Nephrops fleet. Second, data from all demersal fisheries
in Sweden indicate a trend towards decreased fuel consumption
of approximately 40% per landing from 2003 to 2008 [56]. The
data in [22] was from 2004 which according to [56] was the
highest in terms of fuel use. In addition, Nephrops catches in 2009
were relatively high at 1334 t, whereas in 2004 - the year of the
earlier study - only 906t of Nephrops were landed, leading to
relatively high fuel consumption. This indicates limitations of
snapshot studies. Earlier findings derived from examining longer
periods indicate great between-year differences in pelagic fish-
eries [57], making different studies difficult to compare. Absolute
values for fuel use are not only depending on which approach
used, but could also be sensitive to boat sizes in sample data and
which transportation scenarios chosen (e.g. speed, length), as it
recently was shown that the fuel need derived from this study
might be a bit optimistic (Ziegler and Hornborg, in preparation).

This study also demonstrates that accounting only for discard
quantity in LCA is a rough measure of impact on the marine
ecosystem. Although total discard quantity is high, differences in
species composition may imply that the result is not as serious as
initially appears. Accordingly, the discard indicators chosen in
this study increasingly identify potential environmental effects of
fisheries than simply total discard quantity. However, one area of
concern for VEC is the divergent perspectives of conservation
biology and fisheries management. The lowest decline rate of a
species to fall under the IUCN Red List threatened species criteria
is a population reduction of 50% in ten years or three generations.
The same decline rate could according to management objectives
be a fully sustainable exploitation, as the theoretic biomass at
maximum sustainable yield (Bysy) is in general at 50% reduction
of natural biomass [58]. Possible discrepancies between sustain-
able natural resource exploitation and adverse effects need to be
further addressed in terms of the biological impacts of fisheries
however, congruent assessments from both perspectives have
been found in the area of study (Hornborg et al., in preparation).

In terms of the PPR of discards, LCA can provide interesting
insights. Trawling for Norway lobster can be compared to salmon
aquaculture in terms of acquisition of primary production. Dis-
cards acquire 31-260 kg C per kilogram of Nephrops (economic
allocation), equivalent to or even higher than the appropriation
from feed in salmon culture, i.e., 18-137 kg C per kilogram of live-
weight salmon [59]. The results indicate that discard is a hidden
cost of fisheries, making use of PPR as a sustainability tool
interesting if cautions are made on which data sources
and historical time frame that are used (Hornborg et al.,
in preparation). According to estimated %PPR from landings in
relation to availability [60], the North Sea area was found to have
a 40% probability of being sustainably fished, making accounting
for PPR in fisheries important, though further elaboration of the
implications, in terms of impact, of different PPR levels is
recommended.

5. Conclusions and future recommendations

Species-selective trawling for Nephrops fulfils the objectives
for fish by-catch management in the area; however, from a
broader perspective, it is more resource intensive than conven-
tional trawling in terms of fuel use and seafloor disturbance per
landed kilo. Still, per kg of Nephrops (after economic allocation),
grid trawling is superior in terms of threatened species affected
while being equal in fuel use. Using LCA, the seafood industry can
be made more transparent and potential tradeoffs in resource use
and environmental impacts can be identified to facilitate
improvements and better resource use. Future modeling of the
implications of primary production requirements, threatened
species impact, and target stock long-term wastage would
improve the results.

More data of greater detail are needed to increase the accuracy
of assessments. A study linking vessel size and fish mortality in
Danish fisheries suggested a logarithmic increase for gear size
[61]; this would be interesting to study in greater detail, as no
data were available on individual trawl width. Less secrecy
regarding fuel consumption in fisheries would also foster
improvement.
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