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Danish  fishermen  have  provided  information  on dynamics  in  their  fuel  consumption,  running  costs,  and
fishing  patterns  through  a web-based  questionnaire.  This  detailed  documentation  of  the  fishing  prac-
tices  is used  in  spatial  modelling  tools  to improve  advice  and  research  for fisheries.  The  tools  integrate
detailed  information  on vessel  distribution,  catch  and  fuel  consumption  for different  fisheries  with  a
detailed  resource  distribution  of  targeted  stocks  from  research  surveys  to evaluate  the  optimum  con-
sumption  and  efficiency  to  reduce  fuel  costs  and  the  costs  of displacement  of  effort.  The  energy  efficiency
for  the  value  of catch  per  unit  of fuel  consumed  is analysed  by merging  the  questionnaire,  logbook  and
VMS  (vessel  monitoring  system)  information.  Logic  decision  trees  and  conditional  behaviour  probabilities
are  established  from  the responses  of  fishermen  regarding  a range  of sequential  hypothetical  conditions
influencing  their trip  decisions,  covering  the  duration  of  fishing  time,  choice  of fishing  ground(s),  when
to  stop  fishing  and return  to  port,  and  the choice  of the port  for landing.  Fleet-based  energy  and  econ-
omy  efficiency  are  linked  to  the  decision  (choice)  dynamics.  Larger  fuel-intensive  but  efficient  vessels
conducting  pelagic  or industrial  fishing  are more  inclined  to base  their  decision  on  fish  price  only,  while
numerous  smaller  and less  efficient  vessels  conducting  demersal  mixed  or  crustacean  fishery  usually
consider  other flexible  factors,  e.g.,  the  potential  for  a large  catch,  weather,  previous  knowledge  and

experience,  and  the  distance  to/from  port,  which  affect  the  number  and  duration  of trips  and  the  fuel
consumption.  Integration  of  the results  into  our recently  developed  spatially  explicit  individual-based
fishing  vessel  model  (IBM)  incorporate  the  variability  and predict  the  adaptations  of  individual  fishermen
to resource  availability  dynamics,  increasing  fuel  prices,  changes  in regulations,  and  the  consequences  of
socioeconomic  external  pressures  on  harvested  stocks.  A  new methodology  is described  here  to  obtain
quantitative  information  on the fishermen’s  micro-scale  decisions  initially  required.
. Introduction

Economic and energy efficiency has drawn increasing attention
nd causes concerns in the fishing capture sector because of rising
uel prices which cannot be expected to decrease over the coming
ecades (Tyedmers et al., 2005; Sumaila et al., 2008; Audsley et al.,
009; Driscoll and Tyedmers, 2010). The reduction of CO2 and pol-

utant emissions is also a focus area for shipping and fisheries as
t impacts the global climate debate and politics. To establish less
uel-intensive fishing practices for seafood production was  already

 key issue three decades ago (FAO, 1995) and extensive efforts
ave been expended to find technical solutions for this such as
nvestments in new energy efficient propellers, gears and other
quipment, engines, vessel hulls as well as a general modernisation
nd renewal of the fishing fleet (Suuronen et al., 2012).

∗ Corresponding author. Tel.: +45 35883398; fax: +45 35883333.
E-mail address: fba@aqua.dtu.dk (F. Bastardie).

165-7836/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.fishres.2013.01.018
© 2013 Elsevier B.V. All rights reserved.

Recent policy developments such as the EU Marine Strat-
egy Framework Directive (MSFD) (EC, 2007) acknowledge that
economic and energy efficiencies in fisheries are important com-
ponents of ecosystem-based approaches to fishery management.
A future policy outcome may  be the definition of environmentally
friendly fisheries that acquire a sustainability certificate for energy
use (e.g., carbon labelling for attaining a low footprint aimed at
changing consumer habits, Thrane et al., 2009) in the same way
that a marine stewardship council (MSC) certification was  set up
for good fishing practices advised by the FAO Code of Conduct (FAO,
1995).

When including energy efficiency objectives of fisheries in mar-
itime policies it is essential to acknowledge the large heterogeneity
of individual vessel operations, both when setting policy targets
and when defining the means (regulations) of achieving the tar-

gets. This goes for all policies pertaining to fishing activities such as,
e.g., area-based management in the form of fine-scale real-time clo-
sures or marine protected areas (e.g., Eastwood et al., 2007; Holmes
et al., 2011; Needle and Catarino, 2011). Because these measures

dx.doi.org/10.1016/j.fishres.2013.01.018
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
mailto:fba@aqua.dtu.dk
dx.doi.org/10.1016/j.fishres.2013.01.018
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20 F. Bastardie et al. / Fisherie

ffect energy and economic efficiency of individual vessels, side
ffects such as ‘borderline’ fishing have been identified, which can
ometimes negate the expected policy outcome (Dinmore et al.,
003; Suuronen et al., 2010; Bastardie et al., 2010a; Mascia et al.,
010; Smith et al., 2010; Fox et al., 2012). For example, the eco-
omic return of closures is uncertain over the short term especially
hen fisheries are excluded from the high catch rate zones (Smith

t al., 2010), which overall affects catch rates, prices and markets.
he compliance and response of fishermen to management actions
s a key factor to be accounted for in managing fisheries (Wilen
t al., 2002; Nøstbakken, 2008; Fulton et al., 2011), and it is critical
hat potential unintended and undesirable outputs (the so-called
implementation errors’) resulting from hidden disincentives (e.g.,
xtra costs, loss of catching power) can be identified at an early
tage and, if possible, tested prior to the implementation of the
egulations to avoid suggesting suboptimal and inefficient regula-
ions. Consequently decision tools that take into account variability
n energy efficiency, fishing tactics and choices among vessels are
mong the prerequisites for proper policy making.

Agent-based modelling (Dreyfus-Leon, 1999; Millischer and
ascuel, 2006; Beecham and Engelhard, 2007) offers a framework

o incorporate individual decisions and their processes in fisheries.
n important goal of this type of modelling is, among others, to
ircumvent the so-called ‘ecological fallacy’ problem (Robinson,
950) that arises from the aggregation of heterogeneous factors,
uch as the aggregation of different fishing activities, which might
eglect the internal variability among vessels. With off-set in agent
ased modelling, we have so far established a spatial bio-economic

ndividual vessel-based model (IBM) where the efficiency in a
shery can be evaluated according to energy consumption and
rofit (Bastardie et al., 2010b). This model includes a decision tree
nabling the IBM to mimic  the individual sequential decisions of
ndividual fishermen. A key step is to strengthen this aspect by
mpirically establishing realistic decision trees and their inter-
inkages, which would improve the precision in IBM modelling of
ndividual vessel behaviour.

The present paper describes the methodology and quantifica-
ion of energy efficiency in the catch sector segmented by the
shing (or métier) exemplified by Danish VMS-equipped vessels
i.e., >15 m in length, EC, 2003) through the coupling of their log-
ook and VMS  data. Estimated fuel consumption is allocated to
he particular species landed and specific fishing methods. Because
shing operations and procedures are likely to influence the energy
fficiency, we introduce a web-based questionnaire designed to
valuate fisherman tactics and behaviour to ultimately inform the
BM with the collected answers. The responses of the fishermen
re converted into quantitative information which can direct and
trengthen the completion of any individual vessel-based model
edicated to the evaluation of energy and economic efficiency for
upporting well-informed incentive-based conservation policies.

. Materials and methods

.1. Design of the questionnaire

The questionnaire concern vessel fuel consumption, costs per
shery, and the details of fishing patterns and effort. The ques-
ionnaire is Internet-based and written in the PHP web  language
http://www.php.net) as well as connected to a MySQL database
Beighley and Morrison, 2009). The use of a web interface has the
dvantage of wider coverage for the survey than time-consuming

ace-to-face interviews. The questionnaire was answered by the
ndividual with the best knowledge of the vessel fishery, fish-
ng pattern and economy. The incentive provided for completing
he questionnaire was a lottery for a money prise among the
rch 143 (2013) 119– 130

respondents and assurances that the results are only used for
research purposes to transform the fishermen’s detailed knowl-
edge into models, evaluation tools and methods that can provide
the fisheries with research and advice. The information obtained is
treated confidentially and no individual information is published.
The respondents are asked questions in three main areas (supple-
mentary materials): (i) the individual vessel fuel consumption per
hour (when either steaming or fishing) and costs over the last year
for their main fishing activity; (ii) their attitude and reactions to
hypothetical fishing situations to determine their trip decisions
and tactics; (iii) their potential reactions to external impacts such
as increasing fuel prices. Questions on information that could be
retrieved from other sources (e.g., logbooks) are not asked.

2.2. Quantification of energy (VPUF) and economic efficiency
(VPUE) per activity

The coupling of satellite-based VMS  data with the logbook dec-
laration of landings and sale slips is presented in Bastardie et al.
(2010a). This coupling enables a proxy of economic efficiency to
be computed in terms of the monetary value of the landings per
unit effort (VPUE), where one fishery might be recognised as more
efficient than others if they use less input effort for obtaining a
comparable value in output. The energy efficiency is measured in
terms of the monetary value of the landings obtained per unit of
fuel (VPUF). From the questionnaire responses, a proxy for fuel con-
sumption per hour (C) is estimated for each vessel. Different fuel
consumption during the steaming and fishing activities for trawlers
is assumed as well as when the vessel is inactive at sea (all positions
with speed less than 1 knots):

C = (3.976 + 0.236 × kW) × A (1)

given the power of the engine in kW (known from the national
vessel register), with the multiplier A being 1, 0.8 and 0.1 for
the fishing, steaming and inactive states, respectively (extracted
from the answers). C is then connected to the VMS  data (to link
to the hours at sea) and the official logbook declaration (to link
to the declared landings). An energy audit including collection of
the annual fuel consumption data for 46 Danish vessels was  con-
ducted in 2009 (Jakobsen, 2011), offering the possibility to regress
upon and assess the quality of fuel consumption per hour proxy
(R2 = 0.78) based on the questionnaire.

Energy efficiency in terms of the diesel consumption during dis-
placement can be expressed in litres of fuel consumed during the
entire trip at sea (steaming plus fishing) related to either the mon-
etary value or to the weight of the landings. Energy efficiency in
kg refers to the uptake in terms of the protein energetic value (e.g.,
edible energy return on investment, EROI), while energy efficiency
in value (value per unit fuel, VPUF) refers to uptake in terms of cash
profit for the fisheries-segment or the society as a whole. These
two measures have different implications as particular fisheries are
likely to obtain a low volume of catch which is actually highly prof-
itable. For others, a high volume of catches may  have a low price
depending on market price dynamics. Because the economy is more
likely to drive the fishermen than catch volume per se, only VPUF
are analysed here.

The segmentation of the fishing activity into a set of fisheries
(also called ‘métiers’ in Europe) is performed according to the EU
Data Collection Framework (DCF; EC, 2008) that groups fishing
operations into several combinations: (i) a type of fishing gear (OTB:
otter bottom trawl; OTM: otter mid-water trawl; PS: purse seine;
PTB: pair bottom trawl; PTM: pair mid-water trawl; SDN: anchored

seine; SSC: fly shooting seine; GNS: set gillnet; and DRB: dredge, see
http://www.datacollection.jrc.ec.europa.eu/dcf-legislation); (ii) a
target assemblage of species (DEF: demersal fish; SPF: small pelagic
fish; CRU: crustaceans; and MOL: molluscs, see EC, 2008); and (iii)

http://www.php.net/
http://www.datacollection.jrc.ec.europa.eu/dcf-legislation
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 mesh size range for the trawl or the net (in mm)  with the pur-
ose of identifying activities with similar exploitation patterns. The
CF segments are, thus, supranational entities to which EU regu-

ations apply. The identification of the target assemblages usually
erformed from declaration of catches (logbook data) is subject to

mprovements discussed elsewhere (Deporte et al., 2012). Here we
se the current DCF métiers keeping the 30 most fuel-intensive
étiers within the Danish fleets in 2010; less frequent métiers are

ooled into an ‘other’ category. VPUE and VPUF are also compared
ith an additional segmentation of grouping vessels by length cat-

gories (15–18 m,  18–24 m,  24–40 m,  and >40 m)  to identify the
ontribution of the vessel type in the estimates.

The fuel dependency of each fleet segment is the percentage of
uel cost in relation to (ratio of) the revenue from landings. The fuel
ost for each vessel is deduced from the fuel consumption multi-
lied by the average fuel price per litre for each vessel size category.
he fuel price is calculated as the total fuel cost divided by the total
uel consumption for each category of vessel size. The stability of
he aggregated VPUF per fleet-segment over years is investigated
y a linear model for the period 2005–2010:

PUFyear,fleet = ˇ1 + ˇ2RFLEETyear + ˇ3RPRICEyear,vsize

+ ˇ4RVPUCyear,fleet,stock
+ ˇ5RBIOMyear,fleet.stock

+ ˇ6RTVOLyear,stock
(2)

here the term RFLEET denotes the categorical fleet segment vari-
ble, RPRICE the relative fuel price per vessel size category vsize
scaled to maximum within the time period, i.e., 2008), RBIOM the
elative abundance of the species (provided by ICES stock assess-
ent) specific to the fleet-segments, and RVPUC the relative fish

rice of the main targeted species (which is also fishery specific).
TVOL is the relative total landed volume for the main targeted
tocks, where  ̌ denotes the coefficient parameters of the mul-
iple linear model. The main targeted stock for a given fisheries
orresponds to the species with the highest VPUE for the given
shery.

.3. Revealing the decision trees behind the fishing tactics

Heterogeneity in energy consumption and efficiency depends
n vessel type, vessel operation and vessel speed. The fishing tactics
re related to the choice of fishing grounds, targeting of stocks and
orts, etc. Decision choices on the way fishing is operated are likely
o result from a mixture of various triggering factors that make reac-
ions to encountered situations (various feedbacks, thresholds, etc.)
ariable. Tree-based decision classification is well suited to investi-
ate such non-linear and mechanistic relationships (Ripley, 1996).
nswers from fishermen are yes/no-answers that enable them to
e partitioned into binary graphic trees. These binary graphic trees
re computed with the R add-on package ‘rpart’ (Therneau et al.,
009). Trees represent the splitting of the answers to each ques-
ion according to a list of categorical variables, each having two
r more levels, for all combinations of levels representing as many
f the hypothetical encountered situations as possible (supplemen-
ary material A.1). The root of each resulting tree is the top node, and
bservations are passed down the tree with decisions being made at
ach node until a terminal node (or leaf) is reached (Ripley, 1996).
he identification of the relevant variables was performed from
revious studies (Nielsen and Mathiesen, 2003; Christensen and
aakjær, 2006; Andersen et al., 2012). To ensure that the right ques-
ions are asked, a qualitative in-depth interview was performed

ith three selected fishermen, where the relevance of the ques-

ions, design of the survey, and range of suggested response values
re evaluated. Instead of asking for the full possible combinations
f variables, each of the six questions (supplementary material
rch 143 (2013) 119– 130 121

A.1) asks the respondent to answer a sample of four situations
only to reduce the individual load. Allowing the tree classification
to be estimated from fewer responses, a D-optimal experimental
design was implemented to help in identifying a reduced opti-
mal  set of combinations among all of the possible combinations
(Cook and Nachtsheim, 1989; Wheeler, 2004). The questionnaire
was answered by 34 respondents representing approximately 10%
of the 275 targeted vessels covering 15, 13, 5 and 1 of the vessel
size categories 15–18 m,  18–24 m,  24–40 m,  >40 m,  respectively.
Six decision trees are built from the answers where each respon-
dent reply on four potential situations, corresponding to a total of
more than 100 answers per question.

2.4. Investigation of the reactions to increasing fuel prices

The everyday practices of fishermen can be affected by new
events and external factors such as the implementation of new
or modified regulations (e.g., multiannual management plans
affecting effort levels; EC, 2007), increasing fuel prices and price
dynamics. To evaluate the adaptability, trend or inability to comply
with the changes and external factors, the fishermen are asked for
their potential reactions on increasing fuel prices in particular cases
by a yes/no multiple entry question (supplementary material A.2).
The purpose of this is to design well-informed effort displacement
and reallocation scenarios for which the consequences on sustaina-
bility of the fisheries can be tested by modelling. Answers cover 21
vessels only because the length of the questionnaire was  reduced
at the mid-period of the investigation to increase the response rate.

3. Results

3.1. Effort, landings and spatial application

Overall, the nominal fishing effort of the Danish fleet above
15 m decreases over the period 2005–2010. A similar decrease is
observed in the fleet capacity as measured by the number of active
vessels (469–275), whereas the value and weight of landings is
almost identical between 2006 and 2010 (251 and 266 million euros
and 672 and 619 thousand tons, respectively, Fig. 1). The total esti-
mated fuel consumption decline from 181 to 118 million litres,
leading to a change in energy efficiency from 3.70 to 5.25 kg caught
per litre (∼4.42 against 6.24 landed tons per ton of fuel). In the
particular case of the central Baltic fishery (Fig. 1), the decline in
total fuel consumption is accompanied by an increase in average
fuel consumption per vessel, which indicates a change in the com-
position of the vessel size in this area towards larger vessels. The
fuel dependency is expected to increase together with increasing
fuel prices. However, the percentage of fuel costs compared to the
revenue is variable between fleet-segments (Table 1) but remains
stable within fleet-segments, even if a peak is observed for 2008, a
general indication of the better use of fuel by the vessels remaining
in the fishery in recent years.

The location of the landings of Danish vessels is clearly
distinguished according to the type of fishery and the fishing man-
agement areas (North Sea, Skagerrak, Kattegat and Baltic Sea). The
main fuel consumption in Danish fisheries comes from vessels land-
ing in the North Sea and Skagerrak harbours where the larger
ports have specific industries for processing the high amount of
industrial and pelagic catches, as well as the landings of North Sea
mixed demersal species. In Southern Denmark, the fuel consump-
tion is dominated by vessels fishing brown shrimp. The Pandalus

shrimp fishery explains the fuel consumed in the Skagerrak area
while Nephrops is the main fishery in Kattegat. The fuel consump-
tion of the Danish fishery in the Baltic Sea originates mainly from
vessels landing cod or sprat. Some Danish vessels usually land in
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3.2. Energy and economic efficiency

The trends and differences in energy efficiency and the economic
efficiency between fisheries are apparent when comparing fuel
ig. 1. Periodical (2005–2010) landing value (bars), fishing effort (solid line), total fu
dotted  line) and number of vessels (solid grey line) in all fishing areas around Denm
5–32)  (lower right figure).

oreign ports, mainly within the pelagic fishery (Norway), the Pan-
alus fishery (Sweden), and the Baltic cod fishery (Sweden and
oland).

The spatial application of the Danish fishing effort covers from
he North Sea to the central Baltic Sea (Fig. 2). Within this area, hot
pots of high catch rates are identified because they are very distinct
nd consistent over the years (Dogger Bank, Shetland Islands, cen-
ral Baltic Sea) (Fig. 2a). These hot spots probably match with zones
f concentrations of the species with high commercial value, but the
ot spots also reflect differences in the application of differential
atching power by different vessels (larger vessels generally having
igher catching power and mobility), and, to a minor extent, reflect
egulated areas limiting the exploitation by Danish fisheries. The
PUF (integrating the fuel consumption of entire trips) is mostly
igher closer to the Danish shore, indicating that areas with lower
atch rates may  actually be beneficial in terms of energy efficiency
ue to a shorter steaming time. High CPUF areas are, however, also

till identifiable on remote fishing grounds where the highest catch
ates usually are found (Fig. 2a).

able 1
ercentage of the fuel cost related to the landing value during the period 2005–2010
or  the ten most important fisheries (fleet-segments) relative to the 2010 landing
alue. The average fuel price per litre was calculated as the total fuel costs divided
y  the total fuel consumption for the aggregated figure of the Danish 18 to 24 m
essel size category (source: http://www.statistikbanken.dk), and gave results of
.41, 0.45, 0.46, 0.58, 0.39, and 0.52 euros per litre per year from 2005 to 2010,
espectively.

Fleet-segments 2005 2006 2007 2008 2009 2010

>40 m.OTB DEF <16 57 29 24 36 24 19
>40  m.PS SPF 32–69 11 14 13 13 13 7
24–40 m.OTB DEF >=120 41 37 29 34 24 26
>40  m.OTM SPF 32–69 16 18 24 29 18 20
15–18  m.OTB CRU 90–119 36 30 25 37 34 38
>40  m.PTM SPF 16–31 33 37 36 39 25 23
>40  m.OTM SPF 16–31 80 39 33 60 22 25
24–40 m.OTB DEF <16 49 26 20 32 21 13
18–24 m.OTB CRU 90–119 42 32 27 43 29 29
24–40 m.OTB CRU 32–69 46 40 33 47 37 42
sumption (vessel length > 15 m) (dashed line), fuel consumption per hour by vessel
ft figure), North Sea only (upper right figure) or Eastern Baltic Sea (ICES subdivisions
Fig. 2. Gridding (0.2 x 0.2 degree) of (a) CPUE (catch per unit of effort in euros per
hour) and (b) CPUF (catch per unit of fuel in euros per litre of fuel) of all Danish
fishing activities equipped with the VMS  (i.e., vessels larger than 15 m in length) in
the entire region around Denmark (see also Bastardie et al. (2010b) for details on
methods). The breaks of the legends correspond to the 10 percentiles of the CPUF and
CPUE distributions. The larger grid corresponds to the ICES rectangle delineations.

http://www.statistikbanken.dk/
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Fig. 3. Danish fisheries and fleet-segment aggregations described by vessel length category and metier, which is a combination of a gear and target assemblage of species
and  a mesh size range. Fuel consumption, landing weight, VPUE and VPUF are given by fishery for 2010. Data are ordered by decreasing 2010 landings values, keeping the
first  30 segments only, other segments being aggregated into ‘other met’: (a) the fuel consumed per vessel (millions of litres) belonging to the segments, (b) the landings
v at sea
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alues (millions of euros), (c) the economic efficiency (thousands of euros per hour 

species  FAO code).

onsumption, total landings and fishing effort per segment (Fig. 3).
anish pelagic and industrial segments represent a large portion of

he total fuel consumed while contributing a small fraction of the
otal effort. The Sandeel (SAN) fishery, the most important Danish
shery in volume and in value (ca. 45 million euros), also consumed
he most fuel, amounting to ca. 15 million litres in 2010, followed by
he pelagic herring (HER) and sprat fisheries (SPR) with a consump-

ion of approximately 10 million litres each. The mackerel fishery
MAC) landed approximately for 20 million euros while consum-
ng less than 5 million litres and is characterised by both higher
PUE and VPUF (Fig. 3). The commercially important North Sea
) and (d) the energy efficiency (euros per litre). The bars are further split by species

mixed demersal fisheries (for cod (COD), pollock (POK), monkfish
(MON) and plaice (PLE)), as well as the crustacean fisheries (for
prawn (PRA), crangon (CSH) and nephrops (NEP)), have significant
fuel consumptions associated with a large effort at sea but rela-
tively low VPUE and VPUFs. Even if the total value is high (>20
million euros for mixed demersal fishery, >25 million euros for
crustaceans), VPUFs are actually lowest for this group (Fig. 4). A

third group constituting specialised target fisheries for mainly cod,
mussels (mussel (MUS) dredgers) and plaice or turbot (gillnetters)
is characterised by smaller catches both in terms of volume and
value. The smaller catches are associated with a relatively small
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Fig. 4. Same as Fig. 3 but partially excluding the fleet-segments targeting 

otal effort, resulting in relatively high VPUFs per segment. Among
his last group, all Danish seiner segments (Fig. 4, COD, HAD or
LE fishery) are among the highest in VPUE and VPUF. Mussel fish-
ry (MUS) is also found to be a highly energy-efficient fishery. The
illnet fisheries for vessels above 15 m have a moderate energy
nd economic efficiency. These differences appear consistent and
table over the period 2005–2010 for the pelagic and demersal fish-
ries, while slight increases in VPUF and VPUE are observed for all
egments (discussed further below).

The variable performance between fisheries (Figs. 5 and 6) is
xplained partly by the characteristics of the vessels where pelagic

shery for MAC  and HER is conducted by vessels >40 m using half

 millions litres of fuel each per year (purse seiners), representing
pproximately 10% of their revenue. Other fisheries, such as those
shing for NOP, SPR or SAN, also utilise large trawling vessels but
c species (SPF) and the demersal fleets using mesh sizes less than 16 mm.

the fuel consumption is lower for these vessels (than for the vessels
targeting MAC  and HER), and they also each have a lower landing
value, which is directly proportional to the gradient of fuel con-
sumption. For the demersal fisheries (Fig. 6), the fuel consumption
per vessel is partly linear with the effort spent at sea and partly
dependent on the difference in horsepower between vessel size
categories.

Performances are related to difference in activities, where the
mixed demersal fisheries and the MAC  fishery represent about the
same value, the mackerel fishery is using less effort and much
fuel per vessel, whereas the demersal fishery consumes much total

fuel because the fishing is conducted by a larger number of ves-
sels spending more time at sea. When comparing within the same
activity (for example, among demersal activities) crustaceans and
PRA fisheries are globally less efficient whatever the vessel size



F. Bastardie et al. / Fisheries Resea

Fig. 5. Vessel specific energy efficiency (a) in euros per litre of consumed fuel, and
economic efficiency (b) in euros per hour, as a function of fuel consumption (millions
of  litres) and effort (thousands of hours) for the Danish fisheries (keeping the first 30
fi
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sheries (segments) only, as in Fig. 3, labelled from decreasing total landings value).
he  circle size is proportional to the average efficiency of vessels belonging to given
eet-segments, and the circle is further divided (sectored) by species.

ategory. Comparing the vessels targeting the same (assemblage of)
pecies but using different fishing methods, seiners out-compete
rawlers even though they consume more fuel and spend more
ffort in total. Among demersal segments, the large gillnetters use

ess fuel per individual vessel but they are globally less economi-
ally efficient by having lower landing value (e.g., SOL fishery).

Performances are related to difference in price and quality,
specially among the demersal fisheries targeting exclusively cod

ig. 6. Same as Fig. 5 but for the first 30 demersal Danish fleet-segments (labels
orrespond to Fig. 3 organised by decreasing total landings value). The circle size
s  proportional to the average vessel efficiency of vessels belonging to given fleet-
egments, and the circle is further sectored by species.
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(trawlers), COD and PLE (seiners), or exclusively sole (gillnetters),
with sole (approximately 10 euros per kilo) being more valuable
than fisheries for other species (e.g., COD and PLE with 2.5 and 1
euro per kilo in 2010, respectively). In 2010, the cod price per kilo is
up to 35% and 41% higher for static and seine fisheries respectively
than for trawlers.

The segmentation into fisheries is the main factor explain-
ing the differences in VPUF and VPUE, but the relative fuel price
is also a significant factor (  ̨ < 0.1). The relative increase in the
average fuel price between 2005 and 2008 and for 2010 lead
to an increase in VPUF, while the decline in fuel price in 2009
lead to a lower VPUF. The relative stock abundance at sea is
also a significant factor in relation to VPUF and VPUE (  ̨ < 0.05).
The relative fish price also slightly impacts the VPUE (  ̨ < 0.05),
indicating that fish prices might not be related to total volume
landed.

3.3. Decision tree classification

When all activities are viewed together, the fish price is the
prime factor when deciding when to go fishing (Fig. 7, stage 1). A
high fish price determines whether the fishermen go fishing, unless
the remaining quota is low and the last trip catch was  low or unless
the weather is not acceptable and no other fishermen go. The time of
the last trip and the expected cost for the next trip have no effect on
this decision. Perception of the significant factors is, however, partly
dependent on the type of the vessels (Fig. 8) more than the gear they
use (Fig. 9). Smaller vessels put more emphasis on the weather fac-
tor, medium-sized vessels on whether other fishers choose to go,
and larger vessels focus on the fish price when deciding to go or not.
A high potential catch is the prime factor when choosing a fishing
ground (Fig. 7, stage 2), unless the last trip was  not satisfying and
previous knowledge of the ground is low. Hence, the fishermen
are usually not willing to search for other suitable or better fish-
ing grounds for a long time. The potential for high by-catch on the
ground is not an important decision factor at this earlier stage. The
surveyed fishers usually choose to start fishing only if they arrive
at the ground they previously chose, and no other factors are influ-
encing their decision on starting fishing before they are on their
way (Fig. 7, stage 3). Hence, most fishermen know before departure
what to target and where to fish and opportunistic detection with
an echo sounder or knowledge of other fishermen fishing in the area
has only a minor impact on the decision. But some of fishermen can
start fishing on the ground unless the risk for unwanted catches is
considered high and the bottom type is not suitable for fishing. No
contrasting factors are found to explain the decision to change the
fishing ground within the same trip, as the respondents answer
they will change in most of the submitted situations (>70% change,
results not shown). Full storage definitely leads fishermen to go
back to port (Fig. 7, stage 5), but whether full storage is a frequent
event is variable from vessel to vessel. If the catch volume is “OK” or
low, then most fishermen choose to continue to fish, unless the trip
duration has already been more than 2 days and the fuel reserve
is low. The percentage of events where the vessel return to port
because of a shortage in fuel is, however, low (<5%). The weather
encountered and the trip duration seems not to influence the deci-
sion at this stage. The fishermen tend to choose a port based on its
proximity within a range of 12 nm (Fig. 7, stage 6). Remote ports
are only chosen when the fish price is higher and/or if a specific
delivery agreement exists with processing firms. The nationality of
the port, the fuel price at the port, and whether the fish market will
open soon in the port seem irrelevant when fishermen choose a

port.

When asked about their medium-term effort displacement reac-
tions to an increasing fuel price, fishermen show a strong will to
improve their energy efficiency (Fig. 10) by choice of gear, increase
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Fig. 7. Sequential decisions of skippers made before, during and at the end of a trip at sea shaped by different decision trees that were built from the answers of the aggregated
skippers (see also supplementary materials). The proportion of decisions is given as a histogram for each terminal node. Each decision tree has been built assuming a threshold
o g a cer
t uence
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f  0.80 for significance. The number n denotes the numbers of observations reachin
o  the fishing ground choice; Stage 3, related to the decision of starting a fishing seq
tage  5, related to the decision about when to stop fishing to return to the port; Sta

f catch rates according to increase of their knowledge of usual

shing grounds, change of departure port according to a shorter
istance to fishing grounds, reduce vessel speed, and obtain a bet-
er fuel price. However, in many cases they tend to be reluctant to

ig. 8. Decision tree for the ‘go fishing’ choice per vessel size: (a) 15–18 m,  (b) 18–24 m,  (
8–24  m,  and (f) 24–40 m.
tain terminal node. Stage 1, decision tree for the ‘go fishing’ choice; Stage 2, related
; Stage 4, related to the decision of changing of area for fishing within a given trip;
elated to the decision about the choice of the port for landing.

change their fishing grounds according to distance to ports (which

then would imply a change of fishery for them), reduce vessel crew,
stop fishing temporarily, or leave the business totally. Almost all do
not wish to shift to another fishery.

c) 24–40 m,  and for the ‘choose this ground’ choice per vessel size: (d) 15–18 m, (e)
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Fig. 9. Decision tree for the ‘go fishing’ choice per gear type: (a) OTB

. Discussion

When adapting their practices to save fuel, the fisherman
esponses suggests that a gain in energy efficiency can be realised
y reducing the vessel speed when steaming and/or the trip length,
isiting high fish density areas only (to increase the catch rate), and
educing visits to distant fishing grounds. When steaming, there
s considerable efficiency gained by a small reduction in speed
Ronen, 2011; Beare and Machiels, 2012), so fishermen may  adjust
heir fishery and trip duration accordingly. A counterpart, however,
s that a longer stay at sea may  actually lead to higher fuel consump-
ion overall due to the additional extra time needed with the engine
witch on. Present results on the relative efficiency between activi-
ies also indicate that a gain is expected (when no dynamic process
n stock abundances is assumed) when changing fishing methods,
ither by a change to more energy efficient gear or by changing the
atch composition for more valuable fish by changing the gear and
ethod. One might also expect that some investments may  bene-

t the fisheries as well, such as investing in storage or processing
quipment (on-board processing, freezing and cooling facilities, an
ption not investigated here) to save time when staying at sea for a

onger period and potentially increasing the quality of the products.
or the Danish fisheries, reducing the duration at sea may  actually
ive higher quality products, as almost all fish are landed as fresh
roduct (EFF, 2007).

ig. 10. Medium-term responses of surveyed fishermen to the questions on increas-
ng  fuel price (see supplementary materials for details).
r board trawlers), (b) TBB (beam trawlers), and (c) GNS (gillnetters).

Similar to Thrane (2006) and Schau et al. (2009), this study
confirms that fuel consumption depends on the fishing methods
and the targeted assemblage of species where some fisheries have
proven more energy efficient than others. The composition and
total landings are also important factors in cases where the abil-
ity to catch is dependent on several commercial species targeted
in the same fishery (e.g., North Sea mixed fisheries). Increased
efficiency among segments is interpreted by the following (not
mutually exclusive) aspects: (i) catching relatively more valuable
species and size groups; (ii) taking the same or higher amount
of catch with less time spent and accordingly saving fuel; and/or
(iii) using fishing methods that catch higher priced fish because of
their better quality. We  find that pelagic fisheries are the most effi-
cient, represented by a few large fuel-intensive vessels that each
use relatively low effort to obtain high landing values per unit of
fuel and effort. For the demersal fleets, the efficiency is more het-
erogeneous, but a change of fishing methods towards static gears
and Danish seines may  benefit the energy efficiency if only this
aspect is considered. Fish caught by static gears and seine fish-
ing methods are also priced slightly higher. These results do not
encompass smaller vessels than 15 m in length which were not
investigated here. However, Carvalho et al. (2011) found that, while
small-scale fisheries may  utilise the same amount of capital in
overall, small-scale fisheries tend to be more fuel efficient than
large-scale fisheries. Small-scale fisheries appear then to be more
resilient in case of higher fuel prices. The weather at sea is for
example a major concern for smaller vessels, while larger vessels
are less sensitive and fish regardless in order to meet their higher
costs. Bad weather leads to an increased consumption of fuel as the
vessel must waste energy breaking high waves. The total impact
can be approximately 30% depending on the conditions and speed
(Jakobsen, 2011).

The relative fuel price does not appear to be a determinant for
the surveyed vessels with respect to decisions on going fishing
and choosing port, most likely because fuel price has no obvious
seasonal pattern and is likely to be rather equal between ports
and countries, assuming tax exoneration. However, by assuming
that the fisherman will go fishing in any cases the present ques-
tionnaire overlooked the fact that the absolute fuel price is likely
to have a strong threshold effect (Abernethy et al., 2010) on the
decision of ‘going fishing’ vs. ‘staying on quayside’, while some
fisheries are likely not to be sustainable without subsidies on fuel
price because the running costs will exceed the revenue (Sumaila
et al., 2008). For the surveyed vessels, the choice of port relies
more on limiting the distance to the grounds, in addition to the fact
that area-based management requires the fish to be landed in the
same area. Most fishers respond that they will likely try to improve
their energy efficiency by lowering fuel use when fuel prices are

continuing to increase. This study confirms that fuel prices cause
some fishermen to be more careful about where and when to
allocate their fishing effort. For other fishermen (for instance, net-
ters), the fuel cost does not seem to be a major issue. Instead,
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ciency for fishers. A second aspect of the questionnaire is to ask
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hey are trying to optimise their economic efficiency by target-
ng high-priced fish, which may  lead to higher effort by searching
or a bonus from landing a high quality of fish rather than quan-
ity.

Additional investigations should establish a direct causal link
etween the fleet/métier efficiency and the decision choices by
apturing the exact trajectory of individual vessels changing of
ctivity during the year in response to a change in drivers. The
umber and duration of trips are affected by decisions on when
o go, when to stop, which port to land in, etc. For larger vessels
pelagic fleets), the decision to go fishing is highly dictated by the
sh prices, which create a variation in efficiency for catches aris-

ng from the same landing quota. The influence of prices can be
ore important for fishermen than searching for a large abun-

ance. For example, the spatial and temporal heterogeneity in fish
rices is likely to lead to heterogeneity in the application of the
ffort in space and time. Larger vessels are adequately mobile to
dapt their activity to target different stocks depending on fluctu-
tions in stock abundances and prices (Christensen and Raakjær,
006). But large pelagic fleets are presumably not flexible with
egard to choosing a location for landings, as pelagic vessels choose
arger ports and may  sometimes land directly at fish mills (with

hom they have agreements; Thrane et al., 2009). In addition,
ome vessels can own a part of the harbour industries and accord-
ngly land in a certain harbour most of the time. Other fishers are
lso sometimes very explicit on what they target and focus on
he total trip duration (for example, a daily trip). In those cases,
he vessel tonnage and storage capacity can be limited when pre-
icting the return of vessels to port because the fishing operation
epends more on time or the expected landing value than the par-
icular catch amount. Smaller vessels (demersal fleets) are also

ore inclined to follow what other fishers do or base their deci-
ions on the success of their previous trips. The decisions and
esults on previous trips have also been found to be an impor-
ant explaining factor for trip-related behaviour in several other
ommercial fisheries (Andersen et al., 2012; Holland and Sutinen,
000).

Patterns in fishing behaviour are typically stable choices, and
shermen answer that they are reluctant to shift fisheries under
ny circumstances, likely because of the costs perceived with such

 change. The Danish fishery regulation system has, however, expe-
ienced a major change in 2007 with the implementation of the
ndividual vessel transferable quota system (ITQ), which has led
o a significant reduction in the number of active vessels (Hegland
nd Raakjær, 2008). The ITQ system has obviously caused a major
ncrease in efficiency in the fishery by offering each vessel a chance
o be more flexible in their decision and giving the less efficient ves-
els the economic opportunity to leave a fishery while not forcing
hem to go fishing even during bad weather or low fish price con-
itions (Hegland and Raakjær, 2008). The catch efficiency may  also
epend on the change in total and spatial variability in the abun-
ance, distribution and relative density of the resources, as well
s the variability in their age and size relative to the allocation of
he fishery. Energy consumption also occurs in the processing of
he catches depending on amount, type of fish and quality as well
s on the processing, packaging and transportation of the seafood
roducts towards few important port/selling locations. This con-
umption of energy needs to be accounted for in the total figure.
owever, this actually represents a minor fraction in the Dan-

sh fisheries of the total consumption compared to the catching
rocesses (Thrane, 2006). Beside this, the impact of the fishery
n trophic interactions within the ecosystem is sometimes more

mportant for the biological sustainability than the amount of fish
aught (Piet et al., 2007; Willison and Côté, 2009; Pikitch et al.,
012; Suuronen et al., 2012). In line with this, impacts of trawling
ctivities are reported in the literature (e.g., the ecological impacts
rch 143 (2013) 119– 130

of relative differences in area/sea floor swept by demersal trawlers
(Nilsson and Zielger, 2007) compared to pelagic trawlers or gill-
netters or to the by-catch of mammals in gillnet fisheries (Larsen
et al., 2007)). As a synergistic effect, recent projects are developing
new gear designs with less resistance to reduce fuel consumption
and simultaneously be more selective and reduce environmental
impact on, e.g., the sea floor.

With the purpose of rationalising the fishing behaviour accord-
ing to efficiency, impact evaluations for the optimal fisheries should
be carried out together with existing or innovative regulations, or
appropriate incentives. The dynamics of the underlying resource
abundance patterns on a spatial and temporal disaggregated scale
also need to be considered to advise and manage the fishing in cer-
tain areas. Presumably, the responses will also vary with individual
situations of participating vessels due to the skipper effect that
accounts for over 50% of the variance in fishing power (Mahévas
et al., 2011). Other major components are the gear and vessel char-
acteristics (Marchal et al., 2006; Eigaard, 2009; Mahévas et al.,
2011), indicating that individual vessel-based models are better
tools to use because scaling local conditions up to the global scale
is otherwise biased in unknown ways when the conditions vary
from fishery to fishery and from vessel to vessel (Bastardie et al.,
2010c). We  identify decision trees and IBM as a valuable approach
to disentangle the determinants of the different behaviours of
fishermen and to support a quantitative analysis for the gener-
alisation of the impacts at the macro-scale. By contrast, random
utility models (RUMs) which have so far been applied for this
purpose for the commercial fishery (Holland and Sutinen, 2000;
Van Putten et al., 2012; Andersen et al., 2012) perform at the
aggregated fleet level. An important advantage of the decision
tree and IBM approach upon the RUMs is the inherent flexibil-
ity when quantifying non-linear (nested) decisions, which could
make predictions more valuable and provide robust predictions
from a complex causal link between fuel consumption, energy and
economic efficiency, fishing practices and the decisions of fisher-
men. The objective of the approach is not to propose a case-by-case
advice and management system dealing with every single fisher-
man. We  still aim at using the results in context of aggregation by
fisheries (the fisheries and fleet-based framework; e.g., Nielsen and
Limborg, 2009; Ulrich et al., 2012) defining useful and manageable
aggregated entities by identifying patterns of activity (and group-
ings) to which the vessels belong. The goal is rather to incorporate
the effect and variability of every single fisherman decision that
would have an impact on the macro-scale, especially for explain-
ing the determinants of different energy efficiencies among fishing
activities.

5. Conclusions

The methodology developed here aim to guide and improve the
assessment of potential effects of fisherman choices when they
respond to fluctuations in targeted stock abundances, fuel prices
or regulations. By building decision trees from the knowledge of
fishermen, the present work provides important information on
the mechanisms behind their decisions on a daily basis. This can
directly guide the existing advisory tools in the form of the devel-
oped agent-based models or IBMs by improving the predictive
capacity facing the actual dynamics and conditions (e.g., shifts in
spatial resource distribution, rising fuel prices, more area closures,
etc.) when, e.g., testing potential gains in energy and economic effi-
fishermen for their potential choices in effort allocation to differ-
ent fishing situations so that ‘what if’ management evaluation and
impact scenarios can be based on sound knowledge of the actors
participating in the fishery.



s Resea

A

e
P
p
O
i
a
D
n
t
u

A

i
0

R

A

A

A

B

B

B

B

B

B

C

C

C

D

D

D

D

E

E

E

E

F. Bastardie et al. / Fisherie

cknowledgements

This work has been partly financed by the Femern Belt Sci-
nce Provision Project and the Danish Strategic Research Council
roject IMAGE/MAFIA and to less extend EU-Interreg IVA – 152207
roject: “Bärekraftig rekefiske i Skagerrak”. We  would like to thank
le Jakobsen from the Danish Technological Institute for provid-

ng us the vessel fuel consumption database and report on this,
s well as Leif Thomsen, Karin Stubgaard and Marie Storr-Paulsen,
TU-aqua, who contributed to the advertisement of the question-
aire. Grateful thanks to all of the fishermen who  took their time
o answer this survey as well as to anonymous reviewers for their
seful comments on this study.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.fishres.2013.
1.018.

eferences

bernethy, K.E., Trebilcock, P., Kebede, B., Allison, E.H., Dulvy, N.K., 2010. Fuelling
the  decline in UK fishing communities? ICES J. Mar. Sci. 67, 1076–1085.

ndersen, B.S., Ulrich, C., Eigaard, O.R., Christensen, A.S., 2012. Short-term choice
behaviour in a mixed fishery: investigating métier selection in the Danish gillnet
fishery. ICES J. Mar. Sci. 69, 131–143.

udsley, E., Brander, M.,  Chatterton, J., Murphy-Bokern, D., Webster, C., Williams,
A.,  2009. How low can we  go? An assessment of greenhouse gas emissions from
the UK food system and the scope to reduce them by 2050. FCRN-WWF-UK.

astardie, F., Nielsen, J.R., Kraus, G., 2010a. The eastern Baltic cod fishery: a fleet-
based management strategy evaluation framework to assess the cod recovery
plan  of 2008. ICES J. Mar. Sci. 67, 71–86.

astardie, F., Nielsen, J.R., Ulrich, C., Egekvist, J., Degel, H., 2010b. Detailed mapping of
fishing effort and landings by coupling fishing logbooks with satellite-recorded
vessel geo-location. Fish. Res. 106, 41–53.

astardie, F., Nielsen, J.R., Andersen, B.S., Eigaard, O.R., 2010c. Effects of fishing effort
allocation scenarios on energy efficiency and profitability: an individual-based
model applied to Danish fisheries. Fish. Res. 106, 501–516.

eare, D., Machiels, M., 2012. Beam trawlermen take feet off gas in response to oil
price  hikes. ICES J. Mar. Sci., http://dx.doi.org/10.1093/icesjms/fss057.

eecham, J.A., Engelhard, G.H., 2007. Ideal free distribution or dynamic game? An
agent-based simulation study of trawling strategies with varying information.
Phys. A: Stat. Mech. Appl. 384, 628–646.

eighley, L., Morrison, M.,  2009. Head First PHP & MySQL O’Reilly Media, December
2008, Print ISBN: 978-0-596-00630-3.

hristensen, A.-S., Raakjær, J., 2006. Fishermen’s tactical and strategic decisions – A
case study of Danish demersal fisheries. Fis. Res. 81, 258–267.

arvalho, N., Edwards-Jones, G., Isidro, E., 2011. Defining scale in fisheries: small
versus large-scale fishing operations in the Azores. Fish. Res. 109, 360–369.

ook, R.D., Nachtsheim, C.J., 1989. Computer-aided blocking of factorial and
response surface designs. Technometrics 31, 39–346.

eporte, N., Ulrich, C., Mahévas, S., Demanèche, S., Bastardie, F., 2012. Regional
métier definition: a comparative investigation of statistical methods using a
workflow applied to international otter trawl fisheries in the North Sea. ICES J.
Mar. Sci. 69, 331–342.

inmore, T.A., Duplisea, D.E., Rackham, B.D., Maxwell, D.L., Jennings, S., 2003. Impact
of a large-scale area closure on patterns of fishing disturbance and the conse-
quences for benthic communities. ICES J. Mar. Sci. 60, 371–380.

reyfus-Leon, M.J., 1999. Individual-based modelling of fishermen search behaviour
with neural networks and reinforcement learning. Ecol. Model. 120, 287–297.

riscoll, J., Tyedmers, P., 2010. Fuel use and greenhouse gas implications of fisheries
management: the case of the New England Atlantic herring fishery. Mar. Policy
34,  353–359.

astwood, P.D., Mills, C.M., Aldridge, J.N., Houghton, C.A., Rogers, S.I., 2007. Human
activities in UK offshore waters: an assessment of direct, physical pressure on
the seabed. ICES J. Mar. Sci. 64, 453–463.

C  (European Commission), 2003. Commission Regulation (EC) No.2244/2003 of
18  December 2003 laying down detailed provisions regarding satellite-based
Vessel Monitoring Systems. Official Journal of the European Union, L 333: 17-27.

C  (European Commission), 2007. Council Regulation (EC) No. 1098/2007 establish-
ing a multi-annual plan for the cod stocks in the Baltic Sea and the fisheries
exploiting those stocks, amending Regulation (ECC) No 2847/93 and repealing
Regulation (EC) No 779/97.
C, 2008. Commission Decision (2008/949/EC) of 6 November 2008 adopting a
multiannual Community programme pursuant to Council Regulation (EC) No
199/2008 establishing a Community framework for the collection, management
and use of data in the fisheries sector and support for scientific advice regarding
the  Common Fisheries Policy. Off. J. Eur. Union L 346/47.
rch 143 (2013) 119– 130 129

EFF, 2007. Operational programme for development of the Danish fisheries and
aquaculture sector 2007–2013. European Fisheries Fund, December 2007, Min-
istry of Food, Agriculture and Fisheries.

Eigaard, O.R., 2009. A bottom up approach to technological development and
its  management implications in a commercial fishery. ICES J. Mar. Sci. 66,
916–927.

FAO,  1995. Code of Conduct for Responsible Fisheries. Food and Agriculture Organi-
zation of the United Nations, Rome, 41 pp.

Fox, H.E., Mascia, M.B., Basurto, X., Costa, A., Glew, L., Heinemann, D., Karrer, L.B.,
Lester, S.E., Lombana, A.V., Pomeroy, R.S., Recchia, C.A., Roberts, C.M., Sanchirico,
J.N.,  Pet-Soede, L., White, A.T., 2012. Reexamining the science of marine pro-
tected areas: linking knowledge to action. Conserv. Lett. 5, 1–10.

Fulton, E.A., Smith, A.D.M., Smith, D.C., van Putten, I.E., 2011. Human behaviour: the
key source of uncertainty in fisheries management. Fish Fish. 12, 2–17.

Hegland, T.J., Raakjær, J., 2008. Implementation politics: the case of Denmark under
the common fisheries policy. In: Gezelius, S.S., Raakjær, J. (Eds.), Making Fish-
eries Management Work. Implementation of Policies for Sustainable Fishing.
Springer, Dordrecht, pp. 161–205.

Holland, D.S., Sutinen, J.G., 2000. Location choice in New England trawl fisheries: old
habits die hard. Land Econ. 76, 133–149.

Holmes, S.J., Bailey, N., Campbell, N., Catarino, R., Barratt, K., Gibb, A., Fernandes, P.G.,
2011. Using fishery-dependent data to inform the development and operation
of  a co-management initiative to reduce cod mortality and cut discards. ICES J.
Mar. Sci. 68, 1679–1688.

Jakobsen, O., 2011. Handbook in energy savings, energy efficiency for fishing ves-
sels.  The European Fisheries Fund: Denmark and EU’s Investment in Sustainable
Fishery, 23 pp.

Larsen, F., Eigaard, O.R., Tougaard, J., 2007. Reduction of harbour porpoise by catch
by  high density gill nets. Fish. Res. 85, 270–278.

Mahévas, S., Vermard, Y., Hutton, T., Iriondo, A., Jadaud, A., Maravelias, C.D., Punzón,
A., Sacchi, J., Tidd, A., Tsitsika, E., Marchal, P., Goascoz, N., Mortreux, S., Roos, D.,
2011. An investigation of human vs. technology-induced variation in catchability
for  a selection of European fishing fleets. ICES J. Mar. Sci. 68, 2252–2263.

Marchal, P., Andersen, B., Bromley, D., Iriondo, A., Mahévas, S., Quirijns, F., Rack-
ham, B., et al., 2006. Improving the definition of fishing effort for important
European fleets by accounting for the skipper effect. Can. J. Fish. Aquat. Sci. 63,
510–533.

Mascia, M.B., Claus, C.A., Naidoo, R., 2010. Impacts of marine protected areas on
fishing communities. Conserv. Biol. 24, 424–429.

Millischer, L., Gascuel, D., 2006. Information transfer, behavior of vessels and fishing
efficiency: an individual-based simulation approach. Aquat. Living Resour. 19,
1–13.

Needle, C.L., Catarino, R., 2011. Evaluating the effect of real-time closures on cod
targeting. ICES J. Mar. Sci. 68, 1647–1655.

Nielsen, J.R., Limborg, M.,  2009. Managing fleets and fisheries rather than single
stocks – conceptual change in European fisheries management advice. World
Fish. 58, 8–9.

Nielsen, J.R., Mathiesen, C.C., 2003. Important factors influencing rule compliance in
fisheries lessons from Denmark. Mar. Policy 27, 409–416.

Nilsson, P., Zielger, F., 2007. Spatial distribution of fishing effort in relation to seafloor
habitats in the Kattegat, a GIS analysis. Aquat. Conserv.: Mar. Freshwater Ecol.
17,  421–440.

Nøstbakken, L., 2008. Fisheries law enforcement – a survey of the economic litera-
ture. Mar. Policy 32, 293–300.

Piet, G.J., Quirijns, F.J., Robinson, L., Greenstreet, S.P.R., 2007. Potential pres-
sure indicators for fishing, and their data requirements. ICES J. Mar. Sci. 64,
110–121.

Pikitch, E., Boersma, P.D., Boyd, I.L., Conover, D.O., Cury, P., Essington, T., Heppell, S.S.,
Houde, E.D., Mangel, M.,  Pauly, D., Plagányi, É., Sainsbury, K., Steneck, R.S., 2012.
Little Fish, Big Impact: Managing a Crucial Link in Ocean Food Webs. Lenfest
Ocean Program, Washington, DC, 108 pp.

Ripley, B.D., 1996. Pattern Recognition and Neural Networks. Cambridge University
Press, Cambridge, ISBN: 0-521-46086-7. January 1996.

Robinson, W.S., 1950. Ecological correlations and the behavior of individuals. Amer.
Socio. Rev. 15, 351–357.

Ronen, D., 2011. The effect of oil price on containership speed and fleet size. J. Oper.
Res. Soc. 62, 211–216.

Schau, E., Ellingsen, H., Endal, A., Aanondsen, S.A., 2009. Energy consumption in the
Norwegian fisheries. J. Clean. Prod. 17, 325–334.

Smith, M.D., Lynham, J., Sanchirico, J.N., Wilson, J.A., 2010. Political economy of
marine reserves: understanding the role of opportunity costs. Proc. Natl. Acad.
Sci.  U.S.A. 18, 300–305.

Sumaila, U.R., Teh, L., Watson, R., Tyedmers, P., Pauly, D., 2008. Fuel price increase,
subsidies, overcapacity and resource sustainability. ICES J. Mar. Sci. 65, 832–840.

Suuronen, P., Jounela, P., Tschenij, V., 2010. Fishermen responses on marine pro-
tected areas in the Baltic cod fishery. Mar. Policy 34, 237–243.

Suuronen, P., Chopin, F., Glass, C., Løkkeborg, S., Matsushita, Y., Queirolo, D., Rihan,
D.,  2012. Low impact and fuel efficient fishing – looking beyond the horizon.
Fish. Res. 119, 135–146.

Therneau, T.M., Atkinson, B., Ripley, B.D., 2009. rpart: Recursive Partitioning, R
Package Version 3. 1-42. http://www.CRAN.R-project.org/package=rpart
Thrane, M.,  2006. LCA of Danish fish products. Int. J. Life Cycle Assess. 11, 66–74.
Thrane, M.,  Ziegler, F., Sonesson, U., 2009. Eco-labelling of wild-caught seafood prod-

ucts. J. Clean. Prod. 17, 416–423.
Tyedmers, P., Watson, R., Pauly, D., 2005. Fuelling global fishing fleets. Ambio 34,

59–62.

http://dx.doi.org/10.1016/j.fishres.2013.01.018
http://dx.doi.org/10.1016/j.fishres.2013.01.018
dx.doi.org/10.1093/icesjms/fss057
http://www.cran.r-project.org/package=rpart


1 s Resea

U

V

30 F. Bastardie et al. / Fisherie

lrich, C., Wilson, D.C.K., Nielsen, J.R., Bastardie, F., Reeves, S.A., Andersen, B.S.,
Eigaard, O.R., 2012. Challenges and opportunities for fleet- and métier-based

approaches for fisheries management under the European Common Fishery
Policy. Ocean Coast. Manage. 70, 38–47.

an Putten, I.E., Kulmala, S., Thébaud, O., Dowling, N., Hamon, K.G., Hutton, T., Pascoe,
S.,  2012. Theories and behavioural drivers underlying fleet dynamics models.
Fish. Fish. 13, 216–235.
rch 143 (2013) 119– 130

Wilen, J.E., Smith, M.D., Lockwood, D., Botsford, L.W., 2002. Avoiding surprises:
incorporation fisherman behaviour into management models. Bull. Mar. Sci. 70,

553–575.

Wheeler, R.E., 2004. Efficient Rounding. AlgDesign. The R Project for Statistical Com-
puting. http://www.r-project.org/

Willison, J.H.M., Côté, R.P., 2009. Counting biodiversity waste in industrial eco-
efficiency: fisheries case study. J. Clean. Prod. 17, 348–353.

http://www.r-project.org/

	Integrating individual trip planning in energy efficiency – Building decision tree models for Danish fisheries
	1 Introduction
	2 Materials and methods
	2.1 Design of the questionnaire
	2.2 Quantification of energy (VPUF) and economic efficiency (VPUE) per activity
	2.3 Revealing the decision trees behind the fishing tactics
	2.4 Investigation of the reactions to increasing fuel prices

	3 Results
	3.1 Effort, landings and spatial application
	3.2 Energy and economic efficiency
	3.3 Decision tree classification

	4 Discussion
	5 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


