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INTRODUCTION

Fishing is an important socio-economic activity
providing food and employment (FAO 2008), but is
criticized because of its adverse impact on exploited
fish stocks and marine ecosystems. In this context,
throwing overboard dead fish that have been caught
in the net (‘discarding’) is often considered a wasteful
practice that has adverse effects on fish stocks while
not contributing to the harvesting of food (Alverson
et al. 1994, Kelleher 2005).

Discarding is mainly driven by economics and
management. From an economic perspective, low-
valued fish of quota species are discarded (high-

grading) in the expectation of catching more valued
fish later (Gillis et al. 1995b), while regulation of
mesh size and minimum landing size determine the
discarding of undersized fish (Cappell 2001, Graham
& Fryer 2006). Total allowable catch (TAC) regula-
tions also create an incentive for fishers to discard the
over-quota caught fish, especially in mixed fisheries
(Daan 1997, Reis et al. 2010), and these regulations
have often proved unable to control fishing mortality
around sustainable levels (Ulrich et al. 2011).

Discard reduction is high on the agenda of EU fish-
eries managers, and the European Commission is
implementing a discard ban. Under a discard ban, all
catches of both target and by-catch species should be
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landed and will be deducted from the individual
 quotas. A discard ban in combination with individ-
ual, and possibly transferable, quotas (ITQ) aims to
prevent the waste of food, reduce fishing impacts on
the ecosystem, preserve vulnerable and economi-
cally important fish stocks and improve scientific
advice (Anonymous 2011, Buisman et al. 2011).
Despite the implementation of ITQ management
with a discard ban in some countries, few studies
have addressed the performance of this combination.
However, results have shown that discarding, albeit
at a significantly lower level, still occurs, but that
the ban can aid the recovery of exploited stocks
(Kristofersson & Rickertsen 2009, Diamond & Beuk-
ers-Stewart 2011).

Given prevalent management regulations, fishers
are expected to adjust their behaviour to maximise
their utility (Gordon 1953, Hilborn & Kennedy 1992).
Hence, fishers may respond to management regula-
tions by trading off economic gain against the cost of
non-compliance. Adaptive behaviour of fishers, e.g.
reallocation of effort to other species, fishing grounds
or seasons, is an important management concern
(Salas & Gaertner 2004, Poos et al. 2010). Further
studies on the adaptive behaviour of fishers may be
useful to explore the scope of responses that under-
mine the effectiveness of a given management sys-
tem. A fisheries manager needs to trade off socio-
economic benefits of a fishery against protection of
the weakest links in the ecosystem. Unveiling these
trade-offs will support fisheries management.

The present study describes how a discard ban in
combination with individual quotas may improve
the regulation of fishing mortality for a depleted
stock that is exploited in a mixed fishery. Using a
dynamic state variable model (DSVM) (Clark &
Mangel 2000), we studied the over-quota discarding
of cod Gadus morhua in the eastern English Chan-
nel and the southern North Sea. Despite signs of
recovery following the recovery plan imposed in
2003, the stock has remained the weakest compo-
nent of the demersal fish assemblage (Ulrich et al.
2011, Kraak et al. 2013). We compared the perform-
ance of quota management (1) that allows over-
quota discarding and (2) in combination with a dis-
card ban, using the French otter trawl and net
fisheries as a case study. The consequences of indi-
vidual quotas for cod in both management regimes
were studied based on a number of indicators of the
fishery system, such as the catch of cod, the spatial
and temporal distribution of fishing effort, the
changes in métiers and the economic performance
of the fishery.

MATERIALS AND METHODS

The English Channel mixed fisheries

The English Channel is a corridor between the
Atlantic and the North Sea. The eastern English
Channel (ICES division VIId) is the narrowest part of
the Channel and is an important fishing area (Vaz et
al. 2007). French fishing fleets are most active in this
area, with a total of 641 vessels in 2005, landing over
90 000 t of fish with a total value of €218 million.
Boulogne-sur-Mer is the main French fishing har-
bour, in both number of vessels and total landings
(Carpentier et al. 2009).

Data

Effort and landings data from logbooks and sales
slips were made available over the period 2001 to
2005. The data set included information by fishing
trip on vessel length, vessel tonnage, engine power,
gear type, mesh size, fishing ground (ICES rectangle,
1° longitude × 0.5° latitude, ~30 × 30 nautical miles),
fishing effort (hours fished for trawlers, days absent
from port for netters) and the weight and value of the
landings per species. We selected 2 fleets: the French
otter trawl fleet and netting fleet. These fleets fish in
the eastern English Channel and most southern part
of the North Sea between 49° N, 2° W and 52° N, 4° E,
for which most of the above-mentioned data are
available (Fig. 1).

Otter trawlers

The otter trawl fleet is one of the main demersal
fishing fleets operating in the eastern English Chan-
nel. Vessels in this fleet are predominantly rigged
with 80 mm mesh size nets (Carpentier et al. 2009).
The data set consists of 120 vessels with an average
engine power of 440 kW and average length of 21 m.

The otter trawl fleet operates 2 separate métiers
using (1) demersal otter trawls (OTBD; 25 591 trips)
and (2) mixed demersal/pelagic trawls (OTBM; 725
trips). Métiers are derived from the observed land-
ings and largely based on DCF level 5 métiers (Ulrich
et al. 2012). Both métiers land a mix of species, of
which whiting, cod, plaice, sole, mackerel and mullet
make up 65%. Whiting and mackerel contribute to
the bulk of landings of OTBD and OTBM, respec-
tively (Table 1). Fishers are capable of switching
métiers during the year. Both métiers are operated
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inside and outside the 12 n mile zone (Carpentier et
al. 2009), with fishing grounds in ICES rectangles
30F1 and 29F0 being the most frequently visited.

Static netters

The netting fleet in the study area consists of 107
vessels, with an average engine power of 160 kW and
average length of 12 m. The most common gear is the
trammel net (TN; 10 449 trips), being used inter-
changeably with gillnets (GN, 632 trips) (Carpentier
et al. 2009). Both nets are anchored to the bottom but
differ in their structure and target species. TN have 3
sets of netting, of which the outer nets have a large
mesh and the inner net has a small mesh size,
whereas GN have only 1 net. This difference makes
TN less selective in terms of size and variety of fish
species caught (Carpentier et al. 2009). The most com-
monly used mesh size for both nets is 90 mm, used

mainly to catch sole; however, larger mesh sizes (100
to 180 mm) may be used when plaice or cod are tar-
geted. Although sole, plaice and cod are the main tar-
get species and account for ~80% of the landings, sole
is the main target species for TN, whereas cod is the
primary target species for GN. Most netting activities
occur close to the port of Boulogne-sur-Mer (ICES rec-
tangles 30F1, 31F2). A few observations (2.7%) in the
data set consisted of multiple ag gregated trips, and
these were not included in the analysis.

Statistical analysis

Our aim was to parameterize a simulation model by
estimating the spatial and temporal distribution of
landings per unit effort (li) of 6 species: plaice Pleuro -
nectes platessa, sole Solea solea, cod Gadus morhua,
whiting Merlangius merlangus, Atlantic mackerel
Scomber scombrus and mullet Mullus spp. Our data
set contains measurements of landings (yi) in weight
(kg) by species and fishing effort (Ei) per trip i:

(1)

We applied generalized additive models (GAMs) to
allow for non-linearity in the relationships between
the response variable and multiple explanatory vari-
ables (Wood 2006, Zuur et al. 2009). The actual value
of the landings per trip was used as the response
variable, while the fishing effort serves as offset.
By analysing the 6 species separately, we ignored
potential covariance structure among species. We
used a negative binomial distribution with a logarith-
mic link function to correct for over-dispersion while
allowing zero-observations. The logarithmic link en -
sures that the fitted values are always non- negative
(Zuur et al. 2009):

yi ~ NB (μi, θ) (2)
μi =  liEi =  eηiEi =  eηi+log(Ei)

where μi is the expected landings per trip, and θ is
the dispersion parameter, which accounts for under-
or over-dispersion. Log(Ei) is the known offset, and ηi

is the linear predictor modelled as follows:

ηi = métiers + year + ƒ(engine power|fleet) + 
ƒ(mesh size|fleet) + ƒ(DOY) + ƒ(lat,long) + 
ƒ(lat,long,DOY)

(3)

Métiers and year were entered as discrete variables
(Table 2). The term ƒ(engine power|fleet) was used
for estimating the smoothing function of engine
power by tactic, and the term ƒ(mesh size|fleet) was

l
y
Ei

i

i

=
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Fig. 1. Map of the eastern English Channel (ICES division
VIId) and southern North Sea (ICES division IVc), showing
the ICES rectangles where both fleets may fish. The star

indicates the location of the port of Boulogne-sur-Mer

Otter trawl Static net
OTBD OTBM TN GN

Sole 0.4 0 54.9 14.8
Plaice 4.1 2.1 15.4 15.7
Cod 5.3 2.6 8 45.3
Mackerel 15.6 44.9 0 0
Whiting 29.4 12.1 0.9 2.7
Mullet 6.8 4.0 0.1 0.1
Other 38.3 34.1 20.6 21.4

Table 1. Proportion (%) of 6 commercial species in the catch
composition of both fishing fleets, separated by métiers.
OTBD: demersal otter trawl; OTBM: mixed demersal/ 

pelagic trawl; TN: trammel net; GN: gillnet



Mar Ecol Prog Ser 479: 177–190, 2013180

used for mesh size by tactic. The term fleet indicates
the difference between trawlers and netters. ƒ(DOY)
and ƒ(lat,long) were used to fit the main effects of day
of the year (DOY) and space (latitude and longitude
based on geographic midpoint of the ICES rectangle).
ƒ(lat,long,DOY) is the spline for the interaction term
of latitude, longitude and DOY. The main effects and
the interaction between latitude, longitude and DOY
were included to model the seasonal changes in dis-
tribution. We limited the number of knots in each
smoothing to reduce the possibility of over-fitting
(Table 2). Because vessel length and engine power
are highly correlated, we decided to only include en-
gine power because of its presumed larger influence
on the catch efficiency (Rijnsdorp et al. 2006). Mesh
size was included as it may indicate the target
species, i.e. the predominant 80 and 90 mm mesh
sizes used to target whiting and sole for otter trawls
and TN, respectively, while larger mesh sizes (120 to
180 mm) are fitted when targeting cod. Finally, the
variable year was used to capture differences in land-
ings per unit of effort between the years.

Forward selection based on the Bayesian informa-
tion criterion (BIC) was used to select a model for
each species. Forward selection starts with an empty
model, fitted with the intercept only. Then covariates
are added sequentially based on the BIC to obtain
the ‘best’ model. The results of the best model were
used to predict the spatial and temporal patterns in
catch rates for each of the species and vessel-gear
combinations to be used in the simulation model.

Simulation model

Our model is based on dynamic state variable mod-
elling (DSVM) (Houston & McNamara 1999, Clark &

Mangel 2000). The DSVM is an indi-
vidual based model that has been
used to predict the behaviour of ani-
mals (Mangel 1987, Clark & Butler
1999) as well as fishers (Gillis et al.
1995b, Poos et al. 2010, Dowling et al.
2012). We expanded the model of
Poos et al. (2010) in which each indi-
vidual vessel in the model has a set of
choices, allowing it to respond to
management regulations and eco-
nomic opportunities. In the expanded
model, individuals choose simultane-
ously (1) to go out to fish or to stay in
port, (2) a métier, (3) a fishing ground
and (4) to discard or land the catch.

A vessel evaluates its optimal annual strategy in
terms of biweekly (i.e. every 2 wk) behavioural
choices, based on a utility function. We use the
annual net revenue (ϕ) as the utility that a fisher
wants to optimize (Gordon 1953, Poos et al. 2010).
ϕ is defined as the total quantity landed of each

species (Ls) weighted by each species price (ps) minus
the variable fishing costs and a fine for overshooting
the quota.

(4)

Variable fishing costs consist of total fuel cost, i.e.
total effort (E) (in days) times fuel costs per day (€
d−1) (pe). The fine for overshooting the quota (D(Ls)) is
zero as long as landings are within the quota and
increase linearly with over-quota landings. Given the
utility function at the end of the year, the dynamic
programming equation is used to calculate the opti-
mal decision in each time step given the state of the
individual. In our case, the state is determined by the
proportion of the cod quotas fished, landings of the 5
other species and the fishing effort. All vessels within
a fleet are equal at the beginning of the year. As a
result of the variability in catch rates in the model,
the vessels will differ in their state as time pro-
gresses. The details for this procedure can be found
in Poos et al. 2010.

Compliance to management was tested by explor-
ing the effect of different fine values. Fines (€ kg−1)
increased from 1- to 20-fold the cod price per kg.
These fines are equivalent to those imposed for
catching abalones illegally, i.e. 10-fold the landing
price (Bose & Crees-Morris 2009).

For each time step, a vessel chooses a métier and
1 fishing ground (out of 20) based on the optimal
choice given the vessel’s state. Each combination of
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s
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Nominator   Model component          Description k

A                   Métier                             Effect of métier –
B                   Year                                Effect of year –
C                   ƒ(engine power|fleet)    Effect of engine power by fleet 4
D                   ƒ(mesh size|fleet)           Effect of mesh size by fleet 4
E                   ƒ(DOY)                           Variability in time 4
F                   ƒ(lat,long)                       Variability in space 4
G                   ƒ(lat,long,DOY)              Variability in catch rates in space 5
                                                             and time

Table 2. Model components used to describe variation in landing rates. Vari-
ables métier and year are discrete variables and engine power, mesh size, lat-
itude (lat) and longitude (long) (based on geographic midpoint of the ICES rec-
tangle) and day of the year (DOY) are continuous variables. The term fleet
represents a segregation of the fleet by trawlers or netters. The term k denotes 

the maximum number of knots in each smoothing
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métier and fishing ground within a time step is
characterized by a mean (μ) and variance (θ) of the
catch rates for each species estimated by the GAM.
Catch rates per time step (2 wk period) were calcu-
lated from the GAM results by setting the offset
equal to the average fishing effort for trawlers or
netters within 2 wk periods. The catch rates are
assumed to be independent of previous fishing
activities in that area. We arbitrarily chose 2005 as
the basis of our simulations. Further parameterisa-
tion of the model in terms of variable costs was done
assuming Boulogne-sur-Mer as the home harbour of
the vessels.

The combination of métier and fishing ground
determines the amount of effort required for the
fishing operation. Fishing effort consists of the
summed actual fishing time and the travel time
required to reach the fishing ground. The average
fishing time was estimated from the 2001 data as
3.1 d for a trawler and 3 d for a netter. Travel time
depends on the distance from port and was calcu-
lated from the distance in nautical miles in a
straight line from the harbour of Boulogne-sur-Mer
to each fishing ground. Assuming a steaming
speed of 10 n miles h−1 for an otter trawl and 6 n
miles h−1 for a netter (Messina & Notti 2007) and
taking into account the number of trips observed
per time step (2 wk period), we calculated the
travel time needed to reach a fishing ground. If a
fisher decides to stay in the harbour, nothing is
caught, and no effort is used.

The costs associated with using fishing effort
depend on the fuel use in the model. Fuel costs per
day are estimated to be €2100 for trawlers and €1600
for netters and are equivalent to ~35% of the gross
revenue (Taal et al. 2009). The final element for the
parameterization is the market value of the target

species. We chose to use fixed market values for each
species, determined by the average price per kg
within our data set. Table 3 provides detailed infor-
mation on the parameters and their values used in
the model.

Management scenarios

The present study compares the performance of
individual cod quota (IQ) management combined
with 2 discard scenarios for both fisheries: (1) over-
quota discarding is allowed; (2) over-quota discard-
ing is not allowed (discard ban) (Table 4). IQ gradu-
ally increase from 0 to 27 t yr−1 for trawlers and 0 to
20 t yr−1 for netters. In addition, different fine values
are used to test the compliance of trawlers to the
imposed discard ban.

RESULTS

Statistical analyses

All 6 GAM models exhibit similarities in selecting
covariates, based on BIC results, that best explain the
variation in landings (Table 5). The model for whit-
ing, besides having the lowest (28.3%) explained
deviance, diverges from the other models because
the DOY as a main effect did not improve the model.

Within the cod model, mesh size was added as the
first variable, which confirms our expectations that
larger mesh sizes are preferred when fishing for cod.
A remarkable result for cod is that landings were
 significantly (p < 0.001) lower in the years 2004 and
2005. Lower landings are likely related to the low
abundances and weak recruitments of cod during
that period (ICES 2010). For plaice, whiting and mul-
let, the variable engine power was selected and
added as the first variable in explaining the landings.
The first variable selected for mackerel and sole was
the métiers. This result confirms our chosen métier
classifications, whereby mackerel was mainly tar-
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Trawl Net

Engine power (kW) 440 160
Mesh size (mm) 80 90
Fuel costs per day (€) 1800 1300
Fishing effort (h) 75 72

Market value (€ kg−1)
Sole 9.42
Cod 2.43
Plaice 1.99
Whiting 1.40
Mackerel 0.99
Mullet 5.40

Table 3. Summary of parameter values included in the model

Scenario Fleet IQ Fine
(t yr−1) (€ kg−1)

Discard ban Trawlers 0−27 2.43−200
Netters 0−20

Discards allowed Trawlers 0−27 0
Netters 0−20

Table 4. Description of scenarios. IQ: individual cod quota
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geted by mixed demersal/pelagic trawls, while sole
was the main target species for trammel netters. In
addition, for sole, the variable engine power was
selected as the second variable, confirming that ves-
sels with low engine power (i.e. netters) target sole.
The simulation model results based on the GAM pre-
dictions are presented below.

Cod catch

Cod catches depend on the fishing fleet and
management scenario (Fig. 2). For trawlers, IQ
lower than 10 t yr−1 result in full utilization of quo-
tas by almost all vessels, while over-quota catches
are discarded, hence holding cod catches at a high
level (ca. 10 t yr−1). Increasing the IQ above 10 t
yr−1 results in trawlers progressively being unable
to use all their quota: all cod catches (ca. 12 t yr−1)
are landed, and none are discarded. The variability
in cod catches in the model causes some fishers to
be more or less successful at catching cod than
others. Successful fishers will fully exploit their
quota and discard their over-quota catch, while
less successful fishers will land all their cod
catches and will not use all of their quota. When a
discard ban is introduced (in combination with a
high fine; €200 kg−1), IQ may reduce catches con-
siderably. At an IQ below 4 t yr−1, the cod catch is
<1 t yr−1. Increasing IQ results in an increase in
landings, but vessels rarely utilize their quota com-
pletely. As for the first scenario, catches level off
toward ca. 12 t yr−1.

There are 2 main periods during which cod is
caught by trawlers (Fig. 3). The first period is around
the end and beginning of the year, while the second
period occurs halfway during the year. Fishers con-
strained by a discard ban switch to other fishing
grounds during these periods, resulting in lower
annual cod catches.

Despite much lower cod catches (<2 t yr−1) for net-
ters (Fig. 2c,d), similar results are observed as for
trawlers. While the netting fleet shows more spatial
overlap under both management scenarios, devia-
tions of the choice of fishing grounds occur during
periods when cod is more frequently caught
(Fig. 3d−f). So, netters also switch fishing grounds to
avoid catching cod.
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Species                           Model structure                         BIC1         BIC2     BIC3     BIC4     BIC5     BIC6     BIC7         θ

Cod               Intercept + D + G + B + C + A + E + F     7095.8     2845.9   1554.5   1636.7    663.0     121.3      −1.5      0.185
Plaice           Intercept + C + A + G + B + D + E + F     18002.6     3205.2   3119.3     932.6    324.3     290.4      −1.4      0.393
Sole              Intercept + A + C + G + B + D + E + F     22990.1   12189.5   886.6     444.4    258        118.7      −4.6      0.193
Whiting        Intercept + C + G + A + D + B + F + E     5302.3     6073.5   1044.2     299.3      40.5     0.2      −8.7      0.252
Mackerel     Intercept + A + G + C + B + D + E + F     15575.5     3143.5   2272.3     402       279.9     10.5      −1.7      0.234
Mullet           Intercept + C + G + E + B + A + D + F     5415.7     4104.7   2293.9   1580.1    360.7     170.1      −1.2      0.231

Table 5. Model selection results for the 6 species, based on the Bayesian information criterion (BIC). Numbers indicate the dif-
ference between the previous obtained BIC associated with the previous variable and the newly acquired BIC of the newly
selected variable. If negative, the variable is excluded from the best model. For the model descriptions, the offset has been 

omitted. The estimated theta (θ) is also given. The letters are referenced by the letters used for the variables in Table 2

Fig. 2. Modelled average annual cod catches (i.e. landings
plus discards) per vessel for both (a,b) trawlers and (c,d) net-
ters in relation to the available individual cod quota (dashed
line). (a,c) Discarding is allowed, (b,d) discarding is banned.
Average annual landings (black line) with confidence area
(dark grey shaded area) are separated from average annual
cod catches (grey line) with confidence area (light grey 

shaded area), depicting the amount of cod discards
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When IQ for cod are reasonably high (~9 t yr−1),
trawlers only become limited in landing cod at the
end of the year and only discard when quotas are
almost fully exploited. When lower quotas are avail-
able, the amount of cod being discarded increases,
and fishers discard earlier in the year as well. When
quotas are low (~3 t yr−1), cod is discarded throughout
the year, with the highest amounts of discards occur-
ring during both periods when cod is mainly caught.
Netters rarely discard cod due to their low catches.
However, if cod is discarded, it occurs at the end of
the year during the period when cod catches are
higher. These results show that fishers are able to
regulate their landings by switching fishing ground,
switching métiers and discarding their over-quota
catch. When discarding is banned, fishers can only
regulate their landings by switching fishing grounds
and targeting other species.

Effort

If discarding is allowed, annual allocation of fishing
effort of a trawler is independent of the cod quota
(Fig. 4). The total days at sea (DAS) increase margin-
ally from an average of 108 d to 110 d when a larger
quota becomes available. Effort is mainly allocated
near the English coast (30E9) and in the southern
North Sea (30F1 and 32F1) (Fig. 5). Imposing a dis-
card ban in combination with low IQ has a clear
impact on effort and setting IQ to zero results in a
complete stop of fishing. At quota below 6 t yr−1,

there is a steep increase of effort with increasing
quota. As more quota become available, the increase
in effort slows down and stabilizes toward an aver-
age effort of 110 DAS. Introducing a discard ban
causes a spatial shift in the distribution of fishing. At
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Fig. 3. Modelled temporal
variation in cod catches for
both management scenarios
at individual quota of 3, 6 and
9 t yr−1, including a fine equal
to €200 kg−1. The average cod
catch of an individual (a−c)
trawler or (d−f) netter per
time-step (2 wk period) is
illustrated. The shaded area
quantifies cod discards, being
the difference between cod
catches (dashed black line)
and cod landings (black line),
when discarding is allowed.
The dot-dashed grey line
indicates cod catches when a 

discard ban is imposed

Fig. 4. Modelled average annual effort per vessel for both
fleets and both management scenarios for (a,b) trawlers and
(c,d) for netters. (a,c) Discarding is allowed, (b,d) discarding
is banned. The area between the upper (95%) and lower 

(5%) confidence intervals is shaded. DAS: days at sea
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low IQ levels, trawlers make fewer
trips (21 trips), and effort is con -
centrated in more southern and dis-
tant fishing grounds, such as 28F0,
28F1, 30E9 and 29F0. At a higher IQ
level, the spatial distribution resem-
bles that found when discarding is
allowed.

In the absence of a discard ban,
netters spend 108 DAS, regardless of
the quota. As for trawlers, cod quota
management on its own has no influ-
ence on the spatial distribution of
netters that predominantly fish in the
eastern English Channel (56% in
28F1). With a discard ban, effort is
only influenced at low (<8 t yr−1)
quota. Fishing stops when IQ is zero
but rapidly increases up to 111 DAS
when IQ is <3 t yr−1. Yet, effort grad-
ually decreases again and remains
fixed at an average annual effort of
107 DAS. The peak at low quotas
may reflect a reallocation of effort
away from the southern North Sea
(30F1) to more distant fishing
grounds into the eastern English
Channel (29E9). At higher IQ levels,
the spatial distribution of fishing
effort is equal to the distribution
when discarding is allowed.

The shift in the spatial distribution
of fishing effort from the southern
North Sea to the eastern English
Channel is related to the spatial dis-
tribution of cod. Cod is more fre-
quently caught in the southern North
Sea fishing grounds compared to the
Channel. When cod quotas are high,
a fisher can continue to fish in the
northern fishing grounds until the
cod quota becomes depleted. Imple-
menting low cod quotas and a dis-
card ban, however, makes Channel
fishing grounds more attractive
because of a reduced risk of catching
cod while targeting other commer-
cial fish species.

Besides spatial effort allocation to
reduce cod catches, trawlers change
their preference for a métier in
response to IQ (Fig. 6). When con-
strained by a discard ban and IQ
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Fig. 5. Modelled spatial allocation of effort by average number of trips per year
for (a−d) trawlers and (e−h) netters at low (5 t yr−1) and high (15 t yr−1) individ-
ual cod quotas (IQ). Panels (a,b) (trawlers) and (e,f) (netters) are based on the
first management scenario (discarding), while (c,d) and (g,h) are based on 

scenarios with a discard ban
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below 4 t yr−1, there is no fishing at all or trips are
done only choosing OTBM. As IQ increases, fishers
increasingly opt for OTBD (0 to 47%). An IQ of 27 t
yr−1 results in similar operation levels as observed for
the scenario when discarding is allowed. Also in this
scenario, lower quotas reduce (48 to
28%) the choice to operate the OTBD
métier. Netters choose, regardless of
the management scenario, to fish using
a TN throughout the year.

Catch composition

For trawlers constrained by a discard
ban and low IQ, mackerel is the most
dominant (>90%) species in the catch,
supplemented with mullet (ca. 8%) and
plaice (1%) (Fig. 7). With increasing IQ,
whiting catches gradually increase (0 to
53%), while the proportion of mackerel
in the catch decreases (>90 to 40%).
Other species, such as mullet (4%), cod
(3%) and plaice (<1%), contribute mar-
ginally to the catches.

Allowing discards eliminates the
effect of low IQ on the catch composi-
tion. For trawlers, whiting and mackerel
are the main contributors whether a
low or high cod quota is implemented.
However, lower quotas ensure a slight
decrease in whiting and a small in -
crease in the proportion of mackerel.

Netters mainly catch sole (>80%) and
plaice (~18%), while cod is caught in
small quantities and contributes less

than 1% to the entire catch. Hence, introduc-
ing a discard ban on top of IQ has little
impact on the catch composition of netters.

Trade-offs

In the present study, 2 indicators of fishery
success, i.e. effort and net revenue, were
weighed against cod catch (Fig. 8). Reducing
IQ while allowing cod discards upholds
effort, net revenue and cod catches for both
fleets (Fig. 8a,c). The slight decrease in net
revenue (from ca. €420 000 to ca. €373 000)
for trawlers can be related to reduced cod
landings.

In contrast, imposing a discard ban clearly
affects both indicators and cod catch (Fig. 8b,d).
When IQ is below 1 t yr−1, fishers stay in port and do
not generate revenue. Setting a low IQ ensures that
fishers avoid cod catches by targeting other commer-
cial species with lower market value (e.g. mackerel)
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Fig. 6. Proportion of effort allotted to each métier operated by
trawlers when constrained by a discard ban (light grey: mixed 

demersal/ pelagic trawl; dark grey: demersal otter trawl)

Fig. 7. Proportion of each of the 6 species contributing to the total catch for
(a,b) trawlers and (c,d) netters. Modelled catch compositions (b,d) for the
first management scenario and (a,c) for the second scenario. For each of the
6 species, a different shade is used. The order of the catch composition
from top to bottom for trawlers: mullet, mackerel, whiting, cod and plaice; 

and for netters: sole, cod and plaice
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in more distant fishing grounds. Consequently, a
trawler generates less revenue (ca. €73 000) in pro-
portion to the amount of fishing effort (ca. 44 DAS at
an IQ of 2 t yr−1). At an IQ of 4 t yr−1, trawlers allocate
some fishing effort to cod fishing grounds, increasing
the catch of cod to 1 t. Effort doubles (88 DAS), while
net revenue almost triples (€211 000). As a larger
quota is made available, effort increases and levels
off at ~110 DAS. This increase in effort leads to an
increased cod catch because gradually more cod
fishing grounds are fished. In addition, landings of
commercially valuable and co-occurring species,
such as whiting, increase likewise and contribute
substantially to the revenue. Hence, while effort
 levels off, net revenue continues to increase until
the point where IQ are no longer constraining, i.e.
18 t yr−1.

Trade-offs as seen with trawlers are less frequently
observed for netters. Increasing IQ to 1 t yr−1, fishing
(58 DAS) resumes, generating revenue (ca. €135 000)
by fishing for sole and plaice while cod catches

remain substantially low (<6 kg). With higher IQ,
effort and net revenue level off to 107 DAS and
ca. €270 000, respectively. Revenue is maintained
regardless of the IQ level, indicating that netters are
to an extent economically independent of cod
catches when avoiding the use of a GN. Netters
mainly generated revenue by fishing for sole and
plaice, while whiting and cod are by-catch species.

In general, permitting cod discarding, fishers will
uphold effort and maintain their net revenue at the
expense of cod conservation. In contrast, with a dis-
card ban, fishers avoid cod but maintain a reduced
fishing effort targeting lower valued species, such as
mackerel, to compensate the loss in revenue.

Over-quota fine

The results above assumed that the discard ban
was fully enforced, corresponding to a very high fine.
The response of the fishers in terms of over-quota
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Fig. 8. Trade-offs between (J)
net revenue, (M) effort and cod
catches (t yr−1) for (a,b) trawlers
and (c,d) netters. (a,c) Discard-
ing is allowed, (b,d) discarding
is banned. Note the changing
colours of the points from black
to light grey as individual cod
quotas increase from low to 

high levels
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discarding of cod for a range of different fines is
shown in Fig. 9. With a low fine equal to the market
value of cod (€2.43 kg−1), trawlers start discarding
when IQ are below 9 t yr−1. Above this level, fishers
have sufficient quota available to uphold their rev-
enue and switch to other target species when their
quota is fully exploited. Increasing the fine shifts the
threshold IQ below which fishers start discarding the
over-quota catch toward a lower level. In our model,
the fine needs to be sufficiently high, e.g. 20-fold the
price of cod, to reduce discarding of over-quota cod
below 6 t.

DISCUSSION

The present study explored the effects of a discard
ban in combination with IQ in mixed fisheries. Under
a management regime that allows over-quota dis-
carding, quotas for by-catch species, such as cod,
may have little effect on the effort allocation and
catch composition of fishing fleets. Fish that are
caught without quota provision are discarded. IQ
management with a discard ban can reduce over-
quota discarding of cod when properly enforced. In
that case, fishers will reallocate effort to fishing

grounds and weeks when the cod catch is low, at the
expense of lower revenue.

The methods and results of the present study will
be generally applicable for mixed fisheries systems
because the main results will not be affected by a
number of simplifying assumptions necessary in our
modelling approach; however, the results cannot be
directly applied in the management of the Channel
fisheries. First, we assume that catching fish in an
area has no effect on the amount of fish available in
that area later in the year. Second, only variable costs
related to fuel use were incorporated. In addition,
these fuel costs were set at ~35% of gross revenue,
whereas the operating costs of gill-netters and beam
trawlers are estimated to be 20 and 50%, respec-
tively (Marchal et al. 2011). If costs are higher, fishers
may spend less time at sea or fish closer to port (Poos
et al. 2010). Hence, differences in fuel costs may
influence the catch composition and discard rate.
Third, revenue was determined by the modelled 6
species, although other commercially valuable spe-
cies, including squid, sea bass and herring, also con-
tribute to the revenue. Fourth, the quota system
imposed on the French eastern Channel fisheries is
more complicated than the IQ system explored with
our model. In France, yearly quotas are allotted to
public organisations and are either distributed to
members (IQ) or are available for all fishers, in which
case the system is competitive (generating a race for
fish). Both mechanisms occur, and we lack precise
quantitative information on how much each one
occurs and for which species. In that sense, we also
assume that only cod quotas affect behaviour, while
in reality, other species are also managed using quo-
tas. Fifth, we considered the study area as a single
management unit, although it belongs to 2 different
management units (subdivisions IVc and VIId). Since
2009, the eastern English Channel (subdivision VIId)
was allocated a separate cod TAC (i.e. 1600 t in 2011)
from the North Sea (subdivision IV) cod TAC (i.e.
26 800 t) (ICES 2011), and the French fleet receives a
larger proportion of cod TAC (ca. 84%) in VIId com-
pared to that in IV (ca. 4%). Finally, we did not
account for physical (e.g. depth or substrate) and nat-
ural (e.g. weather or wave height) elements of the
environment making certain areas inaccessible to
certain fleets or métiers. Due to these assumptions,
the results may not fully correspond to the observed
data. If we want to adjust the model to make it oper-
ational for practical use, then the management ques-
tions should be specified first because they will dic-
tate the amount of detail required in the model. As
indicated above, better understanding of the eco-
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Fig. 9. Average over-quota cod catches in relation to fine
levels. The thick dashed line represents a free-fishing situa-
tion (fine = 0). The thin lines represent different levels of
fines imposed, ranging from 5-fold the market value of cod
(€ 12.5 kg–1) up to 20-fold the market value (€ 48.6 kg–1). The
solid black line with no over-quota catches represents a
 situation with an extremely high fine (€ 200 kg−1) for over-

shooting the quotas
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nomic costs and returns and a more detailed imple-
mentation of the management regulations are likely
candidates for addressing specific management
questions.

Our model showed that, when forced by a fine,
fishers have to some extent the ability to avoid over-
quota discarding by reallocating their effort in space
and time. Empirical support for this response comes
from Branch & Hilborn (2008) and Branch (2009),
who showed that when TACs were increased for
some species and reduced for others, fishers were
able to adjust the species mixture in their catches by
reallocating their fishing effort. In the eastern Chan-
nel, landings of non-regulated species, such as
striped red mullet Mullus surmuletus, sea bass
Dicentrarchus labrax and squid Loligo spp., have
increased following the decline of cod landings and
may reflect a response of fishers to the change in
resource composition (Carpentier et al. 2009).

An important consideration when exploring man-
agement regulations is the compliance of fishers to
regulations. Results show that the compliance of a
fishery to restrictive quotas is influenced by the fine
for overshooting the IQ. The fine as currently
imposed in our model does not explicitly penalize
discarding but applies to overshooting the specified
maximum landing quotas. We hypothesise that the
fine for discarding should be equal to the fine for
over-quota landings minus the fish price to have sim-
ilar effects in the observed patterns. This hypothesis
results from the observation that the difference
between discarding and over-quota-landing is the
price of the over-quota fish. Our results indicate that
fines, to be efficient, should be much higher than the
fish price. Imposing a high fine would be a contribut-
ing factor to deter fishers from rule-breaking behav-
iour (Bose & Crees-Morris 2009, Jagers et al. 2012). In
our model, we assume a 100% detection rate, while
realistically, rule-breaking behaviour of fishers may
not necessarily be detected. This implies that even
higher fines should be considered to obtain full fish-
eries compliance. However, assessing the risk of
being detected is beyond the scope of the present
study.

Catches in the present study are estimated on the
basis of landings per unit effort of French commercial
vessels. High-resolution estimates of spatial and tem-
poral distribution from independent sources, like sci-
entific research surveys, are lacking for this area.
The drawback of using commercial landing data of
stocks that are managed with TAC remains the lack
of information on high-grading, over-quota discard-
ing and misreported catches (Rijnsdorp et al. 2007).

Due to this missing information, estimated catches
may suffer a degree of bias, especially for species
with a restrictive TAC, such as cod (Ulrich et al.
2011).

In the present study, we have focussed only on one
component of the discard problem, over-quota dis-
carding. Fishers may also be forced to discard
catches below the minimum landing size or discard
non-commercial species. These discards are particu-
larly high in mixed fisheries that target multiple spe-
cies with different selectivity characteristics relative
to the minimum landing size, such as the roundfish,
flatfish and Norway lobster fisheries (Rijnsdorp &
Millner 1996, Cappell 2001, Catchpole et al. 2005).
By ignoring these other discards, we will underesti-
mate the overall level of discarding in these fisheries
(Gillis et al. 1995a, Poos et al. 2010, Depestele et al.
2011).

The DSVM approach could also be applied to the
problem of high-grading as well as discarding under-
sized and non-commercial fish. In the present study,
each species was modelled as a homogeneous group
of marketable fish, but key descriptors such as abun-
dance, catch and market price could be classified
into different size classes in the future. Also, by
including price dynamics in a stochastic dynamic
programming model, the behavioural response of
fishers to market value fluctuations may be studied
(Dowling et al. 2012). Like many other studies of fish-
ers’ behaviour, we have presumed that fishers are
entirely driven by economic interests (Gordon 1953,
Hilborn & Walters 1987, Poos et al. 2010). The rele-
vance, however, of tradition, past experiences and
information ex change on fishers’ behaviour (Holland
& Sutinen 2000, Little et al. 2004, Marchal et al. 2009)
could be taken into account.

Currently, most of the advice in mixed fisheries is
based on single-stock biological objectives (e.g. keep
species above a certain biomass, obtain desired fish-
ing mortality), although in a mixed fisheries context,
the single-species objectives cannot be achieved for
multiple species simultaneously (Gröger et al. 2007,
Ulrich et al. 2011, Da Rocha et al. 2012, Rijnsdorp et
al. 2012). The model in the present study allows
trade-offs among multiple objectives in a mixed fish-
eries context. By introducing a length structure or
age structure for different species, management sce-
narios can be tested to estimate (1) the by-catch of
undersize commercially important species, such as
plaice, and (2) the over-exploitation of vulnerable
species, and (3) to link predictions to existing stock-
assessment models and contribute to the improve-
ment of mixed fisheries management.
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Mechanistic models are increasingly being used to
analyse vessel fishing behaviour (Little et al. 2004,
Poos et al. 2010, Dowling et al. 2012). Commonly,
fishers behaviour is based on economic interests,
while alternative utility functions with less emphasis
on economic interests, such as tradition or informa-
tion sharing, could be included (Little et al. 2009).
However, this would require a more extensive under-
standing of the rationale of fishers’ behaviour. Fish-
eries management is a complex system in which a
manager must take  the interests and concerns of
many stakeholders into account. Our spatially ex -
plicit effort-allocation model proves to be a useful
tool to evaluate conservation and economic trade-
offs and enables managers to visualize consequences
of new management scenarios, such as a discard ban.
Hence, our conclusions are important for fisheries in
Europe as well as fisheries globally, contributing to
an ecosystem approach to fisheries management in
which one tries to mitigate overfishing and the low
economic resilience of the fishing industry.
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