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weight the most important commercial flatfish species in the North Sea demersal fishery. There is a high
discarding of plaice in the active demersal fisheries in the North Sea. The change in fisheries
management towards a more ecosystem based approach, together with a greater focus on sustainability,
has caused a severe need for action. Subsequently, the European Commission is preparing regulations
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analyse the landed and discarded portions in these mesh size categories and link the discarding to the
minimum landing size. We employed a GAM model to assess how discarding of plaice below the
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Abstract

Plaice (Pleuronectes platessa) play an important role in the North Sea benthic ecosystem and is
by weight the most important commercial flatfish species in the North Sea demersal fishery. There
is a high discarding of plaice in the active demersal fisheries in the North Sea. The change in
fisheries management towards a more ecosystem based approach, together with a greater focus on
sustainability, has caused a severe need for action. Subsequently, the European Commission is
preparing regulations to reduce or even ban discards. The trawl fisheries are commercially the most
important Danish fishery targeting plaice. Here we analyse discard data collected onboard Danish
vessels in the period from 1998 to 2008. We describe the general patterns in these data by dividing
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them into three mesh size categories: 80-99 mm, 100-119 mm and ≥120 mm to reflect implemented
technical measures of relevance. We analyse the landed and discarded portions in these mesh size
categories and link the discarding to the minimum landing size. We employed a GAM model to
assess how discarding of plaice below the minimum landing size is connected to relevant factors
that could be of relevance from a management perspective. We identified a statistical significant
effect of mesh size category and area. We discuss the results in relation to potential mitigation
measures to be implemented in future fisheries management strategies.

Keywords: Discards; Fisheries management; North Sea; Pleuronectes platessa; Plaice; Trawl

Introduction

Plaice play an important role in the North Sea benthic ecosystem, being one of the most
abundant flatfish species and one of the most important species for the fishery (Sparholt, 1990;
Daan et al., 1990; ICES, 2008). Nevertheless, the plaice fishery in the North Sea is characterized by
a high discard rate, approximately 50% by weight of the catches (ICES, 2011). High mortality of
discarded plaice (50-100%) is indicated from both beam trawls (Van Beek et. al., 1990; Kaiser and
Spencer, 1995) and trawls (Evans et al., 1994; Millner et al., 1993). Discard survival will likely
depend on several factors like the fishing gear, fish and fishing conditions and an additional
mortality caused by sea bird predation (Hudson and Furness, 1988; Evans et al., 1994; Garthe and
Hüppop, 1994; Votier et al., 2004). Consequently, measures to reduce the amount of plaice
discarded in the North Sea fisheries would greatly benefit the stock (ICES, 2011) and reduce the
anthropogenic impact on the marine ecosystem. The reduction of discards is also a main issue in the
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2012 revision of the European Common Fisheries Policy and a key aspect in voluntary certification
of fisheries (Marine Stewardship Council, www.msc.org).
Several technical measures have been applied in the North Sea to reduce the fishing mortality on
juvenile plaice. Of relevance for active demersal gears are mesh size regulations, a partially closed
area (the plaice box) and a minimum landing size. The closed area (plaice box) is placed along the
continental coast where vessels lager than 300 HP have not been allowed to fish since 1995 in an
attempt to reduce discards of juvenile plaice (Pastoors et al., 2000; Van Keeken et al., 2007) that are
concentrated in this area (Rijnsdorp and Pastoors, 1995; Pastoors et al., 2000; Van Keeken et al.,
2007). There has not been proven any clear effect on the stock (Pastoors et al., 2000; ICES, 2011)
but it is likely that this will increase survival of juvenile plaice. There are several mesh size
regulations in force, and today the use of meshes 80-99 mm is only allowed in the southern North
Sea (South of 55ºN or 56ºN east of 5ºE) whereas the minimum mesh size in the North is 100 mm
(ICES, 2011). Recent estimates on the selectivity of plaice in trawls have been made (Frandsen et
al., 2009; Frandsen et al., 2010; Frandsen et al., 2011) making it possible to assess the selectivity in
relation to discard mitigation measures.
Discarding of plaice is recognized as a major management problem and several aspects of plaice
discarding in the North Sea have been assessed (Van Beek et al., 1990; Evans et al., 1994;
Berghahn, 1998; Dickey-Collas, 2007; Aarts and Poos, 2009; Poos et al., 2009; Depestele et al.,
2011). There is, nevertheless, a lack of publications that analyse and describe the general discard
pattern of plaice in the North Sea trawl fishery with focus on potential mitigation measures. A
particular reason is that discard sampling programs are often expensive and require a large number
of man hours, while providing data which are spare in relation to the total effort in a given fishery
(Dickey-Collas et al., 2007; Aarts and Poos, 2009). However, discard analyses are of importance for
inclusion in stock assessment and the associated management advice (Dickey-Collas et al., 2007).
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Several technical measures have been implemented over the years, however, the level of
discarding remains high (ICES, 2011). Therefore, evaluating factors that can be used by managers
to reduce discard amounts and rates is of importance. Discard reduction is also an important facet of
the long term management plan implemented in 2008, aiming at having the stock within safe
biological limits (ICES, 2010). Trawls are the most important fishing gear targeting plaice in the
Danish North Sea fishery. Discard data from the Danish fishery have been collected since the
nineties. This provides the possibility to assess discarding for a relatively large number of hauls.
Here we analyse discard data collected from the Danish demersal trawl fishery in the North Sea in
the period from 1998 to 2008. The main aim is to analyse the discard data with particular focus on
factors that could be important for management strategies in the future.

2. Methodology

2.1. Discard Sampling

Danish discard data was originally collected under a national programme and later (2002) in
accordance with the European Data Directive (1639/2001). Data sampling is stratified with regards
to: ICES sub-division, quarter, and defined by mesh size categories. Sampling is carried out on
board commercial vessels voluntarily participating in the discard sampling programme. The
observer has no relation to the control units, whereby it is assumed that the fishing practice is
unaffected by his presence. The vessels and trips are chosen to be representative of all important
fishing harbours, the entire period, all vessel sizes and all durations of trips in the given fishery. The
criteria for hauls included in this analysis are that they are conducted in the North Sea with
demersal trawls in the period from 1998 to 2008 with a mesh size of 80 mm or larger. The trawls
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are fished in single or multiple rigs often from a single vessel, but in a few cases pair trawling is
recorded (trawls towed by two vessels). These fisheries are generally defined by being mixed
fisheries targeting species for human consumption. The fishery is complex, having fluctuating catch
compositions and targeting a wide range of species.

2.2 Relevant factors

Many social (Catchpole et al., 2005; Rochet and Trenkel, 2005), technical (Stratoudakis et al.,
2001; Rochet and Trenkel, 2005) as well as environmental (Catchpole et al., 2005; Rochet and
Trenkel, 2005) factors can be considered as having a potential effect on discards. However, this
analysis is focussed on variables that are relevant for management of the fishery because they are
directly controllable. Factors considered include geographical area, season (quarter) and mesh size
category (defined by mesh size intervals). The discard rate could be largely positively correlated
with juvenile abundance. Although this is not controllable by managers it has the potential to distort
the effect of other influential factors such as mesh size and was therefore also considered. We
considered the size spectrum from the minimum retention length up to the MLS by using
recruitment data for age classes one and two from the official assessment (ICES, 2010). We
assessed juvenile abundance by year and quarter, assuming mortality (natural and fishing mortality)
to be constant throughout the year. Year classes one and two were assessed separately and also their
effects combined.
We defined haul location as the midpoint in the tows (straight line between start and end). To
increase the number of observations for each time period we used quarter (start 1st January) rather
than month. Since mesh size will influence the selectivity in the gears, it is considered to be a main
factor affecting the discarding of plaice (Van Keeken et al., 2007; ICES, 2011). We divided mesh
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size into three main categories: 80-99 mm; 100-119 mm and ≥120 mm (largest observed size is 127
mm), reflecting the regulations. These include minimum mesh sizes of 80 mm in the southern North
Sea, 100 mm in the northern North Sea and 120 mm for the whitefish fishery in the northern North
Sea. This division also ensures a reasonable number of observations per mesh size category. The
conventional mesh size is noted by the discard observers but is not necessarily measured. Since
mesh size regulations have changed over the years, some of the discard observations are not in line
with current legislation, having smaller mesh sizes than allowed in the area today. The mesh sizes
are reported to be somewhat larger (around 5 mm) than the minimum allowed. This is to avoid
potential conflict with the legislation, since the size of the mesh can decrease over time. It is rarely
that the conventional mesh size is below the minimum allowed. The use of selective devices is not
well documented in the discard data. However, square mesh panels have been implemented in
legislation in some fisheries during the study period. These panels are inserted with the objective of
improving the selectivity of gadoids, particularly cod, and do not fit well to the morphology of
plaice. Subsequently, they are not expected to influence the selectivity of plaice (Madsen et al.,
2006; Frandsen et al., 2010) since the minimum allowed mesh sizes in the square mesh panels are
not substantially higher than that used in the rest of the codend. A minimum landing size (MLS) of
27 cm is effective for the whole investigated period.
Since a mismatch between mesh size and MLS is likely to be influential on discard rates we used
recently published data on plaice selectivity in trawls (Frandsen et al., 2009; Frandsen et al., 2010;
Frandsen et al., 2011) to assess this relationship further. We estimated mean values from 4
experiments assuming the selection factor (L50 (50% retention length)/mesh size) and also the
selection ratio (selection range (75% retention length – 25% retention length)/L50) to be constant.
This is because the selection range can increase with L50 and hence mesh size (Madsen, 2007). The
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average selection factor was estimated to 2.15 (range 2.04-2.28) and the average selection ratio to
0.146 (range 0.108-0.182).

2.3 Comparisons of mean values

Mean values for each mesh size category were estimated for discards and landings (no./hour),
discard proportions (no.) and lengths (cm) of discards and landings. To conduct a more detailed
analysis of discarding mean values in relation to MLS the total proportion below MLS, two length
intervals just below MLS (23-24 cm and 25-26 cm) and a length interval just above MLS (27-28
cm) were estimated. All mean values were compared pair-wise by a two-sample t-test. In principles,
this requires that the mean values approximately follow normal distributions. The observations are
not normally distributed particularly because most cases include zero discard observations.
However, the positive observations exceed the zero’s in most cases. It was examined by bootstrap if
the mean values approximately follow a normal distribution. This was done for each set of
observations as follows: 1) draw a random sample of the observations with replacement; 2)
calculate the mean; repeat step 1 and 2 10,000 times; draw a histogram and a qq plot of the 10,000
simulated means. The plots indicate that the normal approximations seem reasonable. The
applicability of the t-test is further justified by Sullivan and D’Agostino (1992), even in cases with
up to 50% zero observations.

2.4 Modelling discarded numbers under MLS

To describe the main reasons for discarding that are relevant to management we modelled
discarded numbers under MLS per haul as the response variable. However, as haul durations differ
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per observation we may simply measure a large number of discards because the haul duration was
long. To account for this we used log haul duration as an offset term, whereby the fitted values are
always positive, the confidence intervals around the fitted values do not contain negative values,
and we allow for heterogeneity (Zuur et al., 2009). To account for the unbalanced sampling design
between explanatory variables, and describe the main spatial distribution, generalized additive
models (i.e. GAMs, Hastie and Tibshirani, 1990) were used with the assumption of an underlying
binomial distribution (log link). A negative binomial distribution was chosen a priori seeing as the
data are counts without an upper limit, and overdispersed (i.e. variance exceeds the mean or contain
a large number of zero observations). The full model was formulated as follows:

Numbers discarded under MLS per haul = mesh size category + s(longitude, latitude) + quarter +
s(juvenile abundance) +offset(log haul duration) + ε

where s is an isotropic smoothing function (thin-plate regression spline), and ε is an error term.
Covariates included in the initial model were removed one at a time until all covariates were
significant (P < 0.05). To simplify the interpretation of the interaction between longitude and
latitude, the maximum degrees of freedom (measured as number of knots k) allowed to the
smoothing function was limited to k = 20. To check for violation of independence within the spatial
term variograms of the residuals were used (Zuur et al., 2009). No spatial correlation was present in
any of the models fitted. The analysis was performed using R software, a statistical environment for
computation and graphics (http://www.r-project.org).

3. Results
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General information on the discard sampling data is provided in Table 1. Fewest years are
covered by the 80-99 mm mesh size category where there are data from 2001-2005, whereas the
100-119 mm mesh size category has data from 1998-2002, 2004 and 2007. Most years are covered
by the ≥120 mm mesh size category which covers the years 1998, 2002-2008. The mean
horsepower increases with the mesh size (Table 1). The mean haul duration is highest for the 80-99
mm mesh size category (Table 1). The highest numbers of hauls were recorded for the ≥120 mm
category. The relative proportion of hauls having discard observations decreases with increasing
mesh size. There is about the same amount of hauls with landings and discards in the two smallest
mesh size categories but a higher number of landings than discards in largest mesh size category.
Landings have not been length measured in all hauls (only total landings weight recorded in 15
hauls) for the 100-119 mm mesh size category (Table 1).
The geographical distribution of the observations is indicated in Fig. 1. There is some difference
in the spatial distributions of the mesh size categories. The 80-99 mm mesh size category was
located mainly in a narrow area in the central North Sea, while the ≥120 mm mesh size category
was more widely distributed with more observations in the northern parts of the North Sea. Means
for different discard and landings categories, together with their 95% confidence intervals and
significance levels from the comparisons of the three mesh size categories (t-test) are presented in
Table 2. The mean discard rate, in numbers per hour, in the ≥120 mm mesh size category was
approximately a factor of 10 and a factor of 30 lower than in the 100-119 mm and 80-99 mm mesh
size categories respectively. Differences are statistically different between all mesh size categories.
No statistically significant differences were observed in mean landings (numbers) per hour for the
three mesh size categories. Mean discard proportions are statistical significantly different for all
categories. The mean length of discarded plaice increases significantly with increasing mesh size
category. The main part of the discarding is below MLS for all categories, but lowest in the ≥120
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mm category, having 69% of the discards below MLS. In total, more than half of the discards are in
the size range 23-26 cm, with the main part being in the 25-26 cm interval just below MLS. The
discarded proportion in the 27-28 cm interval, just above MLS, is lowest in the 80-99 mm and 100119 mm mesh size categories while highest in the ≥120 mm mesh size category.
Selection curves indicating the selectivity of 80, 100 and 120 mm mesh sizes are shown in Fig. 2
together with the MLS. The retention of plaice at MLS (27 cm) for the three mesh sizes are 100%,
98% and 67% respectively, indicating a mismatch also for the 120 mm mesh size. The 10%
retention lengths are 15, 16 and 22 cm respectively.
The correlation between juvenile abundance and discards under MLS was found to be negative
in the GAM model. Inspection indicated that this was probably caused by the structure of the data.
A low number of observations were recorded in years with high juvenile abundance. These also
corresponded to the largest mesh size category. Having no significant positive correlation, juvenile
abundance was excluded from the analysis. Quarter was found to be non-significant and removed
from the final model. Significant variables in the final model are presented in Table 3. The discard
rates in the ≥120 mm and 100-119 mm mesh size categories were significantly lower than the 80-99
mm mesh size category. However, the difference between the 100-119 mm and ≥120 mm mesh size
categories was non-significant. The interaction between longitude and latitude on discard rates was
also found to be highly significant (Table 3, Fig. 3). Discarding is highest in the area closest to the
plaice box in the south east and decreases with increasing distance. The proportion of null deviance
explained by the final model was 85.3%.

4. Discussion
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This is the first detailed study of the general discarding pattern of plaice in the North Sea trawl
fishery (but see Poos et al., 2012). There are some clear patterns of importance for the future
management strategy. The discard data analysed here are not collected by random sampling since it
is stratified and representative under certain criteria. The data used covers a very limited amount of
the relevant fishery (< 1%) and there is not a complete overlap in the data of the three mesh size
categories concerning time and area. Some of this is accounted for in the modelling by including
some important variables, but there might be other influential variables, for example, ecological
factors (Pastoors et al., 2000), that are not fully accounted for in this study. Although there was no
effect of increasing discard rates with high year class strengths of juvenile plaice more detailed
recruitment data and discard data in time and space are needed to assess this in further detail. The
indication of a clear area effect is in agreement with the expectation of a high number of younger
plaice closer to the nursery grounds (Rijnsdorp and Pastoors, 1995, Van Keeken et al., 2007) and
the plaice box. This also suggest that discard mitigation measures for plaice are more important the
closer the fishery is conducted to the plaice box.
The present analysis suggests that mesh size is highly influential on the amounts and rates of
plaice discarded. The discarded proportion of the catch for the 80-99 mm mesh size category is in
the same order of magnitude as observed in the management of plaice today (ICES, 2011) which is
mainly caused by the 80 mm beam trawl fishery in the southern North Sea. Van Beek et al., (1981)
estimated a selection factor of 2.1 in beam trawls, which is close to the selection factor we used
(2.15), suggesting that the selectivity in beam trawls and otterboard trawls are comparable. More
recent selectivity estimates from beam trawls would, however, be valuable.
The demonstrated mismatch between MLS and gear selectivity describes the discards even when
using 120 mm mesh size. A MLS that corresponds to 25% retention has been mentioned as a
management objective (Reeves et al., 1992). This would equal a mesh size of 135 mm (using
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selection estimates presented in the results section) but still causes discarding, suggesting that it is
also relevant to consider the MLS. The present analysis suggests that lowering the MLS by 2 cm
would reduce about half of the discards in the ≥120 mm mesh size category, whereas 4 cm could
potentially reduce discards by 54-86% for the three mesh size categories. An increase in the
selectivity clearly reduces the discard level. However, efficient species selective devices are needed
to retain commercial species like sole and Norway lobster that are relatively smaller than plaice.
Recent experiments suggest that some devices are efficient in releasing plaice in Norway lobster
directed fisheries (Madsen et al., 2010) and pulse trawls might be able to increase catchability and
selectivity of sole (ICES, 2011). The dynamics and complexity of the mixed fishery (Rijnsdorp et
al., 2007; Andersen et al., 2010) where plaice is mainly targeted, as in the Danish fishery, makes the
potential effect of an increase in selectivity more unpredictable in economic terms. However, this
effect may be less consequential seeing as the fishery is dependent on many species. The length at
first maturity is 20-24 cm in males and 30-35 cm in females (Van Keeken et al., 2007). Therefore,
changing the fishing strategy by lowering the MLS could increase fishing mortality in areas with
more small plaice and could reduce the spawning stock, particularly for females.
The majority of the North Sea Danish trawlers in the fishery for human consumption species fish
with meshes ≥120 mm. While this fishery has a relatively low discard rate of plaice, a considerable
portion is comprised of individuals over MLS. This is most likely a result of catch restrictions
causing additional discards. Also, the higher proportion of plaice discarded just above MLS could
potentially be a symptom of imprecise sorting (by eye) that could be solved. The plaice landings in
the ≥120 mm mesh size category suggest that it is possible to substantially reduce discarding
without reducing landings at the same time. With very few additional means it would be possible to
eliminate the discarding of plaice in the ≥120 mm fishery in accordance with the direction of future
fisheries policy. Abandoning a MLS and avoiding fishing without having sufficient possibility to
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land plaice (eg. quota) seems to be a realistic option, especially if the goal is to eliminate discards
completely. In this respect, there are considerable prospects in using new technology like electronic
monitoring (Kindt-Larsen et al., 2011), that will make it possible to change from landings to total
catch quotas and hence support new strategies for fisheries managers and give fishers the incentive
to avoid discarding part of their catch.
From an isolated fisheries management point of view, a reduction in high discard rates would be
expected to benefit the stock considerably. A more holistic approach should take into consideration
the general ecosystem effects (Botsford et al., 1997; Jennings, 2005; Greenstreet and Rogers, 2006).
Since discards are an additional food resource for opportunistic benthic scavengers (Groenewold
and Fonds, 2000) and sea birds (Hudson and Furness, 1988; Evans et al., 1994; Garthe and Hüppop,
1994; Votier et al., 2004), their removal from the system may disrupt the dynamics in other parts of
the marine ecosystem.
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Table 1. General information for the three mesh size categories per haul. Standard deviations are
indicated in brackets.
80-99 mm

100-119 mm

≥120 mm

Years (no.)

5

7

8

Vessels (no.)

9

13

33

Mean engine power (hp)

533 (290)

639 (219)

777 (195)

Mean haul duration (hrs)

6.5 (1.3)

5.9 (1.4)

6.3 (1.4)

Trips (no.)

10

22

71

Hauls total (no.)

57

139

423

Hauls without plaice (no.)

1

63

230

Hauls with discard (no.)

53

63

129

Hauls with plaice landings (no.)

56

64a

187

a

No length measurements in 15 hauls
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Table 2. Means for different discards and landings categories per haul. Confidence limits (95%) are
indicated in brackets. Asterisks in the first, second and third columns represent the significance
levels from the two-sample t-tests for the comparisons between 80-99 mm and 100-119 mm, 100119 mm and ≥120mm, and 80-99 mm and ≥120 mm mesh size category respectively.
80-99 mm

100-119 mm

≥120 mm

Discard (no./hour)

146.0 (102.3-189.7)***

47.2 (23.8-70.6)***

5.4 (3.5-7.3)***

Landed (no./hour)

70.9 (56.7-85.1)ns

66.1 (33.7-98.5)ns

68.2 (49.1-87.3)ns

0.546 (0.481-0.611)***

0.177 (0.119-0.235)***

0.069 (0.051-0.087)***

Discard length (cm)

23.3 (22.3-24.3)**

25.0 (24.8-25.2)***

26.0 (25.7-26.3)***

Landed length (cm)

31.5 (30.8-32.2)ns

32.8 (30.2-35.5)ns

33.4 (32.9-33.9)***

Discard proportion < MLS

0.960 (0.938-0.982)**

0.892 (0.848-0.936)***

0.689 (0.629-0.749)***

Discard proportion 23-24 cm

0.260 (0.215-0.305)ns

0.270 (0.224-0.316)***

0.147 (0.109-0.185)***

Discard proportion 25-26 cm

0.279 (0.216-0.342)***

0.588 (0.540-0.636)**

0.486 (0.432-0.540)***

Discard proportion 27-28 cm

0.029 (0.017-0.041)***

0.083 (0.057-0.109)***

0.212 (0.165-0.259)***

Discard proportion (no.)

ns: non significant (P ≥ 0.05)
**: P < 0.01
***: P < 0.001
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Table 3. Final model results estimated by the GAM model. SE indicates standard error.
Parameter

Estimate

SE

Z-value

P-value

Mesh size category 80-99 mm

-3.25

1.11

-2.95

0.003

Mesh size category 100-119 mm

-3.75

1.08

-3.46

<0.001

Mesh size category ≥120 mm

-3.82

1.07

-3.57

<0.001

Estimate

SE

Chi squared

P-value

18.5

18.8

716.3

<0.001

Categorical terms

Parameter
Smooth terms
S(Longitude, latitude)
Number data points: 619
Dispersion parameter: 0.48
AIC : 3012
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Figure captions:

Fig. 1. Geographical indication of place for individual hauls (midpoint of tow).

Fig. 2. Selection curves for three relevant mesh size categories. The MLS is indicated by the
vertical line.

Fig. 3. Geographical indication of the relative numbers discarded under MLS per haul predicted by
the GAM model. The surface and contour lines describe the effect of the two dimensional
smoothing function on the geographical coordinates. Red area indicates highest discard rate. Only
areas covered by observations are indicated.
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Fig. 3.
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