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Abstract
This thesis assesses discard estimation methodologies, quantifies and
characterises fish discards from demersal fisheries and presents models describing
discard rates and length distributions. The analyses are based on the Irish discard
programme: an on-board observer voluntary sampling scheme. Commencing in 1993
the programme sampled 281 trips (2748 hauls) by 2003. Firstly, the sampling scheme
was examined and optimum sampling levels were estimated considering cost and
precision objectives simultaneously. Gear, fishing ground and targeted species were
the main factors affecting discarding. Analysis by fleet components suggests an
increase in sampling levels. Secondly, the effects of sampling units (haul and trip)
and commonly used auxiliary variables (total landings in weight, effort in hours
fished and in numbers of fishing trips) were compared. Considering the sampling
unit at haul level increased variability in final estimations. Fishing trips was the
recommended variable to estimate discards in most fleets studied. The Irish demersal
fishery discards around 20 000 tonnes of fish annually; one third of the total catch.
Most of the fish discarded are immature. Whiting Merlangius merlangus, haddock
Melanogrammus

aeglefinus,

bluemouth

Helicolenus

dactylopterus,

megrim

Lepidorhombus whiffiagonis and dogfish Scyliorhinus spp. are the main species
discarded from otter trawlers. “Scottish” seiners discard mostly whiting, haddock and
grey gurnard Eutrigla gurnardus. Dab Limanda limanda and plaice Pleuronectes
platessa are the species most discarded from beam trawlers. Finally, discarding
ogives were estimated using generalized additive models (GAM) for whiting,
haddock, megrim and plaice. The most important factors influencing discarding
ogives were fleet, mean length of the catch, year, and for megrim, also minimum
landing size (MLS). The length at which fish are discarded has increased since 2000
for haddock and whiting, but decreased for megrim (accompanying a reduction in
MLS in 2000). GAM models were also used to estimate missing data and in shortterm predictions.
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Chapter I - General introduction
I.1 Introduction
Discarding part of the catch at sea is a worldwide phenomenon since it is an
inherent part of any fishing activity. Commercial fisheries discard annually around
27 million tonnes of fish worldwide. Demersal trawl fisheries produce almost half of
these quantities, with shrimp trawls alone accounting for a third of global discards
(Alverson et al., 1994). However, discards have declined substantially in recent
years. A recent update of the above referenced 1994 FAO study has estimated annual
discards around 7.3 million tonnes, corresponding to 8% of the global commercial
catch (in weight). Of these, 1.3 million tonnes, corresponding to 13% of the catch,
are discarded in the Northeast Atlantic. The main reasons identified for this decline
are the greater utilization of bycatch, the use of more selective gear, reduction of
fishing effort, specific discard and bycatch regulations and improved enforcement of
management measures (Kelleher, 2004). Nevertheless, the wasteful nature of trawl
shrimp, and finfish fisheries still remains. Enormous quantities of catch discarded by
trawl fisheries are still reported, accounting for over 50% of worldwide discards in
the present day.
Discarding occurs due to two main reasons and their interaction: low
commercial value (of species, sizes and conditions), and as a direct product of
management policies (Vestergaard, 1996). Species with no commercial value, as well
as individuals of small size and/or in poor condition (damage by gear, sorting or due
to prolonged time between capture and landing) will be discarded. Furthermore,
specimens under the minimum legal landing size, or over the landings and bycatch
quota will also be discarded (Hall et al., 2000). Management measures that limit the
amount landed but not the volumes caught will induce discarding, while ineffective
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control of fishing operations will also increase the propensity for discarding
(Crowder and Murawski, 1998). However, other environmental, biological and
behavioural factors play an important role in discard practices by influencing the
catch composition (Kennelly, 1995; Hall, 1996; Crowder and Murawski, 1998; Hall
et al., 2000; Rochet and Trenkel, 2005). Such factors include: season and area
(temporal and/or spatial aggregation of bycatch species or sizes), rare species
occurrences, fisher’s behaviour (ability and willingness to avoid bycatch), year-class
strength (variable abundance of small, non-marketable individuals), state of the
population (predominance of smaller individuals in exploited populations) and
species assemblages (association between target and bycatch species).
The impact of discards on the environment is a complex and diverse issue.
Discards may have a significant impact on populations, species assemblages and
ecosystems (Kennelly, 1995; Hall, 1996; Crowder and Murawski, 1998; Jennings
and Kaiser, 1998). Most of the organisms discarded die (particularly fish species,
with some exceptions, (Evans et al., 1994; Davis, 2002)) and thus are lost as
potential for stock rebuilding. This is particularly important when discards are
composed mainly of young immature fish (e.g. United States trawl fisheries in the
Northwest Atlantic (Alverson et al., 1994) and European demersal fisheries (CEC,
2002)), but also of threatened and endangered species (e.g. albatross Diomedea

exulans (Tuck et al., 2001), sea turtles (Hall et al., 2000) and vaquita porpoise
Phocoena sinus (Vidal, 1993)). On the other hand, species with low discard mortality
may increase their abundance in areas where extensive fishing occurs (e.g. the
increase in lesser spotted dogfish Scyliorhinus canicula abundance in the Irish Sea
(Rogers and Ellis, 2000)). Discards may also change relative prey-predator
abundance by constituting an additional food supply (e.g. for benthic scavengers
such as gurnards, gadoids and flatfish and invertebrates such as crabs and starfishes;
2

for seabird (Garthe et al., 1996; Furness, 2003; Garthe and Scherp, 2003) and top
predators such as sharks, dolphins and seals); and by causing additional species
interactions (e.g. competition between seabirds species (Votier et al., 2004)). In
deep-sea environments where food is scarce the input of organic matter from
discards, food otherwise unavailable, promotes diversity of benthic communities in
localized areas (Jennings and Kaiser, 1998).
In conclusion, understanding discarding is of fundamental importance to
elucidate and avoid detrimental impacts of fishing activities on the environment,
particularly when that activity is overexploiting marine resources (as in the case of
most European fisheries (Frid et al., 2003)). The importance of discard
quantification, reduction and monitoring has been emphasized at several fora. For
example, the UN FAO Code of Conduct for Responsible Fisheries encourages the
reduction of bycatch and discards and the collection of reliable and accurate data
(FAO, 1995). Similarly, the European Commission has stated that reducing the level
of discards is a key element in achieving responsible and sustainable fisheries.
Therefore the scientific monitoring of discards in European fisheries will continue to
be required and, preferably, should be enhanced (CEC, 2002).
The monitoring of discarding is only possible with dedicated sampling
programmes. The type of sampling programme can be very different depending on
the relative importance of particular objectives, and the resources needed. For
example, programmes can be voluntary or compulsory (i.e. either to accept observers
on-board when requested or be legally obligated to have observers when fishing).
The sampling itself maybe conducted by observers on-board or fishers may under
take “self-sampling” (i.e. samples are collected at sea by fishers and subsequently
analysed ashore by scientific personnel (Lart, 2002)). In European fisheries on-board
voluntary schemes are usually employed, although self-sampling has also been
3

conducted by several countries (ICES, 2000). Compulsory schemes are in place, for
example, in American Alaskan fisheries (Crowder and Murawski, 1998). Voluntary
schemes have the advantage of independent data collection but the disadvantage of
attaining low sampling coverage. The presence of an observer may also influence
fisher’s behaviour (change in discarding practices, fishing grounds, fishing
operations, etc.). In addition, sampling may be biased towards larger, newer vessels,
resulting in the non-sampling of certain types of vessels (too small, unsafe, unwilling
to participate (Liggins et al., 1997)). However, voluntary schemes require
substantially lower resources than compulsory schemes. Whilst, the majority of these
problems could be minimized with a concurrent self-sampling programme (Tamsett
et al., 1999; Lart, 2002), 100% coverage is rarely attained. Thus several question
arise, including: is the sampling representative? is the sampling intensity adequate?.
These and other questions are addressed in this thesis and are proposed in detail in
the objectives section below.
Discard sampling
Discard sampling of Irish fisheries has been carried out since 1990. Several
fleets have been sampled through time, including demersal mixed-fishery (otter
trawl, beam trawl and seiners, see below), inshore fisheries (crab fishery using traps),
deep-water fleets (trawl and longline targeting orange roughy Hoplostethus

atlanticus) (MI, 2004) and pelagic fisheries (albacore tuna Thunnus alalunga drift
net fishery (Rogan and Mackey, 2005)). The crab fishery has been monitored since
1990, while the deepwater trawl fishery has been sampled consistently since 2003.
The albacore tuna fishery was monitored in 1996 and again in 1998. Discard rates
ranged from 60% in deepwater trawls (60% of which was Baird's smoothhead

Alepocephalus baiirdi (MI, 2004)) to around 40% in deepwater longline fisheries
(mainly squalid sharks (Clarke et al., 2004)), while 28% of crabs caught (mainly
4

brown crab Cancer pagurus) in the crab fishery were discarded (Tully et al., 1998 in
MI, 2004). Blue shark (Prionace glauca) was the main fish species discarded from
the albacore tuna fishery (8%; Rogan and Mackey, 2005). Finally, the sampling of
the demersal mixed-fishery is carried out through a dedicated observers-at-sea
programme.
This thesis is based on data collected by the demersal discard monitoring
programme that commenced in 1993 and continues to the present day. The objectives
of the programme are to estimate annual discard quantities by demersal fisheries (MI,
2003a). The programme targets only the demersal fishery, because this type of
fishery was perceived to generate the highest discard quantities. The programme is
based on a stratified random sampling scheme by port and season, following the
sampling structure of the port-sampling programme. The port-sampling scheme
provides landings-at-age data of several commercial fish species for stock
assessment purposes (MI, 2003b). Technicians of the discard programme are based
in the five main Irish fishing ports (Killybegs, Rossaveal, Castletownbere, Dunmore
East and Howth) and choose the fishing voyages to sample proportionally to the
fishing activity in each port.
The Irish discard sampling programme is an on-board observer, voluntary
scheme; therefore the problems discussed above also apply to this programme.
Although running for more than a decade, no evaluation of the methodologies
employed and no preliminary discard estimation have been carried out. Thus, the
original stratification, objectives and sampling effort have not been evaluated since
the start of the programme. An evaluation of the sampling strategy is vital
considering the dynamic nature of fisheries activities (see below), but also in view of
the compulsory precision targets established by the European Commission for
discard estimations from 2002 onwards (Commission Regulation No 1639/2001).
5

Finally, there is also no information regarding the level and composition of discards
by the fisheries targeted, and thus there has been no identification of problematic
fisheries (in terms of inadequate sampling or particularly high levels of discarding).
Demersal fisheries
The Irish fishing fleet consists of approximately 1500 registered vessels of
three main segments: pelagic, demersal and inshore. The demersal fishery consists of
approximately 1300 vessels (>10m) which operate mainly in ICES Sub Areas VI and
VII (see Figure I-1) using otter trawl, beam trawl, “Scottish” seine and fixed nets
(CEC, 2001).
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Figure I-1 – Map of Ireland showing the International Council for the Exploration of
the Sea (ICES) Divisions and the location of the main fishing grounds: (a) Rockall
Bank, (b) Stanton Bank, (c) west of Achill, (d) back of the Aran Islands, (e)
Porcupine Bank and (f) the Smalls.

The demersal polyvalent fishery has previously been divided into the
following fleets in terms of target species, gear types and area of operation (MI,
2003a):


Beam trawl fleet has 11 vessels targeting sole Solea solea, plaice

Pleuronectes platessa and rays with a bycatch of cod Gadus morhua,
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haddock Melanogrammus aeglefinus and whiting Merlangius merlangus
mainly in ICES Divisions VIIa and VIIg.


In the Irish Sea (Division VIIa) there is an important Nephrops norvegicus
otter trawl fishery with 45 vessels and a gadoid otter trawl fishery (30
vessels) targeting cod, haddock and rays.



Fishing in ICES Sub Area VI is carried out mainly by otter trawlers
targeting anglerfish (Lophius piscatorius and L. budegassa), megrim
(Lepidorhombus boscii and L. whiffiagonis), haddock, whiting and cod
mainly on the Stanton (VIa, around 10 vessels) and Rockall Banks (VIb, 2
vessels).



Fishing in Division VIIb,c is carried out mainly by otter trawlers operating
in three areas: inshore waters (west of Aran Islands, VIIb) targeting

Nephrops, plaice and sole; on the continental slope (West of Achill,
VIIb,c) for anglerfish, megrim and hake Merluccius merluccius; and
offshore during the summer months on the Porcupine Bank (VIIc) for
haddock and whiting.


Fishing activity by the Irish fleet in Division VIIj,k is mainly conducted by
otter trawlers, seine and gill nets targeting anglerfish and megrim.



In the Celtic Sea the main fishing fleets target anglerfish, megrim, cod,
whiting, haddock, Nephrops, plaice and sole using otter trawl gear, seine
nets and gill nets in Division VIIg.



Scottish seiners operate all around Ireland, although mainly in Divisions
VIIb,c,j,g where they target anglerfish, megrim, hake, haddock, whiting,
cod, sole and plaice.

During the 10-year period of the discard data analysed in this thesis,
numerous changes have occurred in the Irish fishery. Namely, the decrease in
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abundance of several fish stocks in the Irish Sea and the introduction of cod and hake
Recovery Programmes between 2000 and 2002 in the Irish and Celtic Seas and west
of Scotland caused an adjustment of the fishery. Several vessels moved to the waters
west of Ireland and Celtic Sea and/or changed fishing gear and targeted species (e.g.
otter trawl to seine and/or otter trawl targeting gadoids to Nephrops directed) (MI,
2002; 2003a). Furthermore, in 1998 the Whitefish Fleet Renewal Scheme was
introduced, with the objective to improve safety on board as well as modernizing the
fishing fleet. The programme introduced 62 new vessels and 17 modern second-hand
vessels to the fishing fleet by replacing old and inefficient units (Anon., 2005b). The
programme provided the industry with the ability to use a wider range of gears and to
target other fishing grounds and species (Linkie, 2005). Therefore a change in
effective effort in the Irish demersal fishery is likely to have occurred. All these
factors have undoubtedly increased the dynamic nature of the demersal fishery, with
obvious implications for the discard sampling scheme.
I.2 Objectives
The objective of this thesis is to examine methodologies available to estimate
discard quantities, investigate the discarding practices of a demersal fishery and
finally model discard length frequencies. In order to fulfill these broad objectives the
following issues were addressed:
a) Examination of the discard sampling protocol regarding optimal number of
vessels, trips and hauls sampled.
b) Estimation of discard rates using different statistical estimators and
comparison between various techniques.
c) Characterizing discards: quantification and description in terms of species
composition and age and length structure.
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d) Modelling discard ogives using statistical models applied to discard and
landing length frequencies.
e) Identifying the underlying factors for discarding: ecological factors (spatial
and temporal trends), biological (catch composition), fisheries (gear, vessels
and trips) and management (technical conservation measures).
I.3 Structure of the thesis
The thesis is divided into four main chapters, each corresponding to an
individual paper that was submitted to a scientific journal for publication. Therefore
each chapter follows the normal structure of scientific papers, with an abstract,
introduction, methodology, results and discussion. At the beginning of each chapter,
the journal and the publication status of the paper at the time of submission of this
thesis is indicated. Each chapter also includes a description of the Irish discard
sampling programme and historical sampling levels.
The issues raised in the objectives and their underlying questions, form the
basis of each chapters analysis, and are described in detail below. The first four
objectives (issues a – d) are dealt with in separate chapters, while issue e) is
addressed in all chapters.
Analysis of the discard sampling protocol
The first step in this study was to analyse the sampling scheme used to collect
the data in order to determine its adequacy and effectiveness, in view of the issues
detailed above (unrepresentative sampling, changes in fisheries activity and precision
targets). The analysis provided an initial characterisation of the data and indicated
ways of improving the sampling programme, while providing answers to the
following questions:


Is the Irish discard programme effective?



Is the sampling level adequate?



Can it be improved?
10

The sampling protocol used in the Irish discard sampling programme was
therefore assessed based on the Allen et al. (2002) multistage analysis. This
statistical methodology enables an investigation of the optimal number of hauls, trips
and vessels that need to be sampled in order to achieve a certain pre-defined target
level of precision. Furthermore, economic targets can be examined by introducing a
cost function in the analysis. This was achieved by estimating cost as a function of
time spent on different components of the sampling programme. Finally, both
precision and cost objectives were analysed simultaneously to determine optimum
sampling levels. The analysis was also flexible to allow for a study of future changes
in both the precision and cost (budget available) to the programme.
Discard estimation methodologies
The second step was to identify the most reliable and precise methodologies
to estimate discard quantities, considering the sampling scheme used and the
information available concerning the whole fishery (official statistics). This stage is
considered to be a crucial step in discard studies by several authors (Hall, 1996;
Crowder and Murawski, 1998; Kelleher, 2004), and can be summarized by the
following questions:


What are the best sampling units?



What are the best auxiliary variables?
An investigation of the sampling unit, type of estimator and auxiliary variable

was carried out. A random and a ratio estimator were applied to estimate discard
quantities, using total landings and fishing effort (as total hours spent fishing and
numbers of fishing trips), as auxiliary variables. The different sampling units,
estimators and raising variables were compared regarding precision and relative
accuracy reached.
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In addition, a book chapter with a detailed step-by-step description of the
analysis carried out is given as an appendix. The objective of this book chapter was
to show, in a didactic way, the steps needed to analyse binomial data (in this case
discard rates).
Discard characterisation
The best methodology found previously was used to characterise discards by
fleet, as defined by the gear used, area of operation and species targeted, to answer
the questions:


How much fish is discarded?



What is discarded?



How are discards associated to different factors (species/gear/area)?
Fleets were compared and analysed considering their discard rates, discarded

species composition, length frequencies and numbers at age estimated. Finally,
problematic fisheries were identified taking into account the volumes discarded, the
size of the fish and the state of the fish populations discarded.
Modelling discards
The aims of these analyses were to investigate the length composition of
discards to determine if there were any changes during the period studied, and to
identify possible explanatory factors (such as year, area, gear and technical
conservation measures). The analyses therefore focussed on the following questions:


Are there any trends in discarded length composition?



Are they related to management measures?



Can they be modelled/predicted?
The discard quantities estimated previously were matched to the

corresponding landings length frequency. The resulting discard ogives were analysed
using generalized linear and additive models (McCullagh and Nelder, 1989; Hastie
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and Tibshirani, 1990). The models estimated provided a tool for determining some of
the causes for discarding, but also for predicting discards in unsampled strata
(missing years and length classes).
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Chapter II - Optimum sampling levels in discard sampling
programmes

II.1 Abstract
This study presents optimum sampling levels in discard sampling
programmes considering cost and precision objectives simultaneously, and explores
their dependence on both variables. The analysis is based on the Irish discard
programme: an on-board observer voluntary sampling scheme aimed at estimating
discard rates in trawl fisheries. Multistage analysis was performed to establish the
precision levels achieved in the past, and a cost function was determined to estimate
the financial cost of the programme. Gear, fishing ground, targeted species and
International Council for the Exploration of the Sea (ICES) Division were the main
factors affecting discarding, together with random effects of the three nested groups
considered: haul, trip and vessel. Reductions in the present budget will only imply
marginal decreases in precision, although changes in cost variables can have an
impact on sampling levels. On the other hand, increasing the target precision by half
will imply a considerable increase in sampling and associated cost, which will be
difficult if not impossible to achieve. Finally, the analysis by fleet components
suggests a marked increase in sampling levels, which emphasizes the importance of
clearly stated discard sampling objectives.
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II.2 Introduction
Discarding fish at sea is an inherent part of fishing, accounting for more than
25% of total worldwide catches (Alverson et al., 1994). However, discarding is not
always taken into consideration in fish stock assessments, even when it might
account for a high proportion of fishing mortality, especially in younger ages, which
may lead to unrealistically optimistic evaluations. The reason, in most cases, is the
lack of systematic sampling and also of the associated low precision levels (ICES,
2003b).
Quantifying discards has become more important in recent years as fisheries
management objectives change to include an environmental perspective. In the
European Union, this change has resulted in the introduction of the Data Collection
Regulation (Council Regulation No. 1543/2000 and Commission Regulation No.
1639/2001) (hereafter called DCR) which aims to establish “a community framework
for the collection and management of the data needed to conduct the Common
Fisheries Policy”. These regulations provide funding for sampling in all areas of the
fisheries sector, from vessel characteristics and fishing effort, to catches and basic
biological species parameters. They also establish compulsory discard sampling
levels directly, by specifying sampling and precision levels and indirectly, by the
amount of funding made available.
Unfortunately there is little guidance in how to conduct the discard sampling
in order to achieve the required sampling and precision levels. Discard sampling is a
large-scale process due to the size of the fishing fleet and to the numerous factors
that may influence discarding practices, and hence involves vast human and
economic resources, and specific methodology. Although some authors have
presented methodologies for optimum fisheries sampling programmes considering
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both cost and precision constraints simultaneously (Schweigert and Sibert, 1983;
Horppila and Peltonen, 1992), only precision levels are specified in the literature for
discard programmes (Tamsett et al., 1999; Allen et al., 2002; Rochet et al., 2002).
Optimum sampling schemes in discard sampling programmes requires
allocation of limited sampling resources among the different hierarchical levels
sampled, i.e. number of vessels, trips on a vessel and hauls within a trip that should
be sampled, taking into consideration that each level has different variance and cost.
This study presents optimum sampling levels considering precision targets but also
budget constraints based on an analysis of the discard sampling programme carried
out by the Marine Institute in Ireland. Following and further developing the approach
detailed in Allen et al. (2002), existing sampling levels and the associated variance
and cost of this programme where used to predict sampling levels that would achieve
desired levels of precision with limited sampling resources. Additionally, a detailed
cost function is described for the first time for discard programmes, in a form that is
applicable to other sampling programmes.
II.3 Materials and methods
The Irish discard sampling programme
The Irish discard sampling scheme is an at sea observer programme, on-board
commercial vessels and based on a voluntary participation of fishers. It is carried out
by five, and since 2001 by six technicians (Fisheries Assessment Technician – FAT)
based in the six major Irish fishing ports: Killybegs, Rossaveel, Dingle,
Castletownbere, Dunmore East and Howth (Figure II-1). Discard trips are chosen by
the FAT according to the trawl fleet activity in each port. In each haul, auxiliary
information such as fishing method and location; and weather conditions are
collected, and also: (a) total catch (Cvth) estimated by eye by the skipper and total
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species landings boxed after sorting (Lvth) are recorded; (b) one box (usually 40 Kg)
is taken randomly from the discards, from as many hauls as possible, and numbers at
length per species are determined. Otoliths of target species (cod Gadus morhua,
whiting Merlangius merlangus, haddock Melanogrammus aeglefinus, hake

Merluccius merluccius, plaice Pleuronectes platessa, megrim Lepidorhombus
whiffiagonis and sole Solea solea) are collected for age readings and individuals
weights are recorded; (c) landings length frequency is determine proportionally to
total landings, and otoliths of target species are collected.
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Figure II-1 – Map of Ireland showing: (a) the Fisheries Assessment Technician
(FAT) base ports and the International Council for the Exploration of the Sea (ICES)
Divisions; and the location of the fishing hauls sampled by gear: (b) otter trawl
(cross), (c) beam trawl (triangle) and (d) Scottish seine (circle).
Total discards per haul (Dvth) are estimated from the difference between total
catch Cvth and landings Lvth. The discarded length frequencies are raised to haul level
by the ratio of the total discards Dvth to the sample discard quantity.
The discard data analysed consisted of total numbers of fish discarded per
hour towed (hereafter called TDPUE). Species were not considered individually
since the objective of the programme is to determine a global discard rate, which
may differ from a species specific one. The data collected are highly variable with
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unbalanced sampling levels (i.e. different number of vessel, trips and hauls sampled),
and shows extreme positive skewness. Consequently, the data were normalised by
natural log transformation, and in some cases with the addition of a constant, using
the DISTRIBUTION directive of the software GenStat® (GenStat® Release 6.1
(Payne, 2002)), to follow the assumptions of the subsequent analyses.
Variance components
When a traditional multiple regression model is used to analyse data with a
meaningful multilevel structure, the nested structure of the data often cannot be
represented completely by the explanatory variables. This regression can give
misleading results since the regression parameters may depend on the nested
structure. The best way to analyse multilevel data is an approach that represents
within-group as well as between-group relations within a single analysis. In such an
analysis, unexplained variation within groups and between groups is considered
random variability, i.e. the partition of unexplained variability over the various levels
(Snijders and Bosker, 1999).
Due to the actual hierarchical structure of discard data - hauls nested within
trips nested within vessels – a multilevel analysis was undertaken to determine the
optimum sampling levels. This analysis has the advantage of estimating the variance
between and within each level (random effects) that is used to determine the amount
of sampling in each level; and, in doing so, it also determines the major parameters
affecting discards (fixed effects). The variance of a data set, i.e. between vessel ( S v2 ),
between trips within vessels ( S t2 ) and between hauls within trips within vessels
( S h2 ), and the effect of underlying factors, were estimated by Residual Maximum
Likelihood (REML) in a linear mixed model. REML was chosen because it is the
most efficient method when estimating variance components based on unbalanced
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and highly variable data (Snijders and Bosker, 1999). The model was fitted using the
software GenStat® (GenStat® Release 6.1 (Payne, 2002)), under the assumption that
the residuals are independent and normally distributed (see Appendix for a full
description of the model).
Several factors were considered a priori to affect discards and were divided
by group level as follow: (a) trip level: gear, year, quarter, ICES Division, port of
departure, port of landings, targeted species and mesh size; (b) haul level: time of
day, depth, fishing ground, targeted species and catch composition. ICES Division
refers to the International Council for the Exploration of the Sea sea area divisions,
while fishing ground is the area where fishing occurred and may include several
substrate types (e.g., sand, mud, etc.). Targeted species were considered to be the
species with at least 30% of the landings per haul. Catch composition was considered
as a function of species richness given by the total number of fish species discarded.
All factors (random and fixed) were included in the preliminary runs of the
hierarchical linear (HL) mixed model, and were subsequently assessed and
included/excluded from the final model according to the proportion of the variance
explained by each. This analysis is carried out for random effects by using likelihood
ratio test statistics, where the importance of each individual term is determined by
comparing the full mixed-effects model with a simpler model without the factor of
interest. Fixed effects significance can also be determined by Wald statistics, which
test the null hypothesis that the fixed model term is equal to zero, based on the value
of the estimated parameter and its variance-covariance matrix. However, Wald
statistic is only asymptotically distributed as χ2, and thus will only be reliable for
large samples (Welham and Thompson, 1997). Nevertheless, the increase in the final
model complexity resulting from the inclusion of a significant fixed effect, given by
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the Wald test, might not be justified. This final decision is reached using a further
likelihood ratio test, as described above.

⎛≡⎞
The variance of the overall sample mean, V ⎜ y ⎟ , was calculated based on the
⎝ ⎠
formula given by Cochran (equation 10.34, page 286; 1977), and specified below,
where the partial level/group variances are the variance components estimated for
vessel ( S v2 ), trip ( S t2 ) and haul ( S h2 ),

v'
t'
h'
⎛ ≡ ⎞ 1− V 2 1− T 2 1− H 2
V⎜ y⎟ =
Sv +
St +
Sh
v'
v' t '
v ' t ' h'
⎝ ⎠

(II-1)

and where v’ is the total number of vessels sampled; t’ and h’ the mean number of
trips per vessel and hauls per trip sampled, respectively; V is the total number of
vessels in the fishery, T and H the mean number of trips per vessel and hauls per trip
in the fishery, respectively; and v' V , t' T and h' H are the sampling fractions at the
three levels.
Preliminary results show that multilevel analysis is applicable since there is
significant random variability (likelihood ratio test, P < 0.01) in the three nested
levels in the three gears, and also since the visual inspection of residual plots did not
show a clear deviation from the initial assumptions of normality and independence.
Also, with regard to fixed effects, gear showed a highly significant effect (Wald test,
P < 0.001) on the total number of fish discarded per hour and was considered a
priori, i.e., the data were divided and the subsequent models were estimated for each
gear. The random variability was re-assessed for the three gear-specific data sets and
once again there was a justification to use mixed-models (Figure II-2). Moreover, in
view the extensive spatial distribution of otter trawl (see Figure II-1b), all former
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analyses were performed considering the different fleet components of the total otter
trawl fishery, as defined by the gear used, fishing ground and ICES Division. Fleet
components targeting Norway lobster (Nephrops norvegicus) were also identified as
such.

(a)

(b)

(c)

Figure II-2 – Histogram and plots of residuals of the mixed-models estimated for
otter trawl (a), beam trawl (b) and Scottish seine (c).

The final stage of this analysis was to convert the calculated total variance in
a comprehensible quantity, like a coefficient of variation (CV), to allow a
comparison between the different gears and also to establish precision targets. Due to
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the data normalisation process, the total variance is in a logarithmic scale while the
CV will be in an arithmetic scale, preventing a direct transformation of variance in
CV. However, due to the special properties of the lognormal distribution, it can be
demonstrated that var(log( x )) ≈ CV 2 (Julious and Debarnot, 2000).
Cost function

A cost function was estimated based on the knowledge available about the
Irish discard sampling scheme, and considering three price units (cv, ct, ch), one for
each nested sampling level. The financial cost of sampling a gear is described as a
function of time spent on different tasks: sampling, data input, age determination,
etc. The cost function also reflects fixed costs like consumables, such as safety gear
and lab materials for example, and takes into account only the proportion of the
technician time spent in discard sampling, since in the studied programme FAT’s are
not exclusively discard samplers. The final cost function, based on the formula given
by Cochran (equation 10.43, page 288; 1977), is expressed mathematically as
follows:

C g y = v' c v + v' t ' c t + v' t ' h' c h + const y

(II-2)

where C g y is the cost of sampling a gear g per year y; cv the cost of sampling a
vessel; ct the cost of sampling a trip; ch the cost of sampling a haul; v’ the total
number of vessels sampled; t’ and h’ the mean number of trips per vessel and hauls
per trip sampled, respectively; consty a constant cost per year; and also where

cv = FAT's salary * time explaining programme to skipper

23

ct = FAT's salary * (time asking to go on-board + time inputting data + time
at sea + n. otoliths * (time processing otoliths + age reading time)) + sea
allowance * time at sea + time checking data * (Tech salary + Lab
Attend salary) + scientist salary * time managing data
ch = FAT's salary * (haul duration + time inputting data + lieu leave) + sea
allowance * time at sea + time checking data * (Tech salary + Lab
Attend salary)
consty = consumables + Tech II salary * time managing programme

considering three technician career grades (lab attendant, technician and technician
II, in ascending order) and one scientist also working in the sampling programme. In
practice, the time spent in the different tasks listed above were determined and are
presented in Table II-1. Note that time inputting and checking data, and time at sea
have different values between trip and haul. This is because different data and time at
sea are associated to each sampling level (for example, fishing port data or time spent
travelling to a fishing ground are specific only to trip level, while species specific
data and haul duration are specific to haul level). The time spent processing one
otolith was considered to be around 4 minutes and age reading was calculated to take
approximately 9 minutes per otolith. Also, it was estimated that it takes 2 workdays a
month to administer the programme. The remaining variables were taken as the mean
values based on the observed data (Table II-2) and as discussed below.
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Table II-1 – Time in working days and in minutes (7.5 hours working day) spent per
task in each sampled nested level.
Nested level
Vessel
Trip

Haul

Task
Explaining to skipper
Asking to go on-board
Data inputting
Time at sea
Data checking
Data managing
Haul period
Data inputting
Data checking
Time at sea
Lieu leave

Time (working days)
1
0.5
0.022
1
0.011
0.133

Time (minutes)
450
225
10
450
5
60

a

a

0.2
0.067

90
30

a

a

b

b

a

Haul period, and thus time at sea, are gear specific: 3 hauls sampled a day in otter
trawlers, 4 in Scottish seiners and 5 in beam trawlers.
b
Lieu leave, defined as time off work to compensate technicians for extended
working hours at sea, per haul was considered to be two working days accrued over a
weekend divided by the average number of hauls done in a week per gear.

Table II-2 – Present sampling levels shown as annual mean numbers of vessels, trips
per vessel and hauls per trip per vessel sampled between 1993 and 2002, coefficient
of variation (CV), associated total cost ( C g y ) based on costing of 2002, budget
allocation by gear, and total cost of the discard sampling program in year y ( C y ).
Gear

CV
(%)

Vessel

Trip

Haul

Otter trawl
Beam trawl
Scottish seine

20
68
29

16
1
2

1
2
2

8
30
10

Cy

Cgy
(€)
39 730
16 067
15 509

Budget allocation
(%)
55.7
22.5
21.7

71 306

In sampling programmes involving work at sea, there is normally a
requirement to compensate observers for working extended hours, especially during
weekend days. This compensation usually takes the form of “lieu leave”, i.e. time off
work and was considered here as a one to one weekend/working day basis. However,
accruing lieu leave as a function of hauls, and thus of time spent at sea, constituted a
problem to which a satisfactory solution could not be determined. Consequently, lieu
leave accrued (two workdays) was simply divided by the average number of hauls
done in a week per gear. Also, the number of otoliths collected was originally

25

considered at haul level based on the assumption that there is a correlation between
the number of hauls and otoliths collected in a fishing trip. However, in the Irish
discard sampling program, an average number of otoliths has been collected with
different trip durations within gears: 55, 97 and 60 for otter trawl, beam trawl and
Scottish seine, respectively. Although this lack of correlation might be a
characteristic unique to this sampling program, there is no published data to prove
otherwise and therefore, the cost associated to otolith sampling was considered at trip
level. Furthermore, the lack of correlation between the numbers of hauls and otoliths
collected prevents an age related cost unit and thus a cost analysis with four nested
levels.
The total cost of a discard sampling program per year y is simply the sum of
the cost of sampling each gear g

C y = ∑ Cgy

(II-3)

g

Sampling levels

The calculations of optimal sampling levels involve the determination of the
optimal set of the number of vessels, trips and hauls that minimize the product of
variance (V) times trip cost ( C g y ), i.e. the final values obtained in the two previous
sections. The optimal solution will be a compromise between an acceptable level of
variance while keeping cost within budget.
The variance components and costs calculated previously were substituted in
the formulas given by Cochran (equation 10.44, page 288; 1977), and specified
below, to produce optimum numbers of hauls per trip ( hopt ) and trips per vessel ( t opt )
to sample.
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hopt =

t opt =

Sh
S t2 − S h2 H

S t2 − S h2 H
S v2 − S t2 T

c t ch

(II-4)

c v ct

(II-5)

The optimum total number of vessels to sample is derived from the variance
equation (II-1) considering either a pre-defined target variance or a total cost. Thus,
in the study case presented, the total number of vessels was estimated considering
two different scenarios: a CV of 25% for TDPUE, based on the precision target
specified per species in the EU Data Collection Regulation under the minimum
programme sampling levels; and a hypothetical financial resource, given as a 10%
increase in the 2002 spending for discard sampling.
II.4 Results
Historical sampling levels

The collection of discard data began in 1993 and, over the ten-year period,
229 trips were sampled, corresponding to 2375 sampled tows. The period between
1996 and 1997 had the highest sampling effort and since then sampling effort has
steadily declined. Three different gear types have been sampled: bottom otter trawl,
beam trawl and Scottish seine. The most sampled gear was otter trawl, while beam
trawl presented more hauls and a better temporal coverage than Scottish seine.
However, in recent years the sampling has been scarce or non-existence in these two
gears (Table II-3 and Figure II-1). Considering the sampling by ICES Division, it can
be seen that for the majority of the time series only beam trawls operating in VIIa
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(Irish Sea) have been sampled, while Scottish seine were sampled mainly in VIa
(Stanton Bank, no geographical positions available) and in VIIg (Celtic Sea). Otter
trawl sampling effort was distributed all around Ireland, showing the general fleet
activity (Table II-4 and Figure II-1).

Table II-3 – Total numbers of vessels, trips and hauls sampled by gear and year.
Year
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
Total

Otter trawl
Vessels Trips
Hauls
3
3
29
15
17
131
5
5
43
28
37
266
33
38
344
22
26
243
16
18
160
13
13
123
15
17
135
11
12
87
161
186
1561

Beam trawl
Vessels Trips Hauls
1
2
20
3
4
94
2
2
77
2
3
82
1
2
79
1
2
61
1
2
108
1
2
56
12
19
577

Scottish seine
Vessels
Trips
Hauls
2
2
30
6
7
53
3
6
49
3
6
56
1
2
20
1
1
29
16
24
237

Table II-4 – Total number of trips sampled by ICES division and year for otter trawl,
beam trawl and Scottish seine.
Otter trawl
ICES Div.
VIa
VIb
VIIa
VIIb
VIIc
VIIj
VIIg
Total
Beam trawl
ICES Div.
VIIa
VIIg
Total
Scottish seine
ICES Div.
VIa
VIIa
VIIb
VIIg
VIIj
Total

1993
2
1

1994
1

1995

1997
4
2
8
8
1
8
8
39

1998
3
1
7
5
2
6
5
29

1999
4

1996
1
2
3

1997
2

1998
2

2

1996
3
1
1
1
6

2

3

2
4
1
4
5
17

1993
2
1
3

1994
1
3
4

1995
2

1993

1994
1

1995

-

1996
4

1
1
3

1
2
5

2

-

8
12
1
9
4
38

2000
1
1
6
3

2001
4
1
2
6

2002
4

2
1
14

3
3
19

5
1
13

1999
2

2000

2001
2

2002

2

2

-

2

-

1997
1
1
1
4

1998
1

1999

2000

2001

2002

1
4

1

7

6

2

-

1
1
2

28

4
3
2
3
2
18

1
2

1

-

The gears analysed were sampled at different average yearly levels: only 1
and 2 vessels for beam trawl and Scottish seine, respectively, each with two trips per
vessel; while otter trawl had 16 vessels sampled each with one trip. Looking at the
number of hauls per trip, beam trawl presents the highest values, with the opposite
for otter trawl (Table II-2).
Considering the population of the Irish fishing fleet, and based on the
available logbook fleet activity mean values (1995-2002; Table II-5), the annual
coverage of the sampling scheme was 0.3%, 4.1% and 3.5% for otter trawl, beam
trawl and Scottish seine respectively. The coverage of the Irish discard sampling
scheme is higher than the ones achieved in the Scottish discards sampling
programme (0.1% to 0.2%) (Stratoudakis et al., 1998) and of the same order of
magnitude as those achieved in the French trawl fleet in the Celtic Sea (0.8%; Rochet
et al., 2002).

Table II-5 – Irish fisheries activity from 1995 to 2002 shown as annual mean
numbers of vessels, trips per vessel and hauls per trip per vessel by gear, based on
logbook diaries information.

Otter trawl
Beam trawl
Scottish seine

Vessel
Mean
Range
281
231-310
24
21-30
27
18-38

Trip
Mean
Range
30
29-33
28
19-38
34
29-44

Haul*
Mean
Range
10
9-11
36
28-45
11
4-16

*Number of hauls were estimated based on the number of hours fished per day
divided by the duration of a typical haul per gear: 6 hours for otter trawl and 2 hours
for beam trawl and Scottish seine.

Variance components

For the three gears studied the variance increases with increasing hierarchical
level, i.e. from between vessels to between hauls within trips within vessels (Table
II-6).

29

Table II-6 – Estimated variance components between vessels ( S v2 ), between trips
within vessels ( S t2 ) and between hauls within trips within vessels ( S h2 ) and
respective standard errors (SE) by gear.
Vessel
Otter trawl
Beam trawl
Scottish seine

Trip

Haul

S v2

SE

S t2

SE

S h2

SE

0.1638
0.1946
0.0408

0.1375
0.4519
0.1551

0.5082
0.5985
0.2604

0.1219
0.3118
0.1490

0.523
0.626
0.844

0.0231
0.0454
0.0839

Note: All random components are significant at the 1% level based on likelihood
ratio test statistics.

Of the factors other than gear that were thought to affect discards, only one,
fishing ground, explained a significant proportion (Wald test, P < 0.001) of the
variance present in the data of otter trawl and beam trawl. ICES Division and
targeted species at haul level (Wald test, P < 0.001) were the main factors in Scottish
seine (Table II-7). Beam trawl trips in ICES Division VIIg were excluded from the
final model due to the lack of information regarding fishing ground. Thus the results
obtain showed a significant difference in discarding between the two fishing grounds
in the Irish Sea (ICES Division VIIa). Regarding the different otter trawl fleets, only
random effects were the main factors explaining variability in most fleets (Table
II-8).

Table II-7 – Mixed models as a function of total discards per unit of effort (TDPUE)
estimated by gear.
Gear
Otter trawl
Beam trawl
Scottish seine

Model
Ln (TDPUE + 8.44) = vessel + vessel.trip + vessel.trip.haul + fishing ground
Ln (TDPUE + 1.18) = vessel + vessel.trip + vessel.trip.haul + fishing ground
Ln (TDPUE + 25.73) = vessel + vessel.trip + vessel.trip.haul + targeted spp.haul +
ICES Div.

Note: Only fixed terms significant at the 0.1% level are shown based on Wald test
statistics. Also, all models were significant at 1% level based on likelihood ratio test
statistics.
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Table II-8 – Mixed models as a function of total discards per unit of effort (TDPUE)
estimated by otter trawl fleet, as defined by the gear used and fishing area (ICES
Division and fishing ground),
Otter trawl fleets
VIa Stanton Bank
VIb Rockall Bank
VIIa Nephrops
VIIb Nephrops Aran Isles
VIIb West of Achill
VIIc Porcupine Bank
VIIg Nephrops Smalls
VIIj

Model
Ln (TDPUE) = vessel + vessel.trip + vessel.trip.haul + fishing ground
Ln (TDPUE + 18.84) = vessel + vessel.trip + vessel.trip.haul
Ln (TDPUE) = vessel + vessel.trip + vessel.trip.haul + catch
composition + targeted spp.haul
Ln (TDPUE) = vessel + vessel.trip + vessel.trip.haul
Ln (TDPUE) = vessel.trip + vessel.trip.haul
Ln (TDPUE) = vessel + vessel.trip.haul
Ln (TDPUE) = vessel + vessel.trip + vessel.trip.haul
Ln (TDPUE + 22.54) = vessel + vessel.trip + vessel.trip.haul

Note: Only fixed terms significant at the 0.1% level are shown based on Wald test
statistics. All models were significant at 1% and 5% (underlined) level based on
likelihood ratio test statistics.

The level of variability in the data, given as a coefficient of variation, with the
present sampling scheme is 20% for otter trawl and 29% for Scottish seine, while in
beam trawl the CV is higher reaching 68% (Table II-2). However, when considering
the different fleets that comprise otter trawl, the results show a striking increase in
CV in all but one fleet, the otter trawl fleet operating in ICES Division VIIj (Table
II-9).
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Table II-9 – Annual optimum sampling levels shown as numbers of vessels, trips per
vessel and hauls per trip per vessel to be sampled for a target precision coefficient of
variation (CV) of 25% and the current CV by otter trawl fleet.
Otter trawl fleet
VIa Stanton Bank
VIb Rockall Bank
VIIa Nephrops
VIIb Nephrops Aran Isles
VIIb West of Achill*
VIIc Porcupine Bank*
VIIg Nephrops Smalls
VIIj

CV
(%)
52
68
59
69
32
45
47
24

Vessel
18
5
28
13
-3
14
11

Trip

Haul

t opt

hopt

1
1
1
1
4
-1
1

2
5
2
6
3
2
2
2

* Random variability is not statistically significant at vessel and trip level for VIIb
West of Achill and VIIc Porcupine Bank fleets, respectively. Consequently, the
optimum sampling levels were calculated based on a two level sampling scheme.

Cost function

The results show that of the three price units estimated per gear, trip is the
most expensive nested level to sample in all gears. This is partly due to the time
spent in otolith sampling, but also to the time spent asking to go on-board and at sea
(see Table II-1). It costs the same to sample a vessel regardless of the gear
considered, since it takes the same time to explain the discard programme to any
skipper. Furthermore, an otter trawl trip is the cheapest to sample while a beam trawl
trip is the most expensive; however at haul level, the opposite is true (Table II-10).

Table II-10 – Cost of sampling a vessel (cv), a trip (ct) and a haul (ch) by gear based
on costing of 2002.
Gears / €
Otter trawl
Beam trawl
Scottish seine

Vessel
cv
178
178
178

Trip
ct
635
846
661

Haul
ch
151
113
127

Based on the total number of vessels sampled and the average number of trips
per vessels and hauls per trip sampled, the total cost of the discard sampling program
has been estimated at €71 000 annually. Otter trawl gear was the most expensive gear
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to sample due to the associated high sampling levels, while the two remaining gears
had similar costs (Table II-2).
Sampling levels

The optimum sampling levels obtained (Table II-11) show that it is only
necessary to sample one trip per vessel and a much smaller number of hauls per trip
compared to the current sampling levels (Table II-2). This suggests that a three stage
analysis is unnecessary and that only two nested levels, vessel and haul, should be
considered. Also, shorter trips with fewer hauls will be more cost effective.
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Table II-11 – Annual optimum sampling levels shown as numbers of vessels, trips
per vessel ( t opt ) and hauls per trip per vessel ( hopt ) to be sampled, associated total
cost per gear ( C g y ) based on costing of 2002, budget allocation by gear and the total
cost of the discard sampling programme in year y ( C y ) for three different scenarios:
(a) a target precision level of a coefficient of variation (CV) of 25%, (b) a target cost
of 10% increase in spending for discard sampling, and (c) recommended sampling
levels based on a re-allocation of the available resources.
(a) Precision target
Gear
Otter trawl
Beam trawl
Scottish seine
Total C y

Target CV
(%)

Vessel

25
25
25

14
16
5

CV
(%)

Vessel

15
26
18

41
15
10

Trip

Haul

t opt

hopt

1
1
1

2
3
5

Trip

Haul

t opt

hopt

1
1
1

2
3
5

Trip

Haul

t opt

hopt

1
2
1

>4
>6
>5

Cgy
(€)
22 662
25 909
16 277
64 848

Budget allocation
(%)
35
40
25

(b) Cost target
Gear
Otter trawl
Beam trawl
Scottish seine
Total C y

(c) Recommended sampling levels
Target CV
Gear
Vessel
(%)
Otter trawl
Beam trawl
Scottish seine
Total C y

25
25
25

12
7
5

Cgy
(€)
44 100
17 834
17 215
79 149

Cgy
(€)
> 23 814
> 30 981
> 16 277
> 71 072

Budget allocation
(%)
56
22
22

Budget allocation
(%)
34
43
23

The number of vessels to sample in the first scenario studied, i.e., as a
function of the precision level of 25% for TDPUE, is lower than the present sampling
for otter trawl but considerably higher for the remaining gears. A CV of 25% will be
difficult to achieve in beam trawl, due to the high vessel sampling levels obtained
caused by the data variance (Table II-11a). In this gear, even an increase from the
optimum sampling levels to current levels (2 trips per vessel), will still involve eight
vessels to be sampled, and an consequent increase in cost of almost €2000.
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Nevertheless, regardless of the gear considered, cost does not seem to be a limitation
to achieve the 25% precision level since the associated total cost is only slightly
higher than the present spending. Furthermore, to obtain the same precision level in
all the gears studied, considering the price units of the previous section and optimum
sampling levels; otter trawl, beam trawl and Scottish seine must receive,
respectively, around 35%, 40% and 25% of any budget. This fact also shows the
need for the present budget allocation to be restructured to allow a shift of funds
from otter trawl to beam trawl.
Regarding the second scenario, a 10% increase in the 2002 spending for
discard sampling could increase sampling levels by up to fifteen times, with a
resulting CV decrease of a quarter for otter trawl, almost half for Scottish seine, and
as much as two thirds for beam trawl (Table II-11b).
The recommended sampling levels are therefore the result of a compromise
between the sampling requirements, available human and financial resources, but
also the result of the balance between variability and sampling levels in each nesting
level. Hence, a CV of 25% is achieved in all gears by: a different budget allocation
to achieve a reduction in the vessels sample in otter trawl to increase those in beam
trawl, and a slight increase in total budget to increase the number of trips and hauls
per trip to sample to reduce vessels in beam trawl (Table II-11c).
However, when the different otter trawl fleets are considered separately, the
total optimum sampling is markedly higher, increasing ten times the number of otter
trawl vessels to be sampled. The number of trips to be sampled per vessel is
maintained (Table II-9).
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II.5 Discussion

The variance components obtained shows that hauls within trips within
vessels have the highest variability in TDPUE. This result was also obtained by
Tamsett et al. (1999) and by Allen et al. (2002) based on data collected on several
areas and gears, including otter trawlers and beam trawls operating in the Irish Sea.
In contrast, Rochet et al. (2002) reported high variability at trip level, but this was the
highest sampled level and thus will include the variability associated with vessels.
Allen et al. (2002) also found that, in agreement with the present study, variability
decreases with hierarchical levels, between hauls to between vessels, which suggests
that discarding between vessels is quite consistent.
Of all the parameters considered to affect discarding, only gear, fishing
ground, targeted species at haul level and ICES Division had a significant effect.
Gear has a predictable effect on discarding due to different gear selectivity. The
significance of area related factors such as ICES Division and fishing ground, has
also been reported in several European discard programme (Stratoudakis et al., 1998;
Allen et al., 2002; Rochet et al., 2002). This is probably due to the relationship
between the distribution of demersal species and ground types. This outcome
highlights the fact that different fleets, defined by the gear used and their fishing
area, have different discarding patterns, and suggests that the different fleets should
be considered separately in discarding estimations and sampling level calculations. In
the Irish discard programme, and specifically in the case of beam trawls, both fishing
grounds in the Irish Sea are visited on the same fishing trip, hence disabling an area
specific sampling scheme with a consequent decrease in variability. In contrast, in
otter trawl the different fleets can be considered separately, but the total optimum
sampling scheme has to be adjusted to higher sampling levels; as a result of low
sampling levels, different discard patterns and population sizes. These results
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emphasizes the importance of clearly stated discard sampling objectives, specifically
if discard rates are to be estimated by different variables such as fleet, area, species
or fish stock.
It is interesting to note that year and quarter did not appear to contribute
significantly to variability in discards, a result also obtained by Tamsett and Janacek
(1999) and Rochet et al. (2002) but not by Stratoudakis et al. (1998) or Allen et al.
(2002). This result could be expected considering that this analysis was based on the
total number of fish species discarded, and consequently any species specific effect,
such as year-class, might be disguised by changes in abundance of another species.
Furthermore, the low quarterly sampling levels cannot be excluded as a reason.
Nevertheless, the non-significance of these two effects suggests that the data matrix
can be pooled in future analyses, thus increasing sampling levels and possibly
enabling a fine-temporal scale analysis. Targeted species, either at haul or trip level
does not seem to change discarding patterns in otter and beam trawls. This is
probably because discarding occurs mainly in non-commercial species and on
undersized fish in otter trawl. Furthermore, targeted species was quite consistent in
beam trawl (mainly sole and plaice). In Scottish seine, discard patterns at haul level
changes with the main species landed: higher discarding was observed with megrim,
hake and haddock. Rochet et al. (2002) reported that gadoids and Nephrops trawling
in the Celtic Sea discarded mainly target species while benthic trawlers discarded bycatch species. However, since this study is not species specific these results cannot
be confirmed. Finally, there is little information available concerning mesh size
which may have compromised the significance of this parameter.
The coefficients of variation obtained for otter trawl and Scottish seine are
lower than the ones reported for groundfish trawl fisheries in the same areas: West of
Scotland (50-60%) (Stratoudakis et al., 1999) and Celtic Sea (40%) (Rochet et al.,
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2002), although the otter trawl fleets CV’s ranges from 24% to 69%. Stratoudakis et
al. (1999) argues that the high CV’s obtained may be due to low sampling levels and
to the larger variability of discarding associated with area and target species. This
might also be the case in beam trawl where existent sampling levels are low, but
where there is high valued target species (plaice and sole) and where gadoids are
usually discarded in large quantities. Additionally, the precision of the estimations of
total catch (Cvth) by the skipper cannot be determined at present, since there is no
unbiased estimation of total catch available. This fact may increase the overall
variability of the sampling programme, and thus should be considered in planning
future discard programmes.
The financial cost of the entire Irish discard programme is substantially
underestimated, since it only accounts for the actual time spent in discard work (less
than half of the FAT’s working time) and yet technicians are normally hired on an
annual basis. If the working conditions of technicians are changed to work
exclusively on discards, in order to reduce the discard sampling budget, then other
considerations should be taken into account. For instance, extra specialized-work
effort may be needed in other sampling areas at times when, for example, the fishing
fleet is not working due to bad weather conditions.
The optimal sampling schemes obtained are quite sensitive to cost units
changes, a result also found by Schweigert and Sibert (1983). The high values of cost
at trip level forces the level to be two-stage, as it is only necessary to sample one trip
per boat. If cost units change by increasing haul costs and decreasing trip ones, then
sampling levels will tend to a three-stage scheme. However, even if a relationship
between the number of otoliths collected and hauls exists, and thus the cost of
sampling otoliths is shift to haul level, trip would still be the most expensive level to
sample, and the resulting optimum sampling levels would still indicate one trip per
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vessel. Changes in staffing costs (e.g., a more generous lieu leave system) would
increase the trip and haul cost. As a result, the optimum sampling scheme changes to
allow for an increase at vessel level (one more vessel per gear), while maintaining
the effort of the remainder sampling levels. Also, changes in the amount of time
spent on work related to discard sampling (for example in age reading, caused by the
introduction of new species to be aged; or inputting data, due to technical reasons
such as remote connections to the ports; or different salary scales) will all imply
different cost units and should be taken into consideration when modifying
methodologies.
The optimum sampling effort obtained are in accordance with the ones found
by Allen et al. (2001) for trip level, though based only in target precisions. This
result suggests that the data can be pooled at haul level in future analyses, for
example for a better understanding of the mechanisms behind discard patterns during
the year. However, the discard data are inheritably hierarchical so a three-stage
sampling scheme will always be in place. Also, the impossibility of estimating trip
variability in the future, by adopting one trip per vessel sampling scheme, should be
taken into consideration when planning a discard sampling program. The sampling
levels presented are only recommended for the discard program studied, and should
be seen as illustrative values as opposed to absolute. The optimum sampling levels
also indicates that the sampling effort in the current sampling scheme should be
restructured to allow for shorter trips (3 to 4 days) while sampling the highest
number of vessels possible. This does not mean that longer trips should not be
sampled, nor that during a trip, when reaching the optimum levels of hauls, sampling
should stop: there is always an improvement in precision with higher numbers of
hauls sampled. Furthermore, the possibility of shortening the trip (for example by
disembarking after sampling the optimum number of hauls) is often impractical as it
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implies additional costs because the extra steaming time has to be paid by the
programme, and requires a willingness of the skipper to come ashore. Additionally,
trips with lower numbers of hauls than the optimum number should also be
considered for sampling purposes, if the fishing fleet has changed for shorter trips
(day trips). However, in this case, more trips per vessel and more vessels should be
sampled to obtain the same target precision. In summary, the sampling levels
obtained are indicative of what should be sampled but in no way should they be
treated rigidly. Sampling levels should be adaptable to changes in fleet activity,
without compromising existing fleet sampling coverage. In practice, a compromise
between all factors involved in discard sampling should be reached to achieve an
optimum sampling scheme. This should include other considerations, such as the
resource requirements for sampling landings, fleet activity, state of the stocks, stock
importance (national share of fishing quota), discarding levels, etc. Concerning the
specific case of the Irish discard programme, the sampling scheme will be greatly
influenced by the EU DCR specifications in discarding sampling thresholds,
precision and cost targets.
In conclusion, optimum sampling levels in a discard sampling programme
can and should be estimated considering both financial and precision constraints. In
addition, the identification of costing variables and their impact on sampling levels
can be a valuable tool in designing and managing sampling programmes. Ultimately,
the results show that when designing a discard sampling programme, it is essential
that the objectives of the programme should be clearly stated, with species, fleets
and/or areas priorities specified.
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II.6 Appendix

The mixed models used in this study can be expressed generally by the
following mathematical formula, based on Pinheiro and Bates (2000):

y vth = β + αX vth + bv + bvt +ε vth , v = 1, K , v' , t = 1, K , t v , h = 1, K , hvt

(A1)

(

)

(

)

(

)

bv ~ N 0, S v2 , bvt ~ N 0, S t2 and ε vth ~ N 0, S h2 ,
β – is the intercept of the model,
Xvth – is a variable with a fixed effect on yvth,

α – is the increment in β due to Xvth,
bv – is the random variable representing the deviation from the population mean of
the mean of total discards per unit of effort (TDPUE) for the v vessel,

bvt – is the random variable representing the deviation from the mean TDPUE for
vessel v of the mean TDPUE for the trip t on vessel v, and

εvth – is the random variable representing the deviation of TDPUE for haul h on trip t
on vessel v from the mean TDPUE for trip t.

v’ – is the total number of vessels sampled
tv – is the number of trips sampled per vessel
hvt – is the number of hauls sampled per trip per vessel
S v2 – is the between vessel variability in the population
S t2 – is the between trip within vessel variability
S h2 – is the between haul within trip within vessel variability

In the above equation (A1), β and αXvth correspond to the fixed effects, while bv, bvt
and εvth correspond to the random effects of the mixed model. In this study Xvth
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represents fishing ground or targeted species, for example. Also, the designations
used to specify the random parameters of the mixed models estimated, “vessel”,
“vessel.trip” and “vessel.trip.haul”, correspond to bv, bvt and εvth, respectively.

42

Chapter III - Choosing the best sampling unit and auxiliary variable
for discards estimations

III.1 Abstract

The effects of two sampling units (haul and trip) and three auxiliary variables
(total landings in weight, effort in hours fished and in numbers of fishing trips)
commonly used in discard estimations were compared. In general, considering the
sampling unit at haul level will increase variability in the final estimation. In
addition, there was a significant linear relationship between discards per trip with
both landings and effort, but not at haul level. The different auxiliary variables used
to raise discard samples to population levels give significantly different results, with
effort in hours fished giving the highest discard estimates. Fishing trips was the
recommended variable to estimate discards in six out of ten fleets studied. These
results highlight the importance of preliminary studies to determine the methodology
to be used in discard estimations, in order to avoid considerably imprecise
estimations.
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III.2 Introduction

Discarding is recognised as a global problem in fisheries (Alverson et al.,
1994). Over the last 30 years, considerable effort has been made to increase the
knowledge about discarding in worldwide fisheries. Sampling programmes have
been established with the aim of estimating the amounts discarded. The level and
scale of these programmes vary greatly and are influenced by the programme
objectives, geographical area, fishery characteristics, cost and logistics. Most
programmes do not reach 100% coverage, resulting in only a part of the fishery being
observed. Thus, the discard data collected by these programmes must be raised to
represent the population i.e. the whole fishery. This process requires the use of an
auxiliary variable, serving as a proxy for fishing activity, that has a linear
relationship with the amounts discarded.
It is generally assumed in fisheries science that the more you catch the more
you will discard, i.e. that landings and fishing effort are proportional to discards. If
this assumption is true, then these variables can be used to raise discards sampled to
the fisheries level. The advantage is that fisheries statistics are generally available,
and that the resulting discard estimation can be compared directly to landings data in
fish stock assessments. Consequently, landings and fishing effort have been the
auxiliary variables used by the majority of discard studies found in the literature (e.g.
Erzini et al., 2002; Rochet et al., 2002; Allain et al., 2003; Anderson and Clark,
2003; Palsson, 2003). Unfortunately, there is some evidence that effort and landings
might not be proportional to discards (Stratoudakis et al., 1999; Tamsett et al., 1999;
Trenkel and Rochet, 2001). Furthermore, most published studies do not investigate
the relationship between the variables used and discards (Trenkel and Rochet, 2001).
Trenkel and Rochet (2001) go further, concluding that in some cases the variable
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used might behave non-linearly with discards, and the resulting discard estimates are
likely to be biased.
Another problem in discard estimation is the choice of sampling unit to be
considered. Discard data has a hierarchical structure – hauls are nested within fishing
trips, which are nested within vessels. This structure allows for discard estimations
based on a multilevel approach or at different levels (dependent on the level at which
the sampling unit is considered). A multilevel analysis may be optimal since it
considers the input of each sampling unit in the overall nested variance estimation
(Thompson, 2002). However, using multistage formulas requires detailed fleet
information (number of hauls, trips and vessels in the fishing fleet), which is usually
unavailable in most fisheries. In many studies, the sampling unit is simply adopted
without an investigation of its impact on the variability of the final estimation (e.g.
Stratoudakis et al., 1999; Allain et al., 2003).
The aim of this study is to examine practical problems in discard estimations,
and not to identify optimum raising procedures. Data from the Irish discard sampling
programme is use to illustrate these problems, particularly the choice of sampling
unit and auxiliary variable; and the factors that might influence these choices. This is
the first time such a study has been conducted.
III.3 Materials and methods

The Irish discard sampling programme places observers on-board commercial
vessels. The vessels participate on a voluntary basis. Six observers are based in the
major fishing ports around Ireland, and choose the trips to sample in proportion to
the fishing activity in each port. Discards are sampled at haul level by randomly
collecting a box of discarded catch (40 kg) from as many hauls as possible in each
trip. Landings are sampled occasionally at trip level due to time constraints. The total
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weight of discards at haul h within a trip t ( d ht ) is estimated by subtracting the
landing weight ( l ht ) from the total catch estimated by eye by the skipper when the
bulk catch is hauled on board ( c ht ). The programme has sampled ten fishing fleets
(also called ‘métiers’) defined by the gear used (otter trawl, beam trawl and
“Scottish” seine), fishing ground (Figure III-1) and targeted species, over a period of
ten years (1993-2002), corresponding to 225 trips and 2189 hauls sampled. Sampling
effort has declined since 1998, particularly in beam trawl, Scottish seine and otter
trawl in ICES Division VIIc (Table II-4).
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Figure III-1 – Map of the sampling area showing the International Council for the
Exploration of the Sea (ICES) Divisions, fishing grounds and depth contours (200,
1000 and 2500 meters).
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Sampling unit

The sampling unit of the sampling scheme was only considered at two levels:

haul and trip. Vessel was not considered as a sampling unit because fishing vessels
can change gear, fishing areas, target species, etc. and therefore cannot be assigned to
a specific fishing fleet. Thus, mean discards sampled per stratum ( d yf ) was
estimated according to the following equations (Thompson, 2002; ICES, 2004g), for

haul and trip respectively:
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where nht is the number of hauls in each trip, nt is the number of trips in each stratum,
and yf is the stratum defined by year and fleet.
The variability in the mean discards sampled per stratum between the two
2
) and trip ( σ tyf2 ) was compared by calculating the
sampling units haul ( σ hyf

difference between the corresponding coefficients of variations (CVhaul and CVtrip,
respectively) per year and fleet.
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Auxiliary variables

Four auxiliary variables were considered to estimate total annual discards per
fleet: total number of fishing hauls ( D yfH ), total number of fishing trips ( D yfT ), total
landings (weight) of all species, ( D yfL ) and total fishing hours ( D yfE ). These
variables were chosen because they reflect fishing activity, they are generally
available and are commonly used in fish stock assessments and discard studies.
The relationships between total landings, fishing hours and discards were
examined at each sampling unit by regression analysis. The data were log
transformed to meet the assumptions of homogeneity and normality. The regression
model is of the form ln(discards) = a + b * ln(X), with X equal to landings or fishing
effort. In the original data the model becomes discards = a * Xb. If b equals 1, then
the regression model becomes linear, and as a result, discarded quantities are
proportional to landings or fishing effort. All regression models were estimated with
intercept, despite its statistical significance, following the recommendation by Quinn
and Keough (2002).
Mean discards sampled in stratum yf ( d tyf or d hyf ) can be raised to fleet level
following the equations described below (Thompson, 2002; ICES, 2004g).
Considering haul as the sampling unit, total discards in stratum yf can be described
by
DhyfH = H d hyf

(III-5)

while with sampling unit at trip level, total discards in stratum yf is
DtyfT = T d tyf

(III-6)

Considering total landings as the auxiliary variable, for both sampling units, total
discards can be calculated as
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D yfL =

nt nh
L
d yf where l = ∑∑ l ht
l
t =1 h =1

(III-7)

while using total fishing hours

D yfE =

nt nh
E
d yf where e = ∑∑ eht
e
t =1 h =1

(III-8)

and where d yf is the mean discards in stratum yf per trip or haul; H, T, L and E are
the total number of hauls, total number of trips, total landings and total fishing hours
of the fleet in stratum yf, respectively; l and e are the total landings and fishing hours
sampled in stratum yf, respectively; and eht is the time in hours between fishing gear
setting and hauling.
The variance of total discards in stratum yf at haul level is, respectively
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and the variance of total discards in stratum yf at trip level is, respectively,
⎞
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(III-12)
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where d is the total discards sampled in stratum yf. Logbook diaries provided the
demersal fishery landings and effort from 1995 to 2002. The data were divided into
fishery segments (fleets) according to the ICES Division reported (Figure III-1). In
the case of fleets operating in the same ICES Division, the logbook data were divided
by ICES statistical rectangle, where each rectangle was assigned to a fishing ground.
Initially, a generalized linear model (GLM) was applied to the annual discard
rates (percentage of the total annual catch discarded) to determine if there were
significant differences between the auxiliary variables used, fleets sampled and if
there were any temporal trends. GLM was used because proportion or percentage
data can be considered as binomial data and therefore may follow a binomial
distribution. However, GLM assumes independence of observations and this
assumption may be violated since the same discard data are raised by three different
variables. To investigate this, the Generalised Estimation Equation (GEE) method
was applied (Liang and Zeger, 1986). The GEE method models the relationship
between response and explanatory variables in the same way as GLM, but allows for
correlation between observations of different raising variables. The disadvantage of
GEE is that it is based on quasi-likelihood methods and therefore no measure of fit is
available. The GEE results were similar to those obtained by GLM, and therefore the
effect of non-independence of the observations was small, allowing us to proceed
with GLM. When year was modelled as a continuous variable, and also as a
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categorical variable in GLM, conflicting results were obtained (statistically
significant when categorical), indicating that there might be a non-linear relationship
between discards rates and year. Therefore, a generalized additive model (GAM) was
applied to the annual discard rates since it allows for non-linearity between variables
(using the software S-PLUS® 6.0 Professional Release 2). The models were
estimated initially assuming that the annual discard rates followed a binomial
distribution. However, due to the presence of over-dispersion in the data, a quasibinomial model with a logit link function was estimated. The contribution of each
explanatory variable (fleet, auxiliary variable and year) was determined by an F-test,
where the full model is compared in turn to a model where each explanatory variable
is removed. The F-test determines if the complexity of including an extra predictor in
the model is justified by a significant increase in goodness-of-fit (Hastie and
Tibshirani, 1990).
III.4 Results

The variability in mean discards per stratum is higher with sampling unit
considered at haul level in the majority of the fleets and years sampled, since the
difference between CVhaul minus CVtrip is generally positive. Nevertheless, the
difference between the variability of the two sampling units decreased in recent years
(Figure III-2), due to an increase in trip variability.

51

200

Otter trawl VIa Stanton Bank
Otter trawl VIb Rockall Bank

150
CV haul - CV trip

Otter trawl VIIa Nephrops
100

Otter trawl VIIb Aran Isles Nephrops
Otter trawl VIIb West of Achill

50

Otter trawl VIIc Porcupine Bank
Otter trawl VIIg Smalls Nephrops

0

Otter trawl VIIj
-50

Scottish seine
Beam trawl VIIa

-100
1992

1994

1996

1998

2000

2002

Year

Figure III-2 – Difference between the coefficients of variation (CV) of the mean
discard per stratum (year and fleet) considering the sampling unit at haul (Eq. III-3)
and trip level (Eq. III-4). Positive values correspond to higher variability at haul
level.
Landings and effort have no apparent relationship with discards at haul level,
since the regressions models were not significant (F-test, P > 0.1) and R2 was low (R2
< 0.15, Figure III-3 and Figure III-4). At trip level however, both variables present a
statistically significant linear relationship with discards (b is not significantly
different than 1) in all gears studied separately (except in Scottish seine, b = 0.55 ±
0.33), and combined Table III-1). Given these results, total discards were estimated
based only on trip sampling unit, i.e. only d tyf was raised to fleet level (Eq. III-6 to
III-8 and III-12 to III-14). This means that only numbers of trips, total landings and
fishing hours were used as auxiliary variables to estimate total discards.
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Table III-1 – Regression parameters (intercept and slope), standard errors (SE) and
95% confidence intervals (slope only) of log discards against log landings and log
effort per gear. All regressions were significant at 1% level.
Landings
Otter trawl
Scottish seine
Beam trawl
All gears
Effort
Otter trawl
Scottish seine
Beam trawl
All gears

95% CI of slope

R2

0.0823
0.1680
0.2113
0.0718

0.82-1.14
0.22-0.88
0.63-1.46
0.81-1.09

0.43
0.30
0.65
0.43

0.1076
0.2019
0.2280
0.0934

0.95-1.37
0.41-1.20
0.64-1.53
0.79-1.15

0.39
0.39
0.53
0.32

Intercept

SE

Slope

SE

-0.9927*
2.8273
-1.4054*
-0.6723*

0.6481
1.3473
1.6884
0.5674

0.9801
0.5534
1.045
0.9466

2.5707
4.9850
2.7034
3.3837

0.3885
0.5846
0.9562
0.3329

1.1617
0.8040
1.0880
0.9707

* Parameters not significant (F-test, P > 0.1). All other parameters were significant at
5% level.

Regarding the GAM model, the residual plot did not show any clear patterns
(Figure III-5). However, the results should be interpreted with caution as the
dispersion parameter of the quasi-binomial model estimated is high (587.13) and the
deviance explained is 41%. Nevertheless, the GAM model shows that fleet, auxiliary
variable and year have a significant effect (F-test, P < 0.05) on the proportion of fish
discarded (Eq. III-15). Also, the AIC statistic indicated that the model with 5 degrees
of freedom should be selected (see Appendix for more details).

logit(discard probability) = const. + fleet + auxiliary variable + s(year, 5)

(III-16)

where s(year, 5) denotes a smoothing spline applied to the explanatory variable year
with 5 degrees of freedom. Effort in hours fished gives significantly higher discard
rates than those estimated using landings or numbers of trips. Furthermore,
discarding has increased during the study period, particularly in recent years (Figure
III-6).
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Figure III-5 – Plot of deviance residuals against fitted values of the generalized
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Figure III-6 – Partial fits of the generalized additive model of the proportion of catch
discarded as a function of fleet, auxiliary variable and year. The dotted lines
represent a 95% confidence interval. Fleets are defined by the gear used (otter trawl,
beam trawl and “Scottish” seine), area visited (ICES Division and fishing ground)
and targeted species (Nephrops norvegicus).

These GAM results are in turn reflected in the total annual discard quantities
estimated, which vary considerably between fleets (Figure III-7). In addition, the
different auxiliary variables used show different results, principally in two fleets:
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otter trawlers operating in ICES Division VIIb West of Achill and beam trawlers in
VIIa. For the otter trawl fleet, fishing trips estimated almost three times more
discards than fishing hours and landings, whereas for beam trawl landings gives the
lowest total annual discards. Nevertheless, using total fishing trips to raise discards to
fleet level gives the most precise result in six of the ten fleets sampled. In general,
fishing hours tends to give the highest discard estimation in all fleets considered, and
these are significantly different from the estimates derived using landings and trips.
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Figure III-7 – Total annual discards (Eq. III-6 to III-8) and standard errors (III-12 to
III-14) per fleet based on three auxiliary variables: total fishing hours, total fishing
trips and total landings (all species). Fleets are defined by the gear used (otter trawl,
beam trawl and “Scottish” seine), area visited (ICES Division and fishing ground)
and targeted species (Nephrops norvegicus).

III.5 Discussion

When sampling is considered at haul level a priori higher variability may be
expected. Factors particular to individual hauls (e.g. weather conditions, time of day,
peculiarities of particular grounds) may contribute to higher variability compared to
samples across trips. In fact, higher variability at haul level has been found by
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multistage analysis in the fleets studied in Chapter II and in other fisheries (Tamsett
et al., 1999; Allen et al., 2002). These results suggest that haul is an inappropriate
sampling unit when the objective is minimisation of variance. At trip level however,
these effects are dampened, and only the general patterns are visible. Also, by
grouping trips with the same gear, fishing ground and targeted species, variability
between trips is reduced. Nevertheless, trip variability has increased in recent years
possibly due to a change in fleet behaviour to adjust for constricting markets and
management measures.
In conclusion, trip was considered the best sampling unit to raise discard
samples to population levels, since: (1) mean discards at haul level presented higher
variability, (2) discards per haul did not show any relationship with either landings or
fishing effort, and (3) there was an approximately linear relationship between
discards per trip with both landings and effort.
The proportionality found between discards and landings is contrary to the
results of Trenkel and Rochet (2001), where a non-linear relationship was found
between discards and landings at trip level. Trenkel and Rochet (2001) concluded
that a “saturation process” may be occurring at trip level: discarding behaviour
changes once a certain threshold of retained catch is exceeded on a trip, due to
storage limitations. This hypothesis does not seem to be true in the demersal fisheries
studied here, except for Scottish seine. Regarding effort, Trenkel and Rochet (2001)
also found conflicting relationships between fleets at haul level, but no investigation
was possible at trip level.
The different auxiliary variables used to raise samples to population level
give significantly different total annual discards quantities. This study shows a 30%
increase in annual discard quantities if hours fished is used to raise discards instead
of landings. In contrast, fishing trips will give an overall decrease of 13% in total
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discarded quantities compared to landings. However, two fleets (otter trawlers
operating in West of Achill and beam trawlers in the Irish Sea) show a more than
threefold increase in estimated discard quantities if fishing trips are used.
Stratoudakis et al. (2001) reported a similar result: an increase of 156% (from 1761
to 4500 tonnes) in fish discarded annually by Nephrops trawlers operating off the
west of Scotland when the numbers of trips was used as the auxiliary variable instead
of gadoid landings. Beam trawlers in the Irish Sea frequently land in the United
Kingdom within a fishing trip, and therefore a significant part of the landings will not
be accounted for in Irish fisheries statistics. In the case of otter trawlers operating in
the West of Achill area, the difference between the auxiliary variables may be the
result of under-reporting due to management restrictions.
Given that the total annual discard quantities are generally more precise when
fishing trips are used, total fishing trips is the auxiliary variable recommended to
raise mean discards sampled to population level from the Irish discard sampling
programme. However, in four fleets (ICES Div. VIa Stanton Bank, VIIa Nephrops,
VIIg Smalls Nephrops and VIIj) variability is lower if either fishing hours or
landings are used. In these fleets, landings is the auxiliary variable recommended to
raise discards since it is not significantly different from fishing trips.
It is important to point out that although two variables are recommended for
the Irish discard programme, they might not necessarily give the most accurate
estimate. The objective of this study was to identify the auxiliary variables that
contribute the least variability to discard estimates. Whilst it is concluded that the
recommended variables are the most precise, their accuracy is unknown and/or
doubtful. Nevertheless, of the variables considered in this study, fishing trips are
likely to be reported with the greatest accuracy. Management of Irish fisheries
includes limitation of fishing effort and landings, and this may lead to misreporting
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of these statistics. Conversely, there is little incentive not to report a fishing trip, and
a vessel’s absence from port on a trip is easily verified.
In conclusion, this study shows that the use of different auxiliary variables as
a proxy for fishing fleet activity gives considerably different discard estimations and
behaves differently between fleets. Therefore, a single optimum variable cannot be
determined/recommended for application to studies across areas, fleet segments, etc.
The results however, highlight the importance of preliminary studies to determine the
methodology to be used in discard estimations, even if only one auxiliary variable is
available, in order to avoid considerably imprecise estimations.
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Chapter IV - Discarding by the demersal fishery in the waters
around Ireland

IV.1 Abstract

This study presents the first estimation of discarding levels by the demersal
fishery in the waters around Ireland. The analysis is based on the Irish discard
programme, involving observer’s on board commercial vessels that participate on a
voluntary basis. The programme started in 1993 and, until 2002, 225 trips were
sampled, corresponding to 2189 sampled tows. Approximately one quarter of the
catch of otter trawlers and “Scottish” seiners is discarded, while two thirds of the
catch of beam trawls is discarded. Furthermore, otter trawl fleet components (defined
by the area visited, targeted species and gear used) discard between 20% to 60% of
their catch. Discards usually comprise eleven fish species per haul in the three gears
types studied. Whiting (Merlangius merlangus), haddock (Melanogrammus
aeglefinus), bluemouth (Helicolenus dactylopterus), megrim (Lepidorhombus
whiffiagonis) and dogfish (Scyliorhinus spp.) are the main species discarded by otter
trawlers. “Scottish” seiners discard mostly whiting, haddock and grey gurnard
(Eutrigla gurnardus). Dab (Limanda limanda) and plaice (Pleuronectes platessa) are
the most species discarded by beam trawls. The majority of these discarded species
consist of immature fish. Discarding appears to be increasing in recent years,
especially in traditionally bycaught species such as haddock and whiting.
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IV.2 Introduction

Discarding part of the catch at sea is a well-known practice in most fisheries
worldwide. Trawl fisheries alone account for more than a third of global commercial
fisheries discards (Alverson et al., 1994). Discarding usually occurs due to market
forces (non-commercial and low value species, condition and size) and as a direct
result of management measures (minimum landing size and landings restrictions)
(Vestergaard, 1996).
Discard estimations are essential for assessing the full impact of fisheries
upon fish populations and upon the ecosystem in which they operate. As the survival
of discarded organisms can be low (Evans et al., 1994) discarding can be a
substantial component of fishing mortality. Nevertheless, discarding is usually
unaccounted for in stock assessments. For example, of 41 fish stock assessments
recently reported by the International Council for the Exploration of the Sea only 12
include discard data (ICES, 2004b). Furthermore, discards may have an important
indirect impact on other species communities, such as seabirds and benthic
organisms, by causing changes in prey and predator abundance and species
assemblages (e.g. Jennings and Kaiser, 1998; Votier et al., 2004).
Discard data may also be relevant to other studies. Discard observer
programmes may be seen as a proxy for species abundance and distribution,
particularly concerning non-commercial species. Discard data may provide valuable
biological information in geographical areas and temporal scales not covered by
scientific surveys. Discards can also be used in fisheries management in other ways
than as a data input in stock assessments: for evaluating conservation measures
(minimum landing size, mesh sizes, close areas and seasons) and for identifying the
characteristics and behaviours of particular fishing fleets.
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The Irish demersal fishery is composed of several gear types targeting a
number of species and operating all around Ireland. The main gears used are otter
trawl, beam trawl and “Scottish” seine. Otter trawls target prawns (Nephrops
norvegicus) and/or whitefish (cod Gadus morhua, haddock Melanogrammus
aeglefinus

and

whiting

Merlangius

merlangus),

megrim

(Lepidorhombus

whiffiagonis) and anglerfish (Lophius spp.). Beam trawls target sole (Solea solea)
and plaice (Pleuronectes platessa), while Scottish seiners target whitefish. In 2002
the demersal fishery landed approximately 35 000 t valued at around €65 million.
The highest volume species landed were whiting (6600 t), haddock (3600 t), megrim
and anglerfish (2800 t each) and cod (2500 t), while in value the reverse applies (MI,
2003a).
The main objective of this study was to characterise and quantify discarding
by the Irish demersal fishery. The analysis is divided into three parts: quantification
of discarding; discard species composition; and discarded species length and age
composition. This is the first time an assessment of discarding in an Irish fishery has
been reported.
IV.3 Materials and methods
The Irish discard sampling programme

The programme started in 1993 and runs until the present day, with the
objective of monitoring discarding levels by the main demersal fisheries. The
programme places observers on-board commercial fishing vessels which participate
on a voluntary basis. The observers, called Fisheries Assessment Technicians
(FAT’s), are based in the six major fishing ports around Ireland: Howth, Dunmore
East, Castletownbere, Dingle, Rossaveal and Killybegs. The FAT chooses the trips to
sample in proportion to the fishing activity in each port. For each haul, the FAT
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records environmental information (sea state, weather conditions and depth), tow
location and duration, gear type and species landings composition. Landings length
frequency data per haul or trip is recorded opportunistically as time permits. A
sample of discards (40 kg box) is randomly collected per haul and all fish species are
identified, counted and measured. Otoliths of commercial fish species are also
collected for age determination. Two independent age readings are subsequently
made in the laboratory, following standard ageing methods and criteria (Williams
and Bedford, 1974).
Three gear types were sampled (beam trawl, otter trawl and Scottish seine),
corresponding to ten fleets (also called ‘métiers’) as defined by the gear used, area
visited (ICES Division and fishing ground, Figure IV-1) and targeted species
(Nephrops norvegicus, hereafter mentioned only by genus). From 1993-2002
inclusive, 225 trips were sampled, corresponding to 2189 sampled tows. The highest
sampling effort occurred from 1996 to 1998, and since then, sampling effort has
steadily declined (Table IV-1). Fishing vessel characteristics and trip duration vary
according to fleet. Beam trawlers operating in the Irish Sea and otter trawlers on the
Rockall Bank have the longest trips, while otter trawlers targeting Nephrops and
Scottish seiners have the shortest trip duration. For most fleets there is little
difference between the average length of vessels sampled and the fishing fleet
population (Table IV-2). Otter trawlers usually fish for about six hour hauls while the
remaining two gears have an average haul duration of about two hours (more fleet
details can be found in Chapter II).
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Figure IV-1 – Map of the sampling area showing the Fisheries Assessment
Technician (FAT) base ports, International Council for the Exploration of the Sea
(ICES) Divisions, fishing grounds and depth contours (200, 1000 and 2500 meters).
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Table IV-1 – Total number of trips and hauls (in parentheses) sampled by fleet.
Fleets are described by the gear used, area visited (ICES Division and fishing
ground) and targeted species.
1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2
(15)

1
(40)

2
(77)

1
(56)

2
(79)

2
(61)

2
(108)

-

2
(57)

-

2
(13)
1
(16)

1
(5)

-

4
(54)

2
(22)

8
(35)
8
(40)
2
(40)
1
(4)
4
(24)
9
(57)

3
(29)
1
(30)
7
(41)
2
(15)
1
(24)
2
(27)
5
(24)
6
(25)

4
(54)

-

4
(49)
2
(44)
8
(34)
3
(20)
3
(67)
1
(8)
8
(52)
8
(59)

2
(27)
2
(20)
2
(15)
3
(17)

1
(9)
1
(9)
6
(36)
1
(6)
2
(34)

4
(16)
1
(3)
2
(20)
2
(20)
3
(16)

-

-

-

1
(8)
2
(21)

3
(17)
3
(30)

1
(5)
5
(17)

7
(53)
44
(363)

7
(49)
46
(461)

6
(56)
35
(332)

2
(20)
21
(284)

-

-

14
(123)

20
(179)

Beam trawl fleet
VIIa
Otter trawl fleets
VIa Stanton Bank
VIb Rockall Bank
VIIa Nephrops

-

2
(13)

-

VIIb Aran Isles Nephrops

-

-

1
(7)

VIIb West of Achill

-

-

-

VIIc Porcupine Bank

-

VIIg Smalls Nephrops

-

Viij

-

1
(6)
5
(41)
4
(20)

2
(14)

4
(23)
-

4
(32)
1
(4)
3
(41)
-

Scottish seine fleet
All areas
Total

5
(44)

3
(30)
17
(155)

7
(120)

67

2
(29)
16
(128)

Table IV-2 – Main characteristics of the Irish demersal fleets sampled: average trip
duration, number of hauls per trip and vessels size. Average vessel sizes reported to
logbooks (population) and sampling coverage per fleet are also showed. Fleets are
described by the gear used, area visited (ICES Division and fishing ground) and
targeted species.
Sample

Beam trawl fleet
VIIa
Otter trawl fleets
VIa Stanton Bank
VIb Rockall Bank
VIIa Nephrops
VIIb Aran Isles Nephrops
VIIb West of Achill
VIIc Porcupine Bank
VIIg Smalls Nephrops
VIIj
Scottish seine fleet
All areas

Population
Vessel size

Vessel size

Sampling

Trip duration
(days)

Haul
(number)

(meters)

SE

(meters)

SE

Coverage*
(%)

11

30

37.4

1.9

27.3

1.1

4.1

6
11
3
4
8
6
4
4

11
20
9
9
10
14
9
10

24.5
32.4
21.2
21.4
28.9
23.3
21.1
21.7

0.9
2.2
0.5
1.0
1.0
2.6
0.6
1.0

21.5
34.2
19.1
22.0
27.1
30.4
18.3
20.1

0.3
1.2
0.1
0.2
0.4
0.9
0.3
0.2

2.0
11.3
1.1
1.6
2.3
3.6
1.0
1.0

4

10

21.3

0.6

20.2

0.2

3.5

*Sampling coverage is calculated considering a three stage sampling scheme, and
expressed as a percentage of vessels, trips within vessels and hauls within trips
within vessels sampled.

Discard estimations

Total annual discards were estimated per fleet following Eqns. (III-2), (III-6)
and (III-7) of Chapter III. The sampling unit (trip) and the auxiliary variables (total
number of fishing trips and total landings of all species) were chosen based on the
results obtained in Chapter III, and also because fisheries statistics are not available
at haul level (thus preventing a multistage analysis).
Species discards are calculated in two steps: (1) the discarded length
frequencies are transformed to biomass ( d s ) by applying species-specific length
weight relationships (derived from discarded fish for commercial species and, for all
others, from Coull et al. (1989) and Pereda and Perez (1995)); and (2) are
subsequently raised to haul level ( d hts ) by the ratio of total discards ( d ht ) to the
sample discard quantity ( d box ):
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d hts = d s *

d ht
d box

(IV-1)

Finally, they are raised to fleet levels by applying Eqns. (III-2), (III-6) and (III-7)
(Chapter III), substituting d ht and d tyf for the species discard per haul ( d hts ) and
mean species discard per stratum ( d tyfs ), respectively.
A multivariate analysis was performed to determine if discarded species
composition and abundance, in weight and number, are similar between the fleets
sampled. The analysis was performed using the software package Brodgar 2.4.1
(www.brodgar.com). Agglomerative hierarchical clustering was carried out using
chord distances (Legendre and Legendre, 1998) to measure the dissimilarity between
fleets. The Chord distance was chosen because it is less sensitive to the presence of
zero values and high abundance in the data matrix compared to other measures such
as the Euclidean distance or correlation function (Legendre and Gallagher, 2001).
The cluster analysis showed that fleets have a similar discarding pattern between
discards in numbers and weight, and therefore only the results of the analysis in
weight are presented.
IV.4 Results
Fleet characterisation

Around 20 000 tonnes of fish are discarded every year by the Irish demersal
fishery sampled, one third of the total catch estimated for this fishery. Beam trawls
discard around 1806 tonnes annually, Scottish seine discard 2158 tonnes, while otter
trawl fleets discard from 285 to 4966 tonnes of fish annually. These values,
correspond to 67%, 25% and between 20% and 60% of the total annual catch,
respectively. Variability is relatively low in all fleets sampled (SE between 20% to
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30%), except for otter trawlers operating in ICES Division VIb (Rockall Bank, 58%)
and Scottish seiners (42%, Table IV-3).

Table IV-3 – Total annual discards and corresponding percentage of discarded catch
per fleet. Fleets are described by the gear used, area visited (ICES Division and
fishing ground) and targeted species.
Total discards

Beam trawl fleet
VIIa
Otter trawl fleets
VIa Stanton Bank*
VIb Rockall Bank
VIIa Nephrops*
VIIb Aran Isles Nephrops
VIIb West of Achill
VIIc Porcupine Bank
VIIg Smalls Nephrops*
VIIj*
Scottish seine fleet
All areas

Catch discarded

tonnes

SE

(%)

1806

(383)

67

3436*
402
1833*
2077
4966
285
1945*
3019*

(980)*
(234)
(348)*
(550)
(1336)
(94)
(218)*
(787)*

34*
17
25*
43
60
20
25*
26*

2158

(911)

25

*Total annual discards raised to population levels by using total landings as the
auxiliary variable. All other fleets are raised by total fishing trips.

Otter trawlers discarded a total of 92 fish species since 1993, while seiners
discarded 50 fish species and beam trawlers 57 species. However, on average, around
eleven fish species are discarded in every haul, regardless of the gear considered.
Considering the proportion of total discards in weight per fish species in otter trawl,
four species accounted for 60% of the total discards: whiting, haddock, bluemouth
(Helicolenus dactylopterus) and dogfish (Scyliorhinus spp.). In beam trawls, the
highest proportion of the catch discarded comprised dab (Limanda limanda) and
plaice. Scottish seiners discard mainly whiting, haddock and grey gurnard (Eutrigla
gurnardus). The cluster analysis showed that three fleets have specific characteristics
regarding species composition and abundance: otter trawlers operating in the
Porcupine and Rockall Bank, and beam trawlers in the Irish Sea (Figure IV-2).
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Furthermore, fleets targeting Nephrops have similar discard compositions: mainly
haddock and whiting (Table IV-4 and Figure IV-2).

Scottish Seine
Otter trawl VIIa Nephrops
Otter trawl VIIb Aran Isles Nephrops
Otter trawl VIIg Smalls Nephrops
Otter trawl VIa Stanton
Otter trawl VIIj
Otter trawl VIIb West Achill
Otter trawl VIb Rockall
Beam trawl VIIa
Otter trawl VIIc Porcupine

1.2

1.0

0.8

0.6

0.4

0.2

Dissimilarity

Figure IV-2 – Dendrogram of the dissimilarity between discarded species
composition and abundance (in weight) and fleets. Fleets are described by the gear
used, area visited (ICES Division and fishing ground) and targeted species.
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Table IV-4 – Percentage of total annual discards in weight and number (in brackets) per species and fleet. Species discarded less than 10% of total
discards were combined into “others” category. Fleets are described by the gear used, area visited (ICES Division and fishing ground) and targeted
species.
VIa
Stanton
Argentina sphyraena
Eutrigla gurnardus
Helicolenus dactylopterus
Lepidorhombus whiffiagonis
Limanda limanda
Melanogrammus aeglefinus
Merlangius merlangus
Micromesistius poutassou
Phycis phycis
Pleuronectes platessa
Scyliorhinus spp.
Scomber scombrus
Trachurus trachurus
Trisopterus esmarkii
Others

VIb
Rockall

VIIa
Nephrops

Otter trawl
VIIb Aran Isles
VIIb
Nephrops
West of Achill

11

16
15

15

20
11

63

(68)

22
32

(18)
(43)

20
27

VIIg
Nephrops

VIIj

(25)

Beam trawl
VIIa

(10)
16

(12)
(10)
(16)
(12)

VIIc
Porcupine
16 (21)

11
13

(12)

(25)
(28)

43

Scottish seine
all areas

13

(14)

15
32

(14)
(27)

(17)

(36)

23

(34)

11

(12)

21
20

(27)

(10)
15 (22)
18

16

12

12

(11)
15

(13)

12
(13)

52

(51)

22

(32)

35

(39)

38

(46)

72

42

(50)

53 (34)

57

(51)

(10)
51

(74)

26

(27)

41

(37)

Species characterisation

The annual length frequencies of discarded fish per otter trawl fleet (Figure
IV-3a and Figure IV-4) shows that the period between 2000 and 2002 had high
discarding of both haddock and whiting in different fleets. Additionally, there is
substantial discarding of smaller fish of both species by Nephrops fleets and by the
fleet operating in ICES Div. VIIj. This fact is also apparent in the age composition of
these fleets: a predominance of age 1 fish, with the exception of VIIg Smalls
Nephrops fleet, where age 2 fish predominate (Figure IV-5). Megrim length
frequencies show the same patterns between years, with a similar length range and
number in all six fleets (Figure IV-3b). However the age composition shows that the
fleets studied can be divided in two distinct groups: discarding ages 2 to 4 megrim
for the VIa Stanton Bank, VIIj and VIIb Aran Isles Nephrops fleets; and ages 3 to 8
megrim for all other fleets. Bluemouth presents variable annual peaks of discarding
between fleets, although with similar population structure. Nonetheless, bluemouth
discards show the same pattern as haddock in Div. VIb Rockall Bank: high
discarding in 1997. Regarding dogfish, the length composition shows a
predominance of small individuals discarded in VIIc Porcupine Bank (19 cm mode)
in 1996 and VIIg Smalls Nephrops (22 cm mode) in 2001 (Figure IV-3c).
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Figure IV-3a – Annual length frequencies of the most discarded fish species (by weight and number) per fleets of otter trawl. Fleets are described
by the gear used, area visited (ICES Division and fishing ground) and targeted species. Minimum landing size in 2000 is indicated with line and, if
different before 2000, is shown with a dotted line.

74

VIb Rockall Bank
600
300

1000

80

500

0

VIIj

VIIj

800

Numbers discarded / trip

VIa Stanton Bank

VIa Stanton Bank

160

400

00

0

VIIc Porcupine Bank

220
110
0

0
2000

1993
1994
1995
1996
1997
1998
1999
2000
2001
2002

1000

VIIg Small Nephrops

0
200
100

VIIc Porcupine Bank

0
600

Numbers discarded / trip

0

300

VIIb West of Achill

VIIb West of Achill

0
1600

1200

800

600
00

VIIb Aran Isles Nephrops

0
1200
600

0

0
7

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

3

6

9 12 15 18 21 24 27 30 33 36 39 42 45 48

Length class (cm)

Length class (cm)

Blue-mouth (Helicolenus dactylopterus)

Megrim (Lepidorhombus whiffiagonis)

Figure IV-3b – Annual length frequencies of the most discarded fish species (by weight and number) per fleets of otter trawl. Fleets are described
by the gear used, area visited (ICES Division and fishing ground) and targeted species. Minimum landing size in 2000 is indicated with line and, if
different before 2000, is shown with a dotted line.
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Figure IV-3c – Annual length frequencies of the most discarded fish species (by weight and number) per fleets of otter trawl. Fleets are described
by the gear used, area visited (ICES Division and fishing ground) and targeted species. Minimum landing size in 2000 is indicated with line and, if
different before 2000, is shown with a dotted line.
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Figure IV-4 – Example of detailed annual length frequencies of discarded fish species showing cohort progression and high recruitments: haddock
and whiting discarded by otter trawlers targeting Nephrops in ICES Div. VIIa (Irish Sea). Minimum landing size is indicated with line.
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Figure IV-5 – Age composition of the most discarded commercial fish species (by weight and number) per fleets of otter trawl. Fleets are
described by the gear used, area visited (ICES Division and fishing ground) and targeted species.
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The annual length composition of the most discarded species in beam trawls
(Figure IV-6) shows high discarding in 1997 and 1998 for dogfish; and in 1994, 1998
and 1999 of all other species. The length frequency of plaice and dab discarded did
not differ between years. Plaice age composition shows a predominance of
individuals aged 2 in all years (Figure IV-7). Whiting however, shows changes in
modes with years: in 1994 the mode was located at 28 cm, in 1997 it was at 22 cm,
and in the following years 1998 and 1999 there were two modes located at 17-18 cm
and 26 cm, corresponding to ages 1 and 2. In addition, when the length frequency of
whiting discarded by beam trawls is compared with the discards from the Nephrops
fleet operating in the same ICES division, it is clear that these two fleets discard
different components of the population: adult fish (mode at 28 cm, age 2) and
juvenile (15 cm mode, age 1), respectively. Finally, the length frequency of dogfish
discarded by both fleets operating in the Irish Sea is similar.
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Figure IV-6 – Annual length frequencies of the most discarded fish species (by weight and number) for beam trawls in ICES Division VIIa and
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arrow.

80

Whiting

Whiting
1993
1995
1996
1997
1998
1999

1600

1000

1996
1997
1998
2002

5000

3000

400

Plaice
N = 809
5000

Numbers discarded / trip

Numbers discarded / trip

N = 717
N = 569

N

1000

Haddock
5000
u

m

b

e

r

N = 442
s

d

i

s

c

a

r

d

e

d

/

t

r

i

p

3000
3000

1000

1000

0

1

2

3

4

5

6

0

Age (years)

1

2

3

4

5

Age (years)

Beam trawl

Scottish seine
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The species most discarded by the Scottish seine fleets differed between years
with high discarding in 1996 of Norway pout, of haddock and whiting in 1997, and
of grey gurnard in 1998 (Figure IV-6). The length composition of haddock and
whiting shows a significant quantity of small fish entering the fishery in 1997 (mode
17 cm and 13-14 cm, respectively), corresponding to age 1 (Figure IV-7).
Minimum landing size (MLS) seems to condition the discard quantities in the
majority of the fleets only for haddock. The change in MLS for plaice, whiting and
megrim in 2000 did not seem to cause a change in discarding practices, since
discarding occurred in the majority of the fleets at lengths higher than the established
MLS.
Finally, there is a positive relationship between standardised total numbers of
haddock discarded by otter trawls and recruitment estimated by ICES assessments
(R2 = 0.52, P < 0.004, Figure IV-8) (ICES, 2004d; e). No significant relationships
were found between recruitment and: megrim discarded at age 2 in Div. VII by otter
trawls (R2 = 0.24, P = 0.22, (ICES, 2004f)), plaice discarded at age 2 in the Irish Sea
(VIIa, R2 = 0.19, P = 0.25) and whiting discarded by otter trawls (R2 = 0.19, P = 0.14)
(ICES, 2004d; e).
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Figure IV-8 – Relationship between standardized recruitment estimated by ICES
assessments (ICES, 2004d; e; f); and standardized total numbers of haddock
discarded in ICES Div. VIa, VIIa and VIIb-k by otter trawls (N = 14, slope = 0.72,
SE = 0.2, R2 = 0.52).

IV.5 Discussion

The discarding rates calculated are high but are similar to the ones described
for comparable demersal fleets. Stratoudakis et al. (2001) reported that about 60% of
fish by-catch was discarded in Nephrops trawlers in the west of Scotland. Rochet et
al. (2002) calculated that 25% of the catch of benthic and gadoid trawlers is
discarded in the Celtic Sea, while Nephrops trawlers discarded 55% of the catch.
Variability in total discards is, however, lower in this study than the ones reported in
both studies (Coefficient of Variation of 38% and 40%, respectively) for the majority
of the fleets studied. Discard composition is similar to both fleets mentioned
previously: small whiting in Nephrops trawlers operating in the west of Scotland and
mainly whiting and haddock in gadoid fleets in the Celtic Sea; but also in Nephrops
fishery operating in the Irish Sea: small whiting, haddock and dogfish (Briggs, 1985).
Annual estimates of fish discarded are in accordance with the values reported by
Stratoudakis et al. (2001) for Nephrops fleets (1761 tonnes), but are considerably
lower than the ones reported by Briggs (1985) (5000 tonnes) in the early 1980’s.
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The fleet-specific analysis showed that three fleets had a unique discarded
species composition and abundance. The dissimilarities found in discards from otter
trawlers operating in the Rockall and the Porcupine Banks compared to other fleets
are most likely related to the specific physical characteristics of these offshore
grounds, while beam trawlers are associated to the specifics of the fishery (targeted
species and gear). As expected, Nephrops fleets discard similarly both in terms of
weight and length composition of the most discarded fish species. The fact that these
fleets are discarding juveniles of at least three species (haddock and whiting in Div.
VIIa and VIIb, and dogfish in VIIg) may have a significant impact on the assessment
of these species (underestimation of mortality and stock size (Breen and Cook, 2002;
van Keeken et al., 2003)). It may also play a major role in future fisheries
management. Nephrops fleets are mixed fisheries, which simultaneously catch
several highly valued but over-exploited species, and where the protection of one
species will undoubtedly reduce catches of associated species.
In recent years discarding seems to have increased in the demersal fisheries
studied here (Chapter III). This increase is most likely the result of more restrictive
catch limitations due to declining stocks and/or high recruitment years. However, the
introduction of Recovery Programmes (RP) in specific ICES areas in 2000, to protect
juveniles and increase spawning stock biomass of depleted stocks, was expected to
reduce discarding. Although initiated by a substantial reduction in TAC, these
programmes included changes in technical conservation measures such as an
increased mesh size, changes in gear design and temporal closures of areas of the
fishery. These changes had no apparent reduction in discarding: an increase in mesh
size in ICES Div. VIa and VIIa was not associated with a reduction of discarded
numbers, nor with a change in length composition.
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The results show that in recent years (2000-2002) there has been an increase
in discarding of haddock and whiting, possibly as a result of a pulse in recruitment in
this period, and/or the product of previous high recruitments. Year class strengths, as
shown by an increase in discarding in a particular year, are in accordance with the
extreme recruitments reported by ICES assessments for haddock stocks (namely the
1994 and 1996 high haddock recruitments in the Irish Sea (VIIa) and 2000 in VIa
(ICES, 2004d); and 2000 and 2002 in ICES Div. VIIb-k (ICES, 2004e)). This result
is further strengthened by the positive correlation found between haddock
recruitment and discards. The results of this study also show high recruitment in
2001 for haddock in the Irish Sea (see Figure IV-4), although the ICES assessment
indicates recruitment slightly above average. In relation to whiting, the results show
conflicting results: high recruitment in 2001 and 2002 in VIIa (ICES indicate only
average recruitment in 1995 and 1999 (ICES, 2004d)) and also high in 2002 in VIIg
(ICES report high recruitment in 1993 and 1999 in VIIe-k (ICES, 2004e)). However,
the lack of appropriate discard information has been identified as a major deficiency
in these assessments (ICES, 2004b). Although discard data from Irish fleets are used
in the assessments of haddock in ICES Div. VIa and whiting in VIIa and VIa, other
countries fleets and/or years are not available. Failure to account for a substantial
portion of the total catch (particularly of young fish) through a lack of discard
information can result in poor estimation of recruitment levels. For example, the
numbers of megrim discarded in the Celtic Sea do not indicate variations in yearclass strength, as expected from the strong 1998 and 2000 recruitment to the stock in
Sub-areas VII and VIIIa,b,d,e (ICES, 2004f). However, this stock is exploited by an
international mixed fishery, where the Irish fishing quota is less than 17% in 2003, so
recruitment might be driven by other commercial fleets than the ones sampled.
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Regarding specific species, bluemouth have high discard rates, a result also
reported by Connolly and Kelly (1996), but is one of the least frequently discarded
species. This is probably a result of the low commercial values associated with a
patchy spatial distribution. The length distribution found in the present study was
similar to that of bluemouth caught by deepwater trawls in Div. VIa, and shows that
the majority of bluemouth discarded are immature (males mature at 26 cm and
females at 23 cm (Kelly et al., 1999)). Dogfish is discarded in large quantities by the
majority of the fleets studied, particularly juvenile and immature dogfish (maturity is
reported to occur at a length of 58 cm (Henderson and Casey, 2001)). This fact may
have an impact on the population irrespective of reportedly high survival of
discarded dogfish (Rodriguez-Cabello et al., 2001). Furthermore, taking into account
that the length at birth of the smallest species of dogfish (Scyliorhinus canicula) is 10
cm (Wheeler, 1978), the data indicate that the Smalls and the Porcupine Bank are
dogfish nursery areas. These results illustrate the potential of discard data in
biological and ecological studies.
Minimum landing size (MLS) appear to be influencing discarding of haddock
in the majority of fleets, since there is a marked decrease in discarding at lengths
higher than MLS. In contrast, for whiting, plaice and megrim, the change in MLS in
2000 does not appear to have changed discarding practices. This mismatch between
MLS and the actual length of fish discarded illustrates the fact that several technical
conservation measures, such as TAC and minimum mesh sizes that aim to
reduce/control fishing mortality, are bound to be inefficient if they do not account for
discarding.
This study shows that the Irish demersal fishery discards a substantial
proportion of the catch. Large quantities of these fish discards are of commercial
species, belonging to at least four fish stocks considered to be outside safe biological
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limits and three stocks of unknown population status. Since the level of depletion of
these species differs considerably, management measures based on the status of
individual species may not be effective when applied simultaneously for the group of
co-harvested species. Furthermore, stocks in need of special conservation efforts
would require stringent management measures applied to all fleets catching that
stock, resulting in large foregone yield from healthier stocks. Applying management
measures on a fleet-by-fleet basis may reduce forgone yield. However, such an
approach requires reliable catch information for all species in all fisheries. The need
for stock assessments to take discarding into account is thus crucial in the current
TAC allocation regime. This is particularly true when fisheries management moves
towards a mixed-fisheries approach, where discard estimation is of fundamental
utility in identifying key fisheries/species relationships.
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Chapter V - Modelling discards from demersal fisheries

V.1 Abstract

Discarding ogives were estimated using generalized additive models (GAM)
for four demersal fish species: whiting (Merlangius merlangus), haddock
(Melanogrammus aeglefinus), megrim (Lepidorhombus whiffiagonis) and plaice
(Pleuronectes platessa). The analysis was based on data collected on-board
commercial vessels and at fishing ports from 1995 to 2003. For all species the most
important factors influencing discarding ogives were fleet (combination of gear,
fishing ground and targeted species), mean length of the catch and year, and, for
megrim, also minimum landing size. The length at which fish are discarded has
increased since 2000 for haddock and whiting. In contrast, discarded length has
decreased for megrim accompanying a reduction in MLS in 2000, while there was no
apparent change for plaice during the studied period. GAM models can also be used
to estimate missing data or for short-term predictions.
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V.2 Introduction

Discarding of part of the catch at sea is a basic aspect of fishing since fishing
gears are not 100% selective for the desired catch, and there will always be some
species, sizes or condition (e.g. damage) with low market value.
Discarding can be expressed as the probability of an individual being
discarded at a given length. For commercial species, this probability generally
decreases with increasing length and is zero after a certain length, since the specimen
will eventually attain a commercial size and will be landed. Such data will have an S
shape curve and can be described by a logistic function, hereafter called a discarding
ogive. While estimating these species-specific curves, one can determine the effect of
certain variables (e.g. year, area, gear) on the discard probability. Modelling discard
ogives can also be used to minimise “noise” in the data while still presenting some
measure of precision (confidence intervals). Furthermore, discard ogives may be
used to predict discards in missing seasons or into the future.
Stock assessment models are usually based on the numbers of individuals
landed or caught (landings plus discards) per length or age class. These data are
obtained through dedicated sampling programmes that require substantial human and
economic resources. Discard programmes are particularly difficult because they
usually involve sampling at sea, and in many cases depend upon the voluntary
collaboration of commercial fishers. The result is that most discard data sets have
short-time series, and generally contain gaps (unsampled years, quarters, gears, etc.).
For these reasons, discard estimations have been excluded from many analytical
stock assessments (ICES, 2004b). Furthermore, discards are highly variable between
areas (Stratoudakis et al., 1999), depths (Allain et al., 2003), gears and years
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(Chapter III), and this introduces imprecision to stock assessments (e.g. difficulty in
detecting year-class or length-class strength (ICES, 2004g)).
Modelling discards has generally been restricted to modelling the relationship
between discard rates and explanatory variables, without considering the age or
length structure of discard data (e.g. Murawski, 1996; Pikitch et al., 1998; Helser et
al., 2002; O'Brien et al., 2004) The few studies that have estimated discard ogives
(Stratoudakis et al., 1998; Rochet et al., 2002; Palsson, 2003; Machias et al., 2004;
Rochet and Trenkel, 2005) are either limited in species, fisheries and/or short timescales, and in the majority of cases explanatory factors were not investigated.
Modelling of discards has thus been identified as an area that has received almost no
research effort and requires future research (ICES, 2004g; Rochet and Trenkel,
2005).
In this study discarding ogives for four commercial fish species are estimated
using generalized linear and additive models. In the process, the factors that might
influence the probability of a fish being discarded are studied. Models for estimating
missing discard data in a time-series and predicting discarding in the short term are
presented.
V.3 Material and methods
Irish discard sampling programme

The analysis is based on data collected in the discard sampling programme
that has been running since 1993 in the waters around Ireland. It is a voluntary
sampling scheme, i.e. observers work on board commercial fishing vessels only with
the permission of the skipper. The fishing trips sampled are chosen proportionally to
the fishing activity in the five main Irish ports. In each haul, a 40 kg box of discards
is randomly collected and analysed for species and length composition, and species
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composition of landings is also recorded. Landing length frequencies were sampled
on board opportunistically until 2002 and persistently since 2003.
During the 9-year period, 247 trips and 2417 hauls were sampled from 10
different fleets, as defined by the gear used (otter trawl, beam trawl and “Scottish”
seine), geographical area visited (International Council for the Exploration of the Sea
sea area and fishing ground) and targeted species (Nephrops norvegicus, hereafter
called Nephrops). Although sampling levels dropped in recent years, an average of
20 trips was still maintained, and has increased to 47 trips in 2003 (see Chapter II for
more sampling details).
Because of the lack of a systematic sampling of landings before 2003, the
comparison between discarded and landed length frequencies was only possible
using landings data collected in the fishing ports. Unfortunately, this precludes a
detailed analysis of the factors affecting discards because most of the information
needed (e.g. depth, catch composition, time of day) is unavailable at the ports. Thus,
the analysis is based on the combined (summed) length frequencies of discards, and
length frequencies of landings sampled on board and in the ports raised to fleet level
(Figure V-1). The port sampling data was divided with the a priori knowledge of the
fleet (gear, area and target species) sampled. The length frequencies of landings
sampled annually in the ports were raised to fleet level in two steps: firstly the
quantity of landings sampled was estimated by applying species specific lengthweight relationships to the length frequencies; followed by the multiplication of the
length frequencies by the ratio of sampled landings to total landings. The raised
length frequencies of discards and landings sampled on board were obtained by
multiplying the average length frequencies per trip by the total number of fishing
trips made annually by the fleet. Fishing trips was used as the raising variable based
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on the results of Chapter III, where fishing trips gives the most precise discard
estimation in the majority of the fleets studied.
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Figure V-1 – Annual catch length frequencies used in the analysis by fleet and species. Fleets are described by gear the used, area visited (ICES
Division and fishing ground) and targeted species (Nephrops norvegicus). Lines represent minimum and maximum length sampled; boxes the 25th
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The analysis was carried out for four commercial species: whiting
(Merlangius

merlangus),

haddock

(Melanogrammus

aeglefinus),

megrim

(Lepidorhombus whiffiagonis) and plaice (Pleuronectes platessa).
Discard Ogives

Generalized linear models (GLM) were used to describe the probability of a
fish being discarded at a specific length. Quasi-binomial models with a logit link
function where estimated to compensate for over-dispersion in the data, (McCullagh
and Nelder, 1989). The models were fitted using the software S-PLUS© 6.0
(Professional Release 2). The explanatory variables considered in the GLM’s were:
length, fleet, year, mean catch length (MCL) and minimum landing size (MLS). The
significance of each explanatory variable was determined by a t-test according to the
amount of variability explained. Furthermore, the contribution of each additional
variable in the model was tested by an analysis of deviance (McCullagh and Nelder,
1989). Only significant parameters in both model-testing steps were included in the
final model. Finally, a visual inspection of the deviance residual plots was made to
detect patterns and outlying data. Data points with extreme residual values were
considered outliers and were removed from the final analyses (from 1 to 5% of the
data depending on the species).
The results of the GLM analyses for haddock and whiting showed that length,
fleet, year, MCL and interactions fleet-year and fleet-MCL were significant variables
explaining variability in the discard probability. However, a clear trend in the
deviance residuals was observed for both length and year (particularly for year).
These results indicate, that for both variables there may be a departure from the
initial linear assumption. To overcome this problem, one might consider year as a
categorical variable in the GLM. However, this will prevent any year interaction
effect in the final model due to a high number of parameters (more than 70).
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Therefore, Generalized Additive Models (GAM’s) were used as they provide a more
flexible approach to describe the non-linearity in the discard probabilities, whilst still
allowing for interaction terms. The GAM’s were estimated following the same
methodology described above, including the choice of degrees of freedom of the
smoothers applied, with an approximate F-test in both model-testing steps (Hastie
and Tibshirani, 1990).
V.4 Results

The GAM models show that length, fleet, year and MCL had an effect on the
proportion of fish discarded in all four species (Table V-1). Different fleets exhibit
different discard behaviour, and thus different discard ogives. Furthermore, the
change in discard length with year follows a specific pattern: a decrease until 19992000 and increasing thereafter in all species, except in megrim where there is a
steady decline in discard length with year (Figure V-2). The mean catch length
(MCL) is negatively related to discard probability, i.e. the larger the mean length of
the catch the lower the level of discarding (Figure V-3) and therefore the discarded
length decreases (ogives shift to the left). The non-linear effect of year is shown in
Figure V-4 to Figure V-7 by a shift of the discard ogives (to the right with increasing
discards), and also by the different distances between curves that is relative to the
level of each year effect. As a consequence, several annual discard ogives are closer
or more isolated than others. The combined effect of MCL and year is also reflected
in the distance between annual ogives. In fleets where MCL is decreasing and the
discard probability is increasing with year, the predicted discard ogives are shifted to
the right and the distance between them is larger than with no MCL effect in the
model. This is the case for the haddock and whiting fleets, while the opposite is true
for megrim. For plaice, however, MCL has the opposite effect of year, and the
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resulting discard ogives are still shifted to the right (year effect), but the distance
between ogives is smaller than with no MCL effect. Finally, the partial plots of the
smoother applied to length (not presented) showed a linear pattern, and therefore the
resulting discard ogives are approximately symmetrical and do not differ
substantially in the majority of the fleets and species studied.

Table V-1 – Generalized additive models estimated per species. Fleets are defined by
the gear used (otter trawl, beam trawl and “Scottish” seine), area visited (ICES
Division and fishing ground) and targeted species (Nephrops norvegicus). MCL is
mean length of the catch and MLS is minimum legal landing size.
Haddock

logit(discard probability) = const. + s(length, 3) + fleet + s(year) + s(MCL)

Whiting

logit(discard probability) = const. + s(length, 3) + fleet + s(year) + s(MCL) + fleet.s(MCL)

Megrim

logit (discard probability) = const. + s(length) + fleet + s(MCL) + s(year) + MLS + fleet.MLS

Plaice

logit(discard probability) = const. + s(length) + fleet + s(MCL) + s(year) + fleet.s(year)

Note: All parameters and models were significant at the 1% level. s(X) denotes a
smooth function applied to explanatory variable X, with 4 degrees of freedom or
otherwise indicated.
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Figure V-2 – Partial plot of the smoother (solid line) applied to year of the
generalized additive model estimated by species and 95% confidence limits (dotted
line).
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Considering each species separately, haddock shows a change in the shape of
the discard ogives with time: the “inclination” of the curve is less pronounced in otter
trawlers operating in ICES Division VIb Rockall Bank and VIIb West of Achill.
These two fishing fleets also discard considerably larger haddock than the other
fleets, and particularly at lengths above MLS (Figure V-4). Whiting has been
discarded at markedly higher lengths than the established MLS (23 cm) before 2000.
Whiting also has a higher probability of being discarded in beam trawlers in the Irish
Sea than otter trawlers targeting Nephrops (Figure V-5). Finally, both species
showed an increase in discarding since 2000, particularly in 2003 for whiting. There
is also a significant effect of year in beam trawlers in both species. However, this

98

effect is borderline significant and highly variable due to missing data in recent years
and therefore the interaction term between fleet and year was excluded in the final
model.
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Figure V-4 – Predicted discard ogives based on the generalized additive model estimated of discard probability versus length, fleet, year and MCL
for haddock. Minimum landing size (MLS) is indicated by a solid line.
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Megrim was the only species where the change in minimum landing size
(MLS) explained a significant proportion of the variability in discard probability.
When MLS was introduced to the GAM model, the drop in the discard probability in
1999-2000 in the smoother applied to year was no longer observed, and the V shaped
curve (similar to the ones obtained for the other species) was substituted by a
decreasing trend (Figure V-2). Discard ogives followed the decrease in the MLS only
in two fleets: otter trawlers operating in the Rockall Bank and West of Achill. In all
other fleets, although there was a decrease in discarded length since 2000, there is no
apparent change with MLS, except in otter trawlers in the Porcupine Bank. In
contrast, in this fleet, there is an apparent increase in discards with the reduction of
MLS. Megrim was also retained at significantly lower lengths in Scottish seiners that
any other fleet studied (Figure V-6). Plaice shows a significant year effect,
particularly in otter trawlers fishing for Nephrops in VIIg. Discarding is increasing
after 2000 in all fleets, except for otter trawlers targeting Nephrops in VIIg. Plaice is
also discarded extensively at lengths above MLS by the fleets operating in the Irish
Sea and Scottish seiners (Figure V-7).
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Figure V-6 – Predicted discard ogives based on the generalized additive model estimated of discard probability versus length, fleet, MCL, year,
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Figure V-7 – Predicted discard ogives based on the generalized additive model estimated of discard probability versus length, fleet, MCL, year
and fleet x year interaction for plaice. Minimum landing size is indicated by a dotted line (prior to 2000) and by a solid line (for 2000 and
subsequent years).
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V.5 Discussion

The fact that different fleets have different discarding practices is a result also
found by Stratoudakis et al. (1998) and Rochet et al. (2002). The combination of
several factors such as differing market forces and fishing grounds, even in fleets
with common targeted species and gear, is likely to influence the fisherman
behaviour and consequently change the resulting discard ogives.
The result that fishers will retain smaller fish if the mean length of the catch
is larger is unexpected. However, it may be explained by examining the behaviour of
fishers. Consider a fish with an “intermediate” length where there may be doubt
about whether to discard or not (for example close to but above MLS, say 23 cm). If
the catch is predominantly composed of small fish, the probability of a 23 cm fish
being discarded is high because fishermen will consider it to be small. However, the
same 23 cm fish in a catch composed of predominately large fish will have a lower
probability of being discarded because it can be landed mixed in with larger fish.
The increase in length discarded that was observed in all four species studied
in recent years may reflect the evolution of the market and management measures.
Larger fish will have a higher value and more readily sold, whereas smaller fish may
have poorer market acceptance. Additionally, increasing landings constraints will
probably lead to fishing practices that produce the highest value within a limited
weight of catch, i.e. high grading. High grading has also been reported by
Stratoudakis et al. (1998) for haddock and whiting in offshore fleets in the North Sea.
The results from the discard ogives obtained here for haddock discarded by otter
trawlers operating in the Rockall Bank and West of Achill and for megrim discarded
in the Porcupine Bank are consistent with high grading practices. The increased
levels of discarding of haddock well above the MLS in 2002 and 2003 at Rockall and
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West of Achill suggest other changes in discarding behaviour in recent years. A
concurrent increase in targeting for megrim may have induced this change such that
only haddock in the best condition are retained for landing. Such factors are likely to
be most pronounced on the longer trips taken to these grounds, and particularly for
species such as haddock, which keep relatively poorly. Haddock of all sizes caught
early on a long trip would be expected to have a higher discard rate than those caught
later in the trip. Nevertheless, in the three fleets mentioned previously, the possibility
that these results may be the product of a misfit of the models estimated, due to lack
of data in recent years, cannot be excluded.
The effect of minimum landing size is, to some extent, hidden by the
substantial year effect observed for the three species for which this technical
conservation measure was changed. MLS significantly affected megrim discards but
this effect was variable between fleets. Discarding at lengths above MLS has also
been observed by Rochet et al. (2002) for the four species studied. On the other hand,
Stratoudakis et al. (1998) reported an immediate increase in discarding with and
increase in MLS for haddock and whiting. They also found a systematic change of
DL50 (length at which 50% fish are discarded) over time. For plaice, the decrease in
MLS did not overcome the increase in discarded length observed with year, except in
otter trawlers fishing for Nephrops in VIIg Smalls. Estimates of discarding are not
included in the assessment of this stock. There are concerns that the non-inclusion of
discard data represents a major deficiency in the assessment, particularly if there
have been changes in discarding practices over time (ICES, 2004e). The results of
this study indicate that these concerns are well founded: a clear trend in discarding
practices was observed over time.
The indication of high grading in the majority of the fleets and species
studied shows the need for technical conservation measures to be in tune with the
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discarding behaviour of the fishers, and the factors that may influence that behaviour.
Specifically, a reduction in MLS will not be effective without market acceptability
for smaller sizes. Furthermore, the results of this study show that fishers will retain
smaller fish if the average length of the catch is larger. The recent management
measures imposed in the Irish Sea and waters West of Scotland (such as changes in
mesh size, effort regulation, and seasonal and area closures) was expected to increase
the size of the catch, and consequently reduce the size of discarded fish. However,
mean catch length is decreasing and larger fish are being discarded, with an
inevitable increase in discard quantities. These results indicate that the management
measures adopted have not been effective in protecting juvenile haddock and
whiting. A clear understanding of the discarding practices and market influences,
allied to a reliable monitoring of fishing activity is needed to improve the efficiency
of these management measures.
As discussed above, the models presented in this study maybe used to
evaluate the impact of changes or new management measures on discards. GAM
models maybe use to investigate the effectiveness of (and changes in) technical
conservation measures (such as mesh size increases, changes in MLS) between gears
and areas. GAM’s can also detect the effect of landing restrictions on discards, for
example the impact of quota reductions and changes between quota systems (e.g.
monthly to trip based). The flexibility of GAM models also allows for the inclusion
of other explanatory variables (such as area, gear, depth, species catch composition
and abundance, or season) that are either not considered in the present study or are
included in the fleet definition.
The results of this study may have serious implications for fish stock
assessments. Not only do different fishing fleets that target the same stock discard
differently, but these fleets also discard differently through time. This fact may
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induce a systematic error in stock assessments, particularly when the selectivity or
pattern of exploitation is considered to be constant in a time period or between fleets
(Mohn, 1999; Cadigan and Farrell, 2003). It may also create significant bias in the
catch-at-age matrix when data from different fleets are combined or used to derive
data for other fleets and/or years not sampled. It is therefore concluded that data from
one fishing fleet should not be used to estimate the discarding pattern for other fleets.
Furthermore, discard ogives can differ significantly between years within a fleet, thus
an annual discard ogive should not be used to estimate discards in another year for
that fleet.
In reality, stock assessment models require a vast amount of data, which are
often unavailable, particularly that concerning discards due to its difficult sampling.
The error introduced to stock assessment by estimating data is usually considered to
be smaller than the error obtained by not including data accounting for significant
sources of mortality (such as discard data). In cases where discard estimations cannot
be avoided, the use of a GAM model to estimate missing data is recommended; or if
unavailable, a discard ogive of a year and fishing fleet similar to that missing
year/fleet. Specifically, the GAM models estimated can be use to estimate missing
data for at least five fish stocks: haddock and plaice in the Irish Sea, haddock in
ICES Divisions VIIb-k, whiting in Divisions VIIe-k, and plaice in the Celtic Sea.
These are stocks where discard data are not included in stock assessment due to
insufficient data and/or short time-series (ICES, 2004b). It should be noted that the
models estimated in this study should only be used to predict discard ogives in the
short term (1-2 years), since the predictions were sensitive to missing data for 3
consecutive years (as with haddock and whiting discarded by beam trawlers
operating in the Irish Sea and megrim discarded by otter trawlers in the Porcupine
Bank, Figure V-1).
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The GAM models presented in this study maybe used to evaluate the impact
of management measures on discards. Furthermore, the major problems identified
with discard data in fish stock assessment, such as high variability and missing data,
maybe be overcome by modelling discard ogives. Nevertheless, the impact of using
either discard data or the discarding ogives in fish stock assessments still needs to be
investigated. Future work should also examine the effect on stock assessment of
ignoring consistent trends in discards, and therefore the introduction of bias in the
landings-at-age matrix.
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Chapter VI - Discussion
VI.1 Discard estimations

Discard quantities can be calculated in different ways, depending on the
sampling unit considered (haul, trip and/or vessel), the quantity estimated (biomass,
abundance, rate, total), the estimator used (multistage, ratio or random) and the
approach used (model or sampling). All these factors are related and have specific
problems and characteristics that are discussed below.
The choice of estimators is linked to data availability and precision issues. A
multistage estimator will give the most precise result since discard data are
multilevel, and this estimator takes into account variability within and between
sampling levels (Cochran, 1977; Thompson, 2002). However, the information
necessary for a multistage estimator is frequently unavailable. In the fleets studied,
there was no information regarding the number of hauls made by the fishing fleet.
The number of hauls had to be estimated for each by dividing the reported total
number of hours fished by the average duration of a haul. Data concerning the
number of vessels that belong to a fleet are also problematical. The number of
vessels can only be approximated because vessels change fleets. However, the
number of hauls and vessels probably had a minimal effect on the optimum sampling
levels analysis presented in Chapter II. The haul level had the least impact in the
analysis and the number of vessels used was overestimated (vessels switching
between two fleets were counted twice). However, for the comparison between
estimators, the fact that some input variables had to be estimated would preclude the
analysis. Therefore, a multistage estimator cannot be used for Irish historical discard
programme data (logbook data by haul have only been available since 2003).
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The preclusion of the use of a multistage estimator limits the choice of
estimators to simple random or ratio estimators (and thus between the precision of
the auxiliary variables used). As discussed in Chapter III, a simple random estimator
using the total number of trips is the best estimator to raise discards sampled to fleet
totals in most fleets. In contrast, fishing effort as the number of hours fished should
not be used because it gives consistently higher estimations and has low precision.
This is probably related to the fact that fishers are not rigorous when filling in
logbooks (e.g. there are several 24 hours hauls) because this variable is not
controlled/regulated. On the other hand, because there are several legal restrictions
on landings, this variable is often misreported and generally will underestimate
discards. Of the variables considered in this study, fishing trips are likely to be
reported with the greatest accuracy, since there is little incentive not to report a
fishing trip, and a vessel’s absence from port on a trip is easily verified.
The variability in discard quantities estimated in the sampling-based approach
of Chapter III and Chapter IV is considerably lower than the variability found by the
model-based approach of Chapter II. This fact may be surprising considering that the
model approach uses a multilevel estimator that gives more precise results than the
simple random and ratio estimators used in the sample-based approach. However, the
difference in precision is likely to be related to two factors: the sample approach is
estimating biomass and total quantities whilst the model is estimating abundance and
a ratio (total numbers of fish discarded per hour towed (TDPUE)). Variability is
introduced when transforming the biomass measured to numbers, and also due to
using estimates of the number of hauls and vessels. Furthermore, as shown in
Chapter III, there is also additional variability associated with a ratio estimator using
effort as the auxiliary variable. Due to the variable duration of fishing hauls between
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fleets, TDPUE was the only index of discard quantities that was comparable between
fleets and allowed for a multistage analysis, since it is estimated at haul level.
VI.2 Fleet characteristics

One of the main results of this study is the importance of identifying specific
fishing fleets in discard estimations. The significance of a fishery-by-fishery
approach has also been recognized by Kennelly (1995) and Kelleher (2004) in their
discarding review studies. The impact of the association of various gears, fishing
grounds and targeted species is reflected in what is caught, and therefore discarded.
Fleets operating in the same geographical area but with different gears will have
dissimilar discards, as well as fleets with the same gear operating in different areas.
On the other hand, fleets may discard the same quantity (e.g. the same weight or the
same percentage of the catch) but its composition may be extremely diverse.
Discards can be composed of only commercial species, of a mixture of commercial
and non-commercial, of only juvenile individuals, or of only one species, etc.
Different discard compositions will cause diverse effects on fish populations, species
assemblages and habitats (Kennelly, 1995; Crowder and Murawski, 1998; Jennings
and Kaiser, 1998). Therefore, a detailed fleet-by-fleet discussion is given is this
section, highlighting the problematic fleets according to: (a) percentage of the catch
discarded; (b) discard composition of commercial fish species; (c) discard
composition of non-commercial fish species; and (d) specific conservation issues.
Considering the percentage of the catch discarded, beam trawlers fishing in
the Irish Sea and otter trawlers fishing West of Achill are clearly the most wasteful of
the fleets studied. These fleets land only a third of what is captured, discarding
around 6800 tonnes annually, 5000 of which is discarded by the West of Achill fleet.
They also discard more than other similar fleets reported in the literature. Beam
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trawlers in the North Sea discard around 50% of their catch (Garthe and Damm,
1997; van Beek, 1998), while 24% of the catch of benthic trawlers is discarded in the
Celtic Sea (Rochet et al., 2002). The West of Achill otter trawl and Irish Sea beam
trawl fleets both show evidence of misreporting fisheries statistics. This is evident
from the discrepancy between effort and landings discard estimations obtained in
Chapter III. Furthermore, the results of Chapter IV and Chapter V indicate that these
fleets discard considerable amounts of legally sized fish. Otter trawlers fishing West
of Achill discarded medium-sized megrim even after the decrease of MLS in 2000.
On the other hand, Irish Sea beam trawlers are characterised by high levels of
discarding of plaice and whiting at lengths close to MLS. However, the high
discarding levels of these fleets do not appear to be related to the non-selectivity of
their gears to smaller size fish. Instead, they are discarding to retain higher quality
and higher priced fish. Nevertheless, the Irish beam trawl fleet is small (only four
active vessels in 2002) and is diminishing in recent years. The West of Achill fleet,
on the other hand, is increasing and shifted target species around 2002 from haddock
to anglerfish and megrim. This fleet is reported to be discarding increased quantities
of haddock since 2003.
Otter trawlers targeting Nephrops, and particularly the fleets fishing in the
Irish Sea and back of the Aran Isles, discard considerable amounts of juvenile fish of
mainly haddock, whiting and dogfish due to the poor size selectivity of their gears.
Nephrops fleets also operate in areas of particular ecological importance.
Specifically, otter trawlers in the Irish Sea fish on a nursery ground for whiting and
on spawning grounds for cod; the region around the Aran Islands is known to be a
nursery area for hake, haddock and whiting (ICES, 2004a); and the Smalls fishing
ground seems to be a spawning and nursery ground for dogfish (as shown in Chapter
IV). These fleets may pose a considerable risk to fish stocks, by removing recruits
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and spawners from these populations, since most fish discarded will die (Evans et al.,
1994; Davis, 2002). This impact is most significant in overexploited stocks such as
whiting in the Irish Sea (ICES, 2004d).
VI.3 Sampling design

As discussed above, knowledge of discard composition and diversity is
fundamental to assess the impact of each fisheries segment in the ecosystem. This
information is also vital to the design of discard sampling programmes where there
are precision or/and cost constraints, because it allows for sampling objectives to be
prioritised and existing sampling schemes to be adapted (ICES, 2000). In addition,
the types of information that are intended to be collected, their relative importance
and the future uses of the data are also important when designing sampling
programmes. For example, discard rates can be used for environmental studies, while
discard composition data are more useful for stock assessment and for detailed
studies. Each type of data requires different sampling design and intensity, so it is
fundamental that these objectives are clearly defined when starting a sampling
programme.
In European discard programmes, the sampling scheme will be greatly
influenced by the EU Data Collection Regulation (DCR, Commission Regulation No
1639/2001) specifications regarding discarding sampling thresholds, precision and
cost targets. Unfortunately the DCR does not stipulate raising methods, and, as
shown in Chapter III, discard rates can be quite diverse when calculated using
different auxiliary variables. This lack of specification may allow for the
manipulation in the calculation of minimum catch thresholds, above which sampling
of fish discards becomes obligatory under the DCR. The EU DCR also does not
designate specific fleets, stating the combination of gear and ICES Division as the
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lowest level of aggregation. However, this study has shown that fleets can have a
marked impact on sampling levels (Chapter II). Furthermore, when sampling
intensity is increased to a quarterly basis (under the “Extended Programme”), the
precision levels required by the DCR (12.5% CV) are unlikely to be achievable by
most discard programmes, even in overall discarding. In the Irish discard programme
it would require sampling of more than half of the fishing fleet population. Finally, a
comparison of realised precision levels with the EU DCR precision requirements in
length and age estimations could not be made. The purpose of this study was to
analyse a discard programme as a whole, estimating optimum sampling levels per
gear, and subsequently per fleet, but disregarding particular species. Thus, the
sampling levels obtained may not be optimum to estimate species-specific discard
rates.
In compliance with the EU DCR specifications, the objective of the Irish
discard programme has moved from determining general discard practices in the
fishing fleet to estimating fleet and species-specific discard numbers at age. The
results of Chapter II showed that a fleet-based focus of sampling and an increase in
sampling intensity was required to achieve those objectives. This sampling
refocusing will allow estimation of discarded numbers at age but also fleet discard
rates. However, the offshore fleets (operating in the Porcupine and Rockall Banks)
and beam trawlers in the Irish Sea had to be excluded from further sampling due to
human resources and economic constraints (MI, 2004).
VI.4 Stock assessment

Discards estimations are essential in stock assessments because discards are a
significant element of fishing activity and mortality. Discards also provide data on
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fished populations (e.g. recruitment or year-class strengths) that may otherwise be
poorly indicated from landings-at-age data only.
In single species stock assessment, discarding represents an important
proportion of the catch (as shown in Chapter IV and Chapter V), and can account for
a substantial component of fishing mortality, particularly in younger ages, for several
commercial fish stocks (Kennelly, 1995). Therefore, stock assessment will have to
include discard data in order to avoid substantial underestimation of fishing mortality
and stock size, particularly at younger ages (Casey, 1996; Breen and Cook, 2002;
van Keeken et al., 2003).
Discard estimation is also important to mixed-fisheries stock assessments.
The importance of fleet definition and fleet-based analysis in discard estimations
highlights the importance of fleet-based stock assessments. In single species
assessment the fleet-based discards need to be combined to species totals before they
are used in the assessment model. In contrast, in mixed-fisheries assessments both
landings and discard data are inputted by fleet. Therefore, fleet characteristics and
their interactions can be taken into account in stock assessment (ICES, 2003a). This
is particularly important for fleets that catch the same stocks but behave differently,
as in the case of the fleets studied that fish in the Irish Sea on overexploited stocks.
The issues of integrating discard data in stock assessments have been raised
by several discussion groups (e.g. ICES, 2004d; g). Discard data sets usually have
short time series, unsampled strata (such as year, fleet, area) and high variability
(ICES, 2004b; g). The impact of including new and incomplete discards data to
historical time series in stock assessments may be considerable, particularly on
estimates of recruitment and stock biomass estimations and in retrospective bias
(Mohn, 1999; Cadigan and Farrell, 2003; ICES, 2004c; Khlivnoy, 2004). Some of
these problems may be overcome, or at least minimized, by modelling discard
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estimates (e.g. Helser et al. (2002) and the models estimated in Chapter V). Although
sensitive to missing data, these models can be used to predict discarding in the shortterm and for estimating discarding in unsampled strata (e.g. year and length classes).
The GAM models such as those developed in this study will also reduce the
variability in discard data, and thus the variability that is introduced into stock
assessments.
In the case of the data analysed, the GAM models provided a useful tool to
estimate discarding in unsampled strata in the Irish discard programme, particularly
in recent years where sampling has decreased. They also identified patterns in the
data that may be of importance to fish stock assessments. Namely, the practice of
high grading that was found in all species studied. High grading causes landings data
to be consistently biased for larger sizes and consequently mean catch weight and
stock biomass are overestimated (Haddon, 2001). Variable annual high grading (as
shown in Chapter V by a significant year effect on discards) may also cause
difficulties in tracking the progression of year classes in assessments. High grading
may also explain the consistency problems in stock assessment where the recruitment
estimated by surveys shows strong year classes but the landings data do not show
significant trends.
VI.5 Management issues

In the fleet characteristics section above (VI.2), market forces and gear
selectivity were suggested as the main factors influencing the discard behaviour of
fishers in the fleets studied. These two aspects need to be discussed in view of their
different influences on discarding practices and their implication for fisheries
management. Management of fisheries through manipulation of market forces is
unlikely and would require a broad and complex economic approach. Gear
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selectivity, on the other hand, can be improved by adopting technical conservation
measures.
The economic value of discards is a very important topic since it is one of the
primary causes for discarding. Without commercial value and market acceptability,
fish are simply discarded. Considering that discarding results in forgone yield, the
value of discards can be calculated as the unrealised future catch. Sokolov and
Tretyak (2001) calculated the possible economic return of cod and haddock saved
from being discarded by the international shrimp fishery in the Barents Sea. They
concluded that the increase in yield of the bycatch species saved would not
compensate, even in the long-term, for the immediate loss of income from the
reduction in catches of targeted species. Although these results relate only to the
value of discarded bycatch (and may not necessarily related to the value of target
species discarded), they suggest that it is more lucrative for fishers to discard than to
retain the part of the catch normally discarded in the short- (Vestergaard, 1996) and
long-term (Sokolov and Tretyak, 2001). Altering this balance would require that fish
discarded be given a higher economic value by, for example, processing in other
types of fish products (Kennelly, 1995; Clucas, 1997) or introducing taxes related to
discarding, environmental impact or stock size (Vestergaard, 1996; Jensen and
Vestergaard, 2002). A discussion of the impact of subsidising/taxing the fishing
industry is complex but will not be developed further as it is beyond the scope of this
study.
Improving gear selectivity is also a key aspect in reducing discard quantities
and promoting stock preservation (Kennelly, 1995; Kelleher, 2004; Catchpole et al.,
2005). Because discard mortality is extremely high, the best way to avoid stock loss
is to prevent capture through the use of more selective gears. This can be achieved by
increased mesh sizes, area and seasonal closures, introduction of selectivity devices
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(grids and panels) and gear modifications (gear design, mesh shape and construction
materials) (ICES, 2005). Improving gear selectivity is a measure that will have high
compliance by fishermen as long as substantial losses of marketable fish, even in the
short term (Tschernij et al., 2004), do not occur. In fact, fisherman has been known
to change their gears to improve landings quality and minimize sorting time.
Catchpole et al. (2005) go further by stating that a long-term solution for discarding
entails interaction between technical measures, allied to a reduction of fishing effort.
Specifically, spatial management will provide fishermen with the incentive to adopt
more selective gears as long as it allows them access to otherwise closed areas.
Nevertheless, the results of this thesis show that technical conservation measures are
inefficient without the control and monitoring of fishing activities. This is most
significant in fisheries with high landings constraints such as most European
fisheries, and perhaps best exemplified in this study by the otter and beam trawl
fleets operating in the Irish Sea.
A discussion of discard related management would not be complete without
mentioning regulatory discards, i.e. discarding as a direct consequence of
management measures such as minimum legal landing size (MLS), bycatch rules and
landing quota regulations. Although these measures have a direct effect on discards
by preventing certain species and sizes to be landed (Kelleher, 2004; Rochet and
Trenkel, 2005), the results of Chapter V show that they are not the major factors
influencing discards. The change in MLS in 2000 for whiting and plaice did not
affect the discarded size composition. Also, the argument that high grading may be a
direct result of quota restrictions is debatable since quota enforcement in European
fisheries is poor, making non-compliance with the quota system by fishermen likely
(Catchpole et al., 2005). Nevertheless, the management measures mentioned above
play an important role in discarding by affecting market forces.
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Over the past decade, several countries (e.g. Norway, Iceland, Canada, New
Zealand) have managed discards by introducing a discard ban, i.e. legally preventing
the discarding of specific species (usually commercial) species (Clucas, 1997;
Kelleher, 2004). A discard ban will improve catch statistics since the whole catch
will be available for sampling. It may also prevent high grading, for example, if a
discard ban is established over a certain size limit. However, it may have an
unpredictable effect on market forces and industry profitability (Clucas, 1997).
Furthermore, it will not reduce the mortality of fish stocks and thus may not be
appropriate to European fisheries (Catchpole et al., 2005). It also does not prevent
mortality of non-commercial species, and therefore the impact of discards on those
populations and on the environment will still be present. Finally, a discard ban will
only be effective with an extensive monitoring programme to ensure compliance,
which may not be economically viable (Hall et al., 2000). Nevertheless, the
European Union is considering the implementation of a discard ban and is currently
planning fishing trials (Anon., 2005a).
In the current regime of multi-species, multi-fleet fisheries it is difficult to
develop discard mitigation measures that will protect all species without
compromising the profitability of the fishing industry in the short term. Undoubtedly,
a catch reduction of one species usually entails a reduction in catch of other
commercial species. Furthermore, in environments that are already changed by
discarding, reduction of discard quantities may cause mortality of dependent species,
such as seabirds and marine mammals (Reeves and Furness, 2002), which may not
be socially acceptable. Nevertheless, against the reality of diminishing fish stocks,
high environmental impact and shortage of food resources, the problematic fleets
(such as those identified in section VI.2) should be carefully monitored and regulated
to prevent, or at least reduce, the level of wastage. This is particularly important in
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view of recent changes in the objectives of fisheries management towards an
ecosystem-based approach (e.g. FAO Code of Conduct for Responsible Fisheries
(FAO, 1995) and Review of the EU Common Fisheries Policy (Council Regulation
No 2371/2002)).
In summary, a solution for discarding will always involve the interaction of
several management measures (such as closed areas, seasons, gear modifications,
discard bans and control of fishing effort), allied with an effective monitoring system
of fisheries activity. In European fisheries the major challenge regarding discard
management is changing the basis of fisheries management from retained catch to a
total catch principle. This includes discounting discards from Total Allowable
Catches (TACs) and quotas, while MLS would represent minimum catch size
(MCS). This change of principle entails less reliance by fisheries management on
landing restrictions measures and more on fishing effort control; a necessary shift in
focus recognized by the European Commission (CEC, 2002). Adoption of this
fundamental change in fisheries management would also be more consistent with an
ecosystem approach to fisheries management, through recognizing the importance of
discards in fishing activities and hence the full impact of fisheries on the
environment.
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Chapter VII - Conclusions
The main conclusions of this study are presented below in answer to the
specific questions posed in section I.3 of the Introduction:
a) Analysis of the discard sampling programme


A cost function is described for the first time for a discard sampling
programme. The function is flexible to allow for changes in fishing practices
(haul and trip duration), salaries, sea allowances, etc.;



The sampling strategy recommended is based on specific fishing fleets, i.e. a
combination of gear used, fishing ground and targeted species;



An increase in sampling effort is recommended for the Irish discard sampling
programme, with different vessels targeted at each fleet;



Reaching a target precision of 25% (CV) will imply a considerable increase in
sampling and associated cost, which will be difficult (if not impossible) to
achieve.

b) Discard estimation methodologies


Fishing fleets should be the basis of discard estimations;



Sampling unit should be considered at trip level (versus haul level);



There was a significant linear relationship between discards per trip with both
landings and effort;



The different auxiliary variables used to raise discard samples to population
levels gave significantly different results, with effort in hours fished giving the
highest discard estimates.



Total number of fishing trips is the recommended auxiliary variable to raise
sampled discard quantities to annual totals, in the majority of the fleets
studied.
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c) Discard characterisation


The Irish demersal fleets studied discard around 20 000 tonnes of fish
annually, corresponding to one third of the total catch;



Discarding appears to be increasing in recent years, especially in traditionally
bycaught species such as haddock and whiting;



The majority of fish discards is composed of young immature fish;



Beam trawlers in the Irish Sea and otter trawlers operating West of Achill are
the most wasteful of the fleets sampled: around two thirds of their catch is
discarded; while the remaining otter trawl fleets and “Scottish” seine discard
between 17% to 40% of their catch.



Whiting (Merlangius merlangus), haddock (Melanogrammus aeglefinus),
bluemouth

(Helicolenus

dactylopterus),

megrim

(Lepidorhombus

whiffiagonis) and dogfish (Scyliorhinus spp.) are the main species discarded
from otter trawlers. “Scottish” seiners discard mostly whiting, haddock and
grey gurnard (Eutrigla gurnardus). Dab (Limanda limanda) and plaice
(Pleuronectes platessa) are the species most discarded from beam trawlers.
d) Modelling discards


The probability of a fish being discarded was described by a logistic curve
(discard ogive) using Generalized Additive Models (GAMs) for four species:
haddock, whiting, megrim and plaice;



The most important factors influencing discarding ogives were fleet, year and
mean length of the catch, and for megrim, also minimum landing size (MLS);



MLS had no effect on discard practices in three out of four commercial
species studied;



The length at which fish are discarded has increased since 2000 for haddock
and whiting. In contrast, discarded length has decreased for megrim
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accompanying a reduction in MLS in 2000, while there was no apparent
change for plaice during the studied period;


GAM models can be used to estimate missing data and in short-term
predictions.
The combination of the above conclusions indicates that market forces and

gear selectivity are the main reasons for fish discarding by the Irish demersal fleets.
Furthermore, the most problematic fleets with respect to the level and the
composition of discards are: beam trawlers fishing in the Irish Sea; otter trawlers in
the West of Achill; and otter trawlers targeting Nephrops, particularly the fleets
fishing in the Irish Sea and back of the Aran Isles.
VII.1 Limitations of the present study

The specific dataset available for analysis introduced fundamental limitations
to the study. The Irish discard sampling programme targets only three types of
demersal gears. Therefore, the methodologies examined in this study may not be
applicable to other gears such as gillnets, longline, pelagic trawl, etc. Furthermore,
the discard programme only collects data regarding fish species. All other taxonomic
groups discarded (such as crustaceans and molluscs) are not routinely identified and
quantified (except Nephrops norvegicus) and thus total quantities discarded could not
be estimated. Finally, alternative sampling strategies (e.g. self-sampling) and their
corresponding methodologies could not be assessed. An industry self-sampling
programme (ECONEPH) is currently underway in the Irish Sea Nephrops otter trawl
fleet. However, the programme only began in May 2004 and therefore sufficient data
do not yet exist to allow a comparison of the self-sampling scheme with the on-board
observer programme operating in the same fleet.
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A further limitation of the present study is related to the inadequacy and nonavailability of specific data. A multistage estimator could not be used in the analysis
to examine the best sampling unit/auxiliary variables (Chapter III) to estimate
discarding by the demersal fishery (Chapter IV) because there were no fisheries
statistics data available at haul level. This fact may have caused higher variability in
the discard quantities estimated since they are based on a random and ratio estimator.
Furthermore, the accuracy of the auxiliary variables used to estimate total annual
discards could not be investigated. This analysis would require access to accurate
fisheries statistics data or to representative estimates of misreporting that could be
used to correct misreported data.
Regarding the discard ogives analysis of Chapter V, an in-depth study at trip
level of the factors influencing discarding was not possible due to the scarcity of
sampling of landings on board. Therefore, explanatory variables that are likely to be
significant (for example, vessel, crew, depth, catch composition and time of day)
could not be tested in the GAM models.
VII.2 Recommendations for future research

A key issue that derives from Chapter II is the improvement of the Irish
discard sampling programme. One major problem in the sampling programme is the
method of estimation of the bulk catch. Total catch is determined intuitively by the
skipper and may be incorrect because some skippers think in terms of landings rather
than in bulk catch. Developing an objective, analytical and practical method to
measure the bulk catch, such as estimating the catch weight by tension on winch
cables, would greatly improve discard estimations. The need to increase landings
sampling was also identified to improve the discard programme. This can be
achieved without extra cost if the discard trips could be associated with existing port
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sampling (landings sampling for biological parameters for stock assessment), and
would also avoid duplication of work and data between the port-sampling scheme
and the discard programme. Another system of increasing sampling effort is by
establishing a self-sampling discard programme. These types of programmes are
important because they can reach levels of sampling only attained by a compulsory
sampling scheme. It also makes the fishermen involved in the process of data
collection and provides them with extra source of income (Lart, 2002). However,
control measures are needed to ensure data quality. The existing self-sampling
programme in the otter trawl Nephrops fleet in the Irish Sea (ECONEPH) could be
extended to other fleets and areas. In summary, a study of the best methods to
increase discard sampling of Irish demersal fleets should be carried out.
Following the limitations of the present study, future work should also
include a comparison of the random and ratio estimators with a multistage estimator.
This analysis will clarify the difference in precision between discard estimations
before and after 2003, and determine if a change of estimator (to a multistage one) in
2003 is meaningful. Furthermore, a direct comparison of discard ogives per trip
should be possible with data from 2003 onwards. This will also allow an analysis of
the difference between trips and elucidate the effect of other factors (e.g. vessels,
depth, types of grounds, catch composition, crew) on discards. Finally, a comparison
with alternative sampling strategies can also be carried out in the future, specifically
with the existing self-sampling programme (ECONEPH). The comparison between
both programmes should clarify issues such as: data quality, sampling levels and
industry cooperation.
Investigation of the impact of GAM models versus discard data in stock
assessment should determine if using a model will improve the final precision of a
stock assessment, but also the efficiency of the model in estimating missing data.
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This is of fundamental importance in view of the scarcity of discard data available
for stock assessments worldwide, and, in particular, for fish stocks of interest to
Ireland.
One aspect in discard research that is completely lacking in the literature is
the comparison between the catch compositions derived from observer programmes
and scientific surveys. Such studies could reveal if there are significant differences
between sampled populations, and thus the appropriateness of discard data in
abundance and species diversity studies. Following this, a species diversity study
could be conducted to analyse discard data, which provides a different (possibly
wider) geographical cover than scientific sampling, and may be of use in identifying
areas of high species richness and/or of specific scientific interest, e.g. nursery
ground. Furthermore, discard data sets with a temporal coverage (such as the Irish
discard data) could also be analysed in order to determine if changes in species
assemblages occurred over time.
Finally, an economic study of discards should also be considered. Market
force is a major reason for discarding. Therefore understanding the complexity of the
interactions between discards and economic factors is of major importance.
Furthermore, the current management objective of reducing discards raises key
socio-economic questions: is there a short-term loss of profit through, for example,
increased mesh size? Is the revenue gain of future catch sufficient to sustain the
fishers in the long-term? Can the market withstand reduction in MLS, or a discard
ban? Answers to such questions might indicate the consequences of proposed discard
mitigation measures and whether the consequences are acceptable, and ultimately
complied, by the fishing industry.
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Analysis of Irish demersal fisheries discard data
Abstract
The statistical objective of this chapter was to show how to analyse
proportional data, namely the proportion of the catch discarded annually by the
demersal fishery in the waters around Ireland. Percentage data can be modelled using
the Binomial distribution, and therefore generalized linear models and generalised
additive models were used. The biological aim of the analysis was to determine if
fleet, auxiliary variable and year had an impact on discards. Various modelling
approaches indicated that all three explanatory variables were significant in
explaining variability in the annual discard rates. Furthermore, the choice of raising
variable had a considerable effect on discard rates.

Introduction
Discarding is recognised as a global problem in fisheries (Alverson et al.,
1994). Over the last 30 years, considerable effort has been made to increase the
knowledge about discarding in worldwide fisheries. Sampling programmes have
been established with the aim of estimating the amounts discarded. The level and
scale of these programmes vary greatly and is influenced by the programme
objectives, geographical area, fishery characteristics, cost and logistics. Most
programmes do not reach 100% coverage, resulting in only a part of the fishery being
observed. Thus, the discard data collected by these programmes must be related back
to the populations sampled, the fisheries. This process requires the use of an auxiliary
variable, serving as a proxy for fishing activity, that has a linear relationship with the
amounts discarded (Borges et al., 2005).
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In this study, we use data from the Irish discard sampling programme to
illustrate one of the problems in discard estimations, namely the choice of the
auxiliary variable to be used for raising sampled discards to population level (fishing
fleet). The Irish discard sampling programme is an observer onboard voluntary
scheme. Six technicians are based in the major fishing ports around Ireland, and
choose the trips to sample in proportion to the fishing activity in each port. However,
due to limited resources, not all trips made by a fishing fleet can be sampled. Various
auxiliary variables may be use to raise the discard sampled in order to obtain an
estimation of the fleet total discards. For example, one may estimate the total
discards by a fishing fleet using the total numbers of fishing trips made by that fleet.
Alternative auxiliary variables may be total landings (weight or number), total
numbers of hours fished, total numbers of days at sea, number of vessels, etc. The
objective of this case study chapter is (i) to determine if different raising variables
give a significantly different proportion of catch discarded, (ii) if there are significant
differences between fishing fleets and (iii) if there are any temporal trends.

Data exploration
The data consists of the proportion of catch discarded annually by the
demersal fleets that operate in the waters around Ireland between 1995 and 2002.
Fleets are defined by the gear used (otter trawl, beam trawl and “Scottish” seine), the
International Council for the Exploration of the Sea areas, fishing grounds and
targeted species (Nephrops norvegicus) (Table 1). Three auxiliary variables were
used to raise sampled discards to population (fleet) level: landings in weight (1), total
number of fishing trips (2) and total numbers of hours fished (3) obtained from
logbook diaries.
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Table 1. Demersal fleets sampled by the Irish discard programme and corresponding
numeric code.
Otter trawl VIa Stanton Bank
Otter trawl VIb Rockall Bank
Otter trawl VIIa Nephrops
Otter trawl VIIb Aran Isles Nephrops
Otter trawl VIIb West of Achill
Otter trawl VIIc Porcupine Bank
Otter trawl VIIg Smalls Nephrops
Otter trawl VIIj
Scottish seine (all areas)
Beam trawl VIIa

1
2
3
4
5
6
7
8
9
10

In the following analyses, there is one response variable, namely discard
proportions, and three explanatory variables: fleet, auxiliary variable (representing
the three raising variables) and year. The first two explanatory variables are nominal
variables, while year might be considered nominal or not.
The first exploratory plots are boxplots (Figure 1) and dotplots (Figure 2).
These show that although there are some large values in the data, there are no
apparent outliers. Fleet number 5 and 10 and auxiliary variable 3 present the highest
discard proportions, while the year 1999 has the lowest discard rate.
The relationship between response and explanatory variables are visualised
with coplots. They show that the variable year might be considered as a continuous
variable in the following analysis, since there is no immediate indication that there is
a non-linear relationship between year and discard rate in the majority of the fleets
sampled (Figure 3). Also, there is no clear relationship between the discard ratios and
year between auxiliary variables (Figure 4). Both coplots indicate high variability in
the data.
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Figure 1. Box-plots of the proportion of catch discarded conditional on the three
explanatory variables.
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Figure 2. Dotplot of the proportion of catch discarded. Values of discard proportions
are plotted along the x-axis and the auxiliary variable along the y-axis.
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Figure 3. Coplot for proportion of catch discarded versus year, conditional on fleet.

Figure 4. Coplot for proportion of catch discarded versus year, conditional on
auxiliary variable.
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Generalised linear modelling
Discard rate is the proportion of the catch that is discarded, with catch being
the sum of landings and discards. Define Pi as the probability that a fish is discarded.
The index i refer to the combination of a particular fishing fleet and year. The
proportion of the catch discarded by a particular fishing fleet in a given year can be
seen as Yi (each with probability Pi) out of Ni samples (total catch), resulting in a
Binomial distribution of the form:

Yi ~ Binomial(Pi,Ni)

By definition the expectation and variance of Yi are:

E[Yi] = PiNi

and

var(Yi) = PiNi (1-PiNi)

The probability Pi is modelled as a function of the explanatory variables
auxiliary variable, fleet and year. Because a probability is always between 0 and 1, a
series of transformations is applied on P resulting in a generalised linear model
(GLM) using a binomial distribution and logistic link function. As a result, the model
is of the form:

logit(Pi) ~ constant + fleet + auxiliary variable + β * year

where fleet and auxiliary variable were modelled as nominal variables. However, the
variance of the data was larger than allowed by the Binomial distribution, and
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therefore an over-dispersion parameter was introduced resulting in a quasi-Binomial
model:

E[Yi] = PiNi

and

var(Yi) = σ PNi (1-PiNi)

where σ is the over-dispersion parameter. Technically, this model is fitted by a
weighted logistic regression model by statistical packages like Brodgar, R or SPLUS. There are two ways to test the significance of the explanatory variables in a
GLM. We can either look at individual t-values (or Wald statistics), or drop one
explanatory variable from the model and compare deviances. The second approach is
more reliable for smaller data sets, but less informative if there are nominal variables
with more than two classes. Results from the first approach are presented in Table 2,
and indicate that the nominal variables fleet and auxiliary variable are significant but
year is not. Dropping each variable in turn, and comparing the deviances of the full
and nested models (second approach), also shows that year is not a significant factor
in the model, but fleet and auxiliary variable are (Table 3).
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Table 2. Estimated parameters obtained by the GLM model containing year
(continuous), fleet and auxiliary variable. The dispersion parameter is 614.34, the null
deviance is 175869 on 185 degrees of freedom, and the residual deviance: 110371
on 173 degrees of freedom. The AIC is 128565.
Variable
(Intercept)
Year
Factor(Fleet)2
Factor(Fleet)3
Factor(Fleet)4
Factor(Fleet)5
Factor(Fleet)6
Factor(Fleet)7
Factor(Fleet)8
Factor(Fleet)9
Factor(Fleet)10
Factor(Variable)2
Factor(Variable)3

Estimate
-85.83
0.04
-0.81
-0.83
-0.01
0.81
-0.56
-0.61
-0.57
-0.43
0.96
0.12
0.34

Std error
49.03
0.02
0.34
0.18
0.20
0.22
0.41
0.17
0.16
0.18
0.30
0.13
0.12

T value
-1.75
1.74
-2.37
-4.61
-0.04
3.66
-1.35
-3.47
-3.44
-2.35
3.14
0.92
2.76

p-value
0.08
0.08
0.02
<0.01
0.97
<0.01
0.18
<0.01
<0.01
0.02
<0.01
0.36
<0.01

Table 3. F test of the GLM model; single term deletion. Year was modelled as a
continuous term.
Dropped variable
<none>
Year
factor(Fleet)
factor(Variable)

df
1
9
2

Deviance
110370
112237
169887
115351

AIC
128566
128567
128645
128570

F value

Pr(F)

2.93
10.37
3.90

0.09
<0.01
0.02

Since year is not significant in the model, a possible next step is to model
year as nominal variable. If, as a nominal variable, year is still not significant in the
GLM model then this variables should be removed. On the other hand, if year is
significant then it can be concluded that year has an effect on the discard proportions
but this effect is non-linear.
The AIC of the model in which year is a nominal variable is 121694,
indicating an improvement. Individual t-values (not presented here) of the levels in
year indicate non-significance of year, but the F-values (Table 4) obtained by
dropping one variable from the model and comparing deviances do indicate that year
is significantly related to discard data. This indicates a non-linear year effect. The
partial fits of the three explanatory variables in the GLM model are presented in
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Figure 5. The partial fit of year indicates that the years 1999, 2000 and 2002 have
different values. To gain further insight in the exact nature of this non-linear
relationship, a generalised additive model (GAM) can be applied on the data, using
year as a smoother, and fleet and auxiliary variable as nominal variables. Another
motivation to apply a GAM is that year as a nominal variable requires 7 parameters.
A smoothing curve might use only 4 or 5 (error) degrees of freedom.

Table 4. F test of the GLM model; single term deletion. All explanatory variables are
modelled as nominal variables.
Dropped variable
<none>
Year
Fleet
Variable

Df
7
9
2

Deviance
97829
112238
160484
102384
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AIC
121699
121710
121792
121703

F value

Pr(F)

3.51
11.88
3.89

0.002
<0.001
0.022
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Figure 5. Partial fits obtained by the GLM model in which fleet, year, and auxiliary
variable are used as nominal variables.

Generalised additive modelling
Since year might have a non-linear relationship with discards, a generalised
additive model (GAM) with logistic link function, and allowing for overdispersion
(quasi-Binomial) was applied:

logit (Pi) ~ constant + fleet + auxiliary variable + f(year)

where f(year) is a smoothing function. To determine the significance of the
explanatory variables, one variable was dropped in turn, and the deviances were
compared using an F-test. The results (Table 5) show that all variables are significant
in the model, and thus year, auxiliary variable and fleet are related to the proportion
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of the catch discarded. Also, the AIC indicated that the model with 5 degrees of
freedom (AIC=125385.1) should be selected instead of 4 degrees if freedom
(AIC=127887.6). Using more degrees of freedom would probably over-fit the data.
However, the dispersion parameter of the quasi-binomial model estimated is high
(584.86), the deviance explained is 41%, and the confidence bands around the
smoother (Figure 6) are large.

Table 5. Change in deviance, F-statistic and associated p-value if one variable is
dropped from the model.
Dropped variable
f(Year)
factor(Fleet)
factor(Variable)

Change in Deviance
9190
61437
4679

Df Deviance
5
9
2

F value
3.14
11.67
4.00

Pr(F)
0.01
<0.001
0.02

Figure 6. Partial fit of the year effect in the generalized additive model. The dotted
lines represent a 95% confidence interval.

The large confidence bands around the smoother in Figure 6 indicate that the
GAM might not be the best model for the discard data. The GLM with year as
nominal variable was not optimal either as various classes of year had the same value
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(Figure 5). The partial fit of year in the GAM model suggests that the years 1995,
1996, 1997 and 1998 have similar values. It might be an option to redefine year as:

Yearnew = 1
Yearnew = 2
Yearnew = 3
Yearnew = 4
Yearnew = 5

if Year is 1995, 1996, 1997 1998
if Year is 1999
if Year is 2000
if Year is 2001
if Year is 2002

And refit the GLM model using fleet, auxiliary variable and Yearnew as
nominal variables. The partial fit of this model is given in Figure 7. The change in
deviance by dropping one variable in turn is given in Table 6. Results indicate that
all variables are significant and that fleet is the most important variable, followed by
year.
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Figure 7. Partial fit of year in the GLM model in which fleet, auxiliary variable and
year (using 5 classes) are used as nominal explanatory variables.

Table 6. F-test of the GLM model; single term deletion. All explanatory variables are
modelled as nominal variables.
Dropped variable
<none>
Year
Fleet
Variable

Df

Deviance

4
9
2

112237
161598
103301

98701

AIC
118886
118902
118981
118891

F value

Pr(F)

5.83
12.04
3.96

<0.001
<0.001
0.021

Regression Tree
A regression tree was also applied to determined if there is a relationship
between the response and explanatory variables, and if so which explanatory variable
is the most important. The discard percentage was used as response variable and year
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as continuous explanatory variable and fleet and variable as nominal explanatory
variables. Total catch was used as the weighting factor in the tree model. The main
problem with tree models is to determine the optimal tree size, and pruning is the
appropriate tool for this. In such an approach, the data are split up in say 10 parts, a
tree is fitted using data of 9 parts, and the 10th part is used for prediction. An AIC
type criteria is used to determine how good or bad the tree is, and is of the form:

RSScp = RSS + cp * size of tree

Where RSS stands for residual sum of squares and cp is a constant. RSS is a measure
of the error. The aim of the cross-validation method is to find the optimal value of
cp. Figure 8 shows a plot of the cross-validation errors again cp. The so-called 1-SE
rule dictates to select the smallest cp value for which the cross-validation error is for
the first time below the dotted line. Using this rule, a cp value of about 0.026
(corresponding to a tree size of 9) seems to be a sensible choice. We applied some
extra pruning on the data by requiring that each leave contained at least 15
observations. The resulting regression tree is presented in Figure 9.
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Figure 8. Cross-validation error as a function of the tree size and cp value.

Figure 9. Regression tree.
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The numerical output is as follows:
node), split, n, deviance, yval
1)
2)
3)
6)
12)
13)
7)
14)
15)

* denotes terminal node

root 186 38920.810 0.36
as.factor(Fleet)=2,3,6,7,8,9 108 15277.59
0.30*
as.factor(Fleet)=1,4,5,10
78
13630.0
0.50
as.factor(Fleet)=1,4
42
5171.37
0.44
Year< 1999.5
24
1455.20
0.38 *
Year>=1999.5
18
2386.94
0.52 *
as.factor(Fleet)=5,10
36
5196.32
0.64
Year>=1998.5
15
1421.49
0.46 *
Year< 1998.5
21
1968.81
0.73 *

The overall deviance is 38920, and the average proportion is 0.36. This is the
information given by the root. The first node splits the data based on fleet. Samples
on the left are from fleets 2, 3, 6, 7, 8 and 9. There are 108 samples in this group. The
deviance in this group is 13630, and the average discard proportion is 0.30. The tree
itself shows that this terminal node has the lowest average of all terminal nodes.
Hence, the average discard proportion in the most left group is the smallest. Higher
averages can be found for the right branch (fleets 1, 4, 5 and 10). There are 78
observations in this branch and the average is 0.5. It is further divided based on fleet,
1 and 4 on the left side and 5 and 10 on the right side. For both these fleets, year is
the next variable used for splitting the data. The highest average discard proportion is
obtained for samples from before 1998 in fleets 5 and 10. There are 21 samples in the
group, and its deviance is 1968.81. A high average discard proportion is also
obtained in fleets 1 and 4 after 1999; an average of 0.52 based on 18 samples. Note
that auxiliary variable is not important at all, as judged by the regression tree. A
regression tree in which year was used as a nominal variable gave similar results.

Where to go from here
The GLM and GAM analyses applied in this chapter assume independence of
the observations. For the discard data, there are two possible ways that this
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assumption is violated, namely (i) repeated measures over time and (ii) several
measurements on the same sampling unit (the same discard sample is multiplied with
three different raising factors). In the last case, the discarded data in a particular year
and fleet, Yi, is multiplied with three different raising factors, resulting in Y1i, Y2i
and Y3i. GLM assumes that these three values are independent. If this is not the case,
it is more likely to commit a type I error, meaning that a true null-hypothesis is
incorrectly reject. Formulated differently, the estimated parameters might be correct
but their variances are likely to be too small. Therefore, parameters might look more
significant than they really are. To avoid this problem, and extension of GLM can be
applied, namely the so-called Generalised Estimation Equation (GEE) method
introduced by Liang and Zeger (1986). The GEE method models the relationship
between response and explanatory variables in the same way as GLM, except that it
allows for correlation between the observations using a correlation matrix. However,
this correlation matrix is considered as nuisance; we are not interested in it. And one
should not try to interpret the elements. To take account of the correlation caused by
the three raising factors, GEE uses a 3-by-3 correlation matrix R in which the offdiagonal elements represent the correlation between the three raising factors. One
can choose from various correlation structures, for example:

⎛1 α α⎞
⎟
⎜
R = ⎜α 1 α ⎟
⎜α α 1 ⎟
⎠
⎝

This matrix represents the correlation between the three different raising
factors, as measured over all units (which is a particular year and fleet). In this case,
we assume that the correlation between the raising factors is the same. The elements

156

α are estimated from the Pearson residuals using an iterative algorithm similar to the
GLM algorithm. If the α’s are set to null, we obtain the original GLM. Hence, setting
R equal to the identity matrix within the GEE method means that we are applying
GLM. Formulated differently, if GLM is applied on the discard data, we implicitly
assume that there is no residual information between the three different raising
factors. Other choices for the structure of R are possible, however the regression
coefficients and standard errors are consistent, even for a miss-specified correlation
structure. The disadvantage of GEE is that it is based on quasi-likelihood methods
and therefore no measure of fit is available. This makes model comparison and
model selection rather difficult.
The GEE method was applied using year as a continuous variable, fleet and
auxiliary variable as nominal variables and the so-called exchangeable correlation
matrix (this is the matrix R specified above) allowing for correlation between
observations for different raising factors. The estimated parameters, standard errors,
and p-values obtained by GEE (Table 7) were all similar to those obtained by GLM,
and the method gave exactly the same biological conclusions; year is not significant
as a continuous variable, but fleet and auxiliary variable are significant. These results
can either be inferred from the individual p-values or from an ANOVA table (not
presented here). The same holds if year is used as a nominal variable.
It is also possible to apply a smoothing equivalent of GEE. This is a GAM
model in which observations are allowed to be correlated, and is called vector GAM
(Yee and Wild, 1996).
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Table 7. Estimated parameters obtained by the GEE model containing year
(continuous), fleet and auxiliary variable. Results were obtained using the R library
geepack.
Variable
Year
Factor(Fleet)2
Factor(Fleet)3
Factor(Fleet)4
Factor(Fleet)5
Factor(Fleet)6
Factor(Fleet)7
Factor(Fleet)8
Factor(Fleet)9
Factor(Fleet)10
Factor(Variable)2
Factor(Variable)3

Estimate
0.05
-0.83
-0.82
-0.06
1.31
-0.55
-0.57
-0.57
-0.43
1.30
0.07
0.31

Std error
0.05
0.31
0.25
0.28
0.48
0.23
0.35
0.34
0.22
0.36
0.09
0.08

Wald
0.98
7.06
11.22
0.05
7.51
5.55
2.60
2.80
3.72
3.14
0.73
14.97

p-value
0.32
<0.01
<0.01
0.83
<0.01
0.02
0.11
0.09
0.05
<0.01
0.39
<0.01

Discussion
The main underlying question in this study was whether there is any
differences between discard proportions raised by total numbers of fishing trips,
landings in weight and total numbers of hours fished. All three statistical methods
(GLM, GAM and regression trees) indicated that there is an effect of auxiliary
variable. Accounting for correlation between the observations did not improve
results. In practical terms, this result implies that the auxiliary variable to be used in
discard estimations should be chosen carefully, since it may have a profound effect
on the results. Fleets show significantly different discard rates and effort in hours
fished gives significantly higher discard rates than landings or numbers of trips.
Furthermore, there is a weak year effect. Further biological discussion can be found
in Borges et al. (2005).

Acknowledgement
The first author was funded by the Marine Institute and the Marine RTDI
Measure, Productive Sector Operational Programme, National Development Plan

158

2000 – 2006 (Grant-aid Agreement No. PHD/01/002). We wish to thank all the
skippers, crews and scientific personnel involved in the Irish discard sampling
programme.

References
Alverson, D.L., Freeberg, M.H., Murawski, S.A., Pope, J.G., 1994. A global
assessment of fisheries bycatch and discards. FAO Fish. Tech. Pap. 339, 233.
Borges, L., Zuur, A. F., Rogan, E., Officer, R., 2005. “Choosing the best sampling
unit and auxiliary variable for discard estimations”, Fish. Res. 75: 29-39.
Hastie, T.J., Tibshirani, R.J., 1990. Generalized Additive Models. Chapman and
Hall, London.
Liang, K.-Y., Zeger, S.L., 1986. Longitudinal data analysis using generalized linear
models. Biometrika, 73: 13-22.
Yee, T.W. and Wild, C.J., 1996. Vector generalized additive models. J. R. Statist.
Soc. B, 58: 481-493.

159

