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The critica l cond ition o f the N o rth  Sea cod stocks has resulted in  restrictions on no t on ly  cod, but also 
haddock and o th er species th a t are caught together w ith  cod. Thus fu ll e xp lo ita tion  o f the haddock stock 
is unachievable unless cod can be excluded fro m  the haddock catch. W e  designed a selective tra w l based 
on the  behavioral differences b etw een  haddock and cod as th ey  enter a traw l, i.e., cod stay close to the  
seabed whereas haddock rise above it. The tra w l’s fishing line  is raised -6 0  cm  above the seabed to a llo w  
cod to escape beneath  the tra w l w h ile  haddock are reta ined. To collect the  escapees, three sam pling bags 
w ere  attached beneath  the raised fishing line. The selective haddock tra w l reduced the  to ta l catch o f 
cod by 55% during  the day and 82% at night, and 99% o f the m arketab le  haddock was caught during  the  
day and 89% a t n ight. Cod escape rates w ere  h igh ly  leng th  dependent: sm aller cod escaped the  tra w l in  
greater num bers than  did  larger individuals. W h itin g , saithe, lem on sole, and plaice w ere  included in  the  
analysis.

©  2009  Elsevier B.V. A ll rights reserved.

1. Introduction

The m a jo rity  o f tow ed fishing today occurs in  a multispecies 
setting, where to a large extent the tra w l catch reflects the species 
d ivers ity  present in  the tra w l’s path. In general, these multispecies 
fisheries are not able to adjust the ir catch com position to stock 
fluctuations and other management concerns. Thus, the protection 
o f one species in a m ultispecies fishery can affect the exp lo ita tion 
o f other species and reduce the to ta l cost efficiency o f the given 
fishery.

In recent years, N orth  Sea cod (Gadus morhua) stocks have 
been at a critica l level, in  contrast to the species such as haddock 
(Melanogrammus aeglefinus), w h ich  today is classified as having 
fu ll reproductive capacity and is being harvested sustainably (ICES, 
2008). Since 2000, the N orth Sea cod stock has been in such a bad 
state tha t ICES advised the closure o f a ll fisheries in  w h ich  cod is 
caught (ICES, 2002). A t the same tim e, the N orth  Sea haddock stock 
was at its highest level in  30 years. Nonetheless, because haddock 
is taken m ostly  w ith  cod, ICES advised tha t “Unless ways to harvest 
haddock w ith o u t bycatch or discards o f cod can be demonstrated 
fishing for haddock should not be pe rm itted” (ICES, 2002). Thus, a 
strong biological and economic incentive exists to solve th is classic
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mixed-species fishery problem : how can we restrict fishing on cod 
w ith o u t restricting fishing on haddock taken in  the same fishery?

Mechanical sorting o f haddock and cod based on size is d iff i
cu lt due to the m orphological s im ilarities between the tw o  species. 
Caddy and Agnew (2003) suggested tha t restoring both the age 
structure o f the population and the stock biomass is an appropriate 
approach to rebuild groundfish (e.g., cod) stocks. They warned that 
focusing solely on im proving juven ile  survival through a supple
m entary mesh size increase or using m in im um  sizes in a recovery 
plan based on quotas m ight increase the pressure on the few 
rem aining large and fe rtile  spawners.

Using behavioral differences among species is another approach 
to address th is problem. Species-specific behavioral differences 
exist between cod and haddock as they enter the tra w l m outh: had
dock rise from  the seabed whereas cod m ainta in a position close 
to the seabed (M ain and Sangster, 1981). Their fo llow -up  study 
reported tha t the best separation o f cod and haddock occurred 
when the separator panel was placed 75 cm over the seabed (M ain 
and Sangster, 1982). Several other studies have tried  to u tilize  
th is behavioral difference to separate cod and haddock and other 
species in  demersal traw ls (M ain and Sangster, 1985; Galbraith 
and Main, 1989; Engâs et al., 1998; Ferro et al., 2007). These tria ls 
demonstrated a separation by w h ich  the maj o r ity  o f haddock enter 
the top com partm ent and the m a jo rity  o f cod enter the low er com
partm ent. In the N orth Sea demersal fisheries several other species, 
such as plaice (Pleuronectes platessa), lem on sole (Microstomus kitt),
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Fig. 1. Model (scale = 1:8) o f the selective haddock trawl in the Hirtshals flume tank. Note the three lower collecting bags.

dab (Limanda limanda), w itch  (Glyptocephalus cynoglossus), m onk
fish (Lophius piscatorius), rays (Raja spp.), and Nephrops (Nephrops 
norvegicus), enter the low er part o f the tra w l along w ith  cod (M ain 
and Sangster, 1982,1985; Ferro et al„ 2007). This diverse group of 
species represents d iffe rent sizes, m orphological shapes, and m in 
im um  landing sizes (MLS), and the species therefore are d ifficu lt to 
separate mechanically from  cod.

This study describes the developm ent and commercial testing 
o f a selective haddock tra w l in w h ich  the fishing line is raised above 
the seabed. Fish and other marine organisms tha t pass beneath the 
raised fishing line escape the tra w l (in  contrast to separator traw ls 
designs) w ith  a m in im um  o f contact w ith  the fishing gear. During 
the experiment, we used small mesh collecting bags to quantify 
the escapement o f fish beneath the raised fishing line. The consis
tency in the vertica l separation o f haddock and cod over length and 
between day and n ight was estimated. We also evaluated the gear 
design’s commercial app licab ility  to reduce the catch o f cod in  the 
haddock fishery.

2. Materials and methods

2.1. Flume tank experiments

Danish fishermen in the N orth  Sea and Skagerrak typ ica lly  ta r
get haddock w ith  a high opening tw o-panel m odified version of 
a Scottish haddock tra w l known in Denmark as a Jackson traw l. 
Thus, th is  tra w l (w ith  750160 m m  meshes in  the fishing circle) was 
selected for th is  study and a 1 :8 scale model was b u ilt and tested 
in the H irtshals flum e tank (Fig. 1). The fishing line was raised to 
the equivalent o f 75 cm by a large danleno bobbin. Three collecting 
bags were made fo llow ing  the design described in  Ingolfsson and 
Jorgensen (2006) to quantify  the escapement beneath the raised 
fishing line. The headline height o f the tra w l was equal to 8 m  and 
the spread o f the upper wings to 22 m and o f the low er w ings to 
20 m; tow ing  speed was equal to three knots. The to ta l w id th  of 
the three collecting bags equaled about 15 m (i.e., the w id th  of 
each bag, perpendicular to the tow ing  direction, was about 5 m). 
A float equivalent to a 20 cm float was attached to each o f the three 
collecting bag codends to keep them  o ff o f the bottom .

2.2. Commercial testing

A full-scale experim ental tra w l was b u ilt according to the scale 
model. The collecting bags and the m ain codend were constructed 
o f 40 m m  mesh size (fu ll mesh) made o f 1.4 m m  nylon tw ine. The 
position to the raised fishingline relative to the colleting bags and 
main tra w l body is illustra ted in Fig. 2. Before the sea trials, a row  
o f 20 meshes from  each codend was measured w ith  an ICES spring- 
loaded mesh gauge set at 4 kg. The ground gear was made o f 18 cm 
rock hopper discs in  the centre section and 13 cm rock hopper discs 
in the w ing  sections, both w ith  30 cm intervals. In the fisheries, 
heavy rock hopper gears w ith  about 50 cm discs no rm ally  are used. 
The sm aller rock hopper discs used in th is study were chosen to

m in im ize the escapement o f fish beneath the collecting bags. It is 
assumed that all fish in the path o f the tra w l are caught. However, 
fishing w ith  small discs restricts fishing to areas w ith  a re la tive ly 
smooth bo ttom  compared to the grounds tha t can be fished w ith  
heavy rock hopper gears. A 53 cm bunt bobbin was connected to 
an 80 cm bu tte rfly  by a crow foot made o f 19 m m  chain (8.5 kg/m). 
The false fishing line was made o f a 19 m m  chain (8.5 kg/m), and the 
raised fishing line was made o f a 13 m m  chain (3.8 kg/m). The traw l 
was rigged w ith  163 m sweeps and 55 m  bridles and was spread 
w ith  a set ofThyboron V doors each w eighing 1799 kg. The sea trails 
were conducted onboard the commercial vessel HM 128 Borkum rif 
(28 m  and 728 kW ) from  7 to 17 October 2006. Fishing was con
ducted in the southwestern part o f the Skagerrak along Jyske rev 
(ICES area 44).

2.3. Catch measurement

Fourteen successful tows were taken the days and nights. Day 
tows were conducted from  an hour after sunrise to an hour before 
sunset, and the n igh t tows were conducted between an hour after 
sunset to an hour before sunrise. The tow ing  tim e was 30 m in  at 
about 3 knots; the short tow ing  tim e was due to the high density of 
fish and the small mesh size used in  bo th the collecting bags and in 
the m ain codend. Haddock, cod, w h iting , saithe, plaice, and lemon 
sole were collected and measured. In some hauls, haddock, w h it 
ing, and saithe were subsampled due to large catches in  the main 
codend. A representative sample was taken by measuring 2 -3  30 1 
baskets o f w h iting , 8 -1 0  baskets o f haddock, and 12-15 baskets of 
saithe. These numbers o f baskets correspond to about 500 fish mea
sured per species in  each tow  when subsampling was conducted. 
The w e igh t o f subsamples and the to ta l catches o f the respective 
species were determ ined and raising factors estimated. The to ta l

Towing direction
Headline

- 7 . 5  m
Trawl

Raised fishingline

Collecting bag 0.6 m

Seabed
Rockhopper (13-18 cm)

Fig. 2. Schematic side view of the collecting bags, raised fishing line and main trawl
body.
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Table 1
Operational conditions and gear performance.

Depth (m ) Door-spread (m ) Headline height (m) Speed (knt) Wind (m/s)

Average 94.77 ±10.1 123.5 ±6 .28 8.04 ± 0 .2 3.16 ±0.1 5.21 ± 3 .0
M in-m ax 77-111 104-139 1 b 3 .0-3.3 1.0-12.0

catch o f cod, plaice, and lem on sole were measured in  all hauls. 
A ll fish were measured, rounded down to the nearest centim eter 
be low  and 0.5 cm was added in  the subsequent analysis.

2.4. Data analysis

Data fo r haddock, cod and w h itin g  were included in the 
model because these species were caught in  suffic ient numbers 
throughout the experiment. The data are categorical, w ith  response 
categories represented by the four com partm ents from  w h ich the 
fish tha t entered the gear were fina lly  collected. Furthermore, the 
sampling scheme form s a cluster structure, w ith  cluster un its rep
resented by the hauls in w h ich  the gear was tested. This na tura lly  
leads to a generalized linear m ixed model. We f it  the model in a 
two-stage fram ew ork w e ll know n from  previous selectiv ity stud
ies (e.g., Madsen et al„ 1999; Revill and Holst, 2004). The firs t 
stage summarizes data from  ind iv idua l hauls in to  m axim um  lik e li
hood estimates tha t are assumed to be approxim ately m ultivaria te 
normal. This stage typ ica lly  employs some variant o f the SELECT 
model (M illar, 1992) tha t has been adapted to model the specific 
experim ent in question. The second stage uses Fryer’s model o f 
between-haul variation (Fryer, 1991). This stage is w e ll described 
elsewhere, thus here we concentrate on issues specific to th is app li
cation. First we describe the fixed effects model applicable to a 
single haul. We then extend the model to cover random effects.

In the fo llow ing  we consider a single haul and therefore om it 
references to the haul identifier. The catch o f length I fish in  com
partm ent MC (m ain codend), S (starboard), M  (m iddle), and P (port) 
is denoted nMC/. ns/. nM/. and nP¡, respectively. The conditional dis
tr ib u tio n  o f the catch o f length / fish in the four compartments,

given the to ta l catch, is a m u ltinom ia l:

( n MC/> n S h  n M h  n P / ln + , / ) ~ m ( n + ,b  ^ M C .h  77S.h  77M .h  77P .l)

where n+( = nMC/ + nS/ + nM( + np/ and the t t * ,  / ’s are the probab ility  
parameters. Because we were interested in both the vertica l and 
the horizontal d is tribu tions among the compartments, a baseline 
log it model using the LM  com partm ent as the baseline category 
was considered appropriate. For ease o f exposition, we assume the 
probabilities depend only on the length o f the fish and are thus 
given by:

exp(>/c /)
JTC I=  I  1 +  exP('/Mc/) +  exptos,) +  exp(ijp i) ’

for C =  MC, S, P

1 +  exp(í/M c) +  exp(>7s;) +  exp(j;P/) ’
forC  =  M

where i la  = ßco+ ß c \l and C=MC, S, P. The ß parameters are best 
in terpre ted by looking at the probabilities on a log it scale. For exam
ple, log it (ttmci ) = log(7rMCi Irem i ) = Ävrco+ Avrci I means tha t ßMn 
gives the increase in  log-odds by one u n it increase in  length / o f 
being caught in  the upper com partm ent (MC) versus being caught 
in  the baseline com partm ent (M).

The model is readily extended to include other covariates (fixed 
effects) as w e ll as random  effects to account fo r la tent variables 
associated w ith  the hauls. The general expression for the linear 
pred ictor for a length / fish caught in  com partm ent C during haul 
h is i)hcl =  xft/ßc + z j^bhc, where xh¡ and zh¡ are colum n vectors 
o f fixed and random covariates respectively and the ßcs are the 
parameter vectors o f interest. Finally, we assume tha t the bf¡c s are 
independent m ultivaria te normals bhc~MVN(0,D).

The model described above is fa irly  general and may be 
fitted  by various tools. In a two-stage approach, the “ m u lti-

Table 2
Proportions of the total catches in the main codend and the three lower collecting bags. The different species MLS's are: haddock (HAD) = 30 cm, cod (COD) = 35 cm, whiting 
(WHG) = 23 cm, saithe (POK)=35 cm, lemon sole (LEM) = 26 cm, and plaice (PLE) = 27 cm.

Collecting bag Day tows (%) Night tows (%)

No. o f total No. of total No. < MLS No. > MLS No. of total No. o f total No. < MLS No. > MLS

Port HAD 131 0.33 0.65 0.03 678 2.70 3.94 2.45
COD 493 9.81 10.31 6.57 455 15.95 16.61 11.72
WHG 151 3.43 5.13 2.93 154 4.56 5.92 4.50
POK 0 0.00 0.00 0.00 37 0.98 7.14 0.92
LEM 14 11.57 12.50 10.20 2 7.41 5.56 11.11
PLE 11 25.00 0.00 25.00 1 25.00 0.00 25.00

Middle HAD 2,344 5.99 11.32 0.86 2,095 8.35 17.38 6.55
COD 1,666 33.14 36.47 11.49 1,326 46.49 48.34 34.64
WHG 888 20.17 36.82 15.31 550 16.30 31.58 15.58
POK 1 0.19 0.00 0.20 66 1.76 21.43 1.53
LEM 53 43.80 54.17 28.57 12 44.44 50.00 33.33
PLE 18 40.91 0.00 40.91 0 0.00 0.00 0.00

Starboard HAD 204 0.52 0.98 0.08 534 2.13 3.06 1.94
COD 647 12.87 14.05 5.22 567 19.88 19.85 20.05
WHG 136 3.09 5.84 2.29 132 3.91 4.61 3.88
POK 0 0.00 0.0 0.0 9 0.24 2.38 0.22
LEM 11 9.09 12.50 4.08 4 14.81 16.67 11.11
PLE 7 15.91 0.00 15.91 2 50.00 0.00 50.00

Main HAD 36,446 93.15 87.04 99.04 21,776 86.82 75.62 89.06
codend COD 2,221 44.18 39.18 76.72 504 17.67 15.19 33.59

WHG 3,228 73.31 52.21 79.47 2,539 75.23 57.89 76.05
POK 512 99.81 100.00 99.80 3,645 97.02 69.05 97.34
LEM 43 35.54 20.83 57.14 9 33.33 27.78 44.44
PLE 8 18.18 0.00 18.18 1 25.00 0.00 25.00
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Table 3
Significant effects for haddock, cod, and whiting using the middle compartment as a baseline for the statistical comparisons between compartments. Day was used as the 
baseline for day/night comparisons.

Species Parameters

Compartment Effect

Estimate (S.E.) df P

Haddock Port Intercept -2 .6 2  (0.39) 160 <0.001
Main Intercept -2 .31  (0.33) 160 <0.001
Starboard Intercept ¡length -0 .1 8 (0 .06 ) 160 0.001
Main Intercept ¡length 0.2 (0.01) 160 <0.001
Starboard Night -3 .3  (1.06) 160 0.002
Main Night 1.55 (0.51) 160 0.003
Starboard Night ¡length 0.24 (0.09) 160 0.006
Main Night ¡length -0 .11  (0.02) 160 <0.001

Cod Starboard Intercept -0 .9 3  (0.19) 163 <0.001
Port Intercept -1 .3 (0 .2 7 ) 163 <0.001
Main Intercept -3 .01  (0.34) 163 <0.001
Main Intercept ¡length 0.11 (0.01) 163 <0.001
Main Night -1 .2 4  (0.36) 163 <0.001

Whiting Main Intercept -7 .4 8 (1 .1 1 ) 168 <0.001
Main Intercept ¡length 0.32 (0.05) 168 <0.001
Starboard Night -3 .3 4 (1 .0 5 ) 168 0.002
Port Night -2 .51  (1.02) 168 0.015
Main Night 4.78 (1.6) 168 0.003
Main Night ¡length -0 .1 5  (0.06) 168 0.023

nom ” procedure in the R package (R Development Core Team, 
2004) “nnet” can be used for f itt in g  the model for ind iv idual 
hauls. The second stage can be fitted  using the ECWEB software 
(h ttp://w w w .consta t.dk/ecw ebsd/).

3. Results

3.1. Sea trials

The chain in the raised fishing line was polished during the firs t 
tw o  test tows, indica ting tha t the fishing line was not raised above 
the seabed. This premise was supported by very litt le  catch in the 
three collecting bags, in contrast to the large catches o f fish in the 
main codend and the presence o f benthic species such as sea stars 
and sea urchins in the main codend. The firs t tw o  tows were o m it
ted and not included in  the analysis. Therefore, four 28 cm and eight 
20 cm floats were attached to the raised fishing line. Drop chains 
were placed in the centre o f the m iddle collecting bag to estimate 
the height o f the raised fishing line based on polish. Based on po l
ish from  the drop chain, the additional floats raised the fishing line 
about 60-70 cm above the seafloor and opened the three low er 
collecting bags. Benthic invertebrate species such as sea stars were 
thereafter caught on ly  in  the three low er collecting bags. Average 
mesh sizes o f the four com partm ents were 42.51 m m  w ith  a stan
dard deviation o f 1.10 mm. The tra w l geom etry used during the 28 
valid tows was stable in  term s o f headline height and door-spread 
(Table 1).

3.2. Vertical species separation

Relatively high and consistent catch rates were obtained for 
haddock, cod, and w h itin g  throughout the experim ent (Table 2). 
Therefore, these three species were included in the statistical m od
eling. The m iddle com partm ent was used in the m odeling as the 
baseline fo r comparison w ith  the other com partm ents (starboard, 
port, and main codends). Saithe, plaice, and lem on sole were also 
caught bu t in  fewer hauls and in  low er numbers (Table 2).

In general, regardless o f species, day or night, a clear prefer
ence for entering e ither above or beneath the raised fishing line 
was found. During the day 93% o f the haddock (to ta l numbers) and 
99% o f marketable haddock (above MLS) were caught in  the main 
codend (Table 2); at n igh t the values for the main codend catch

were 87% and 89%, respectively. During the day, 44% o f cod (tota l 
numbers) and 77% o f marketable cod (above MLS) were caught in 
the m ain codend; at n ight the values were 15% and 34%, respec
tive ly  (Table 2). The separation o f cod, haddock, and w h itin g  in to 
the low er com partm ents beneath the raised fishing line was s ignif
icantly higher (P< 0.001 ) at n igh t than during the day (Table 3). The 
separation in to  the main codend was in general reduced during the 
night tows for cod, haddock, and w h iting .

The vertical separation between the low er m iddle com part
ments in  the centre o f the ground gear and the main codend was 
s ignificantly d iffe rent (P< 0.001) for haddock, cod, and w h iting  
(Table 3). The length dependency o f the vertical separation was 
s ignificantly d iffe rent (P< 0.05) between day and n igh t fo r haddock, 
cod, and w h itin g  (Table 3). A  larger p roportion  o f the sm aller in d i
viduals were caught in  the low er com partm ents at n igh t compared 
to during the day (Figs. 3 and 4). The vertical separations estimated 
confidence bands (95%) for the day tows compared to the night 
tows are narrower, w h ich  indicates a higher haul-to -hau l variation 
during the n igh t tows (Fig. 4). Furthermore, the estimated slope of 
the vertica l separation fo r haddock and w h itin g  was steeper during 
the day than at night.

The to ta l num ber o f haddock caught per haul varied between 77 
and 5848 w ith  a median at 3492 haddock. Explorative plots o f fish 
d is tribu tion  between diffe rent codends w ith  d iffe rent fish densities 
did not indicate density dependency in the d is tribu tion  o f haddock.

3.3. Horizontal species separation

The three low er compartments were about equal in  size. A large 
proportion o f the fish caught in these com partm ents was caught 
in the m iddle codend (Table 2). This suggests tha t most fish enter 
the tra w l at the centre o f the ground gear. This is also where most 
o f the escapement beneath the raised fishing line occurs. For had
dock caught in the low er com partm ents during the day, the m iddle 
codend caught s ignificantly more fish o f all sizes (P<0.05) com
pared to the starboard and po rt codends (Fig. 3). A t night, the 
difference in  catch among the three low er com partm ents was sig
nificant on ly (P<0.05) for small haddock be low  20 cm long. For 
cod, the difference in  catch among com partm ents was significant 
(P< 0.05) for fish be low  30 cm long at n ight and below  20 cm long 
during the day. The catch proportions in  the low er port and star
board codends were quite s im ila r (Table 2); th is indicates tha t

http://www.constat.dk/ecwebsd/
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Fig. 3. Proportion of cod, haddock, and whiting caught in the four different codends by length and number of fish caught.

the tra w l was operating w ith o u t systematic differences during the 
experiment.

3.4. Discussion

This experim ent showed that the bycatch o f cod, includ ing large 
cod, in haddock-directed fisheries can be substantia lly reduced by 
raising the fishing line above the seabed; th is change w il l  make the 
exp lo ita tion o f haddock and cod more independent o f one another. 
The bycatch o f cod can be substantia lly reduced from  the fishery, 
bu t not com plete ly removed because especially larger cod s till are 
caught. W ith  our traw l, w h itin g  and saithe w ill be caught e ffic ien tly  
along w ith  haddock, whereas flatfish w i l l  escape beneath the traw l. 
The loss o f fla tfish is expected to be acceptable to the industry  as 
catches o f fla tfish norm ally  are low  in  th is  fishery and therefore 
irre levant fo r the to ta l catch value.

The length dependency and the d iurna l effect on the vertical 
separation on gadoids and flatfish can cause varia tion in  the sep
aration o f species. Fish reaction to fishing gear is based p rim arily  
on vision (Glass and Wardle, 1995), thus changes in the physical 
parameters tha t affect fish vision can affect the behavioral response 
and introduce varia tion in to  the separation success. The to ta l sep
aration success also w il l  be affected by the size structure in the 
explo ited population and by the tim e o f day during w h ich  fishing is

conducted. The escapement beneath the raised fishing line w ill be 
high in  a population tha t consists p rim a rily  o f small cod and lower 
i f  the population consists o f larger individuals. The d iurnal effect 
observed in our study, where more cod w ent under the raised fish
ing line in the selective haddock tra w l during the night than during 
the day, is in contrast to Ferro et al. (2007), in  w h ich  s ignificantly 
more cod entered the low er com partm ent during the day.

The separation success o f the selective haddock traw ls is encour
aging compared to results for cod selection obtained w ith  selective 
devices such as square mesh panels tha t cu rrently  are used (Krag 
et al„ 2008). Recent experiments in w h ich  the separation o f cod 
and haddock were stim ulated using black tunnels (see Glass and 
W ardle, 1995) in the tra w l extension caught 90% o f the haddock in 
the upper com partm ent along w ith  60% o f the cod (He et al„ 2008).

Results o f experiments using separator traw ls exh ib it a rela
tive ly  consistent and high separation o f haddock in to  the upper 
com partm ent even though these designs range from  re la tive ly  low  
headline traw ls (M ain and Sangster, 1982, 1985) to higher head
line designs (Engâs et al., 1998; Ferro et al., 2007). The separation 
success for cod, however, is not so conclusive. Engâs et al. (1998) 
reported a length dependency by w h ich  larger cod preferred the 
low er com partm ent, whereas Ferro et al. (2007) found no evidence 
o f a systematic effect o f cod length. One explanation for the d if
ferences in length dependency between the tw o  studies could be
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Fig. 4. Estimated catch proportion at length for cod, haddock, and whiting. Confidence limits (95%) are indicated w ith  grey bands for the four codends; main codend = —, 
starboard codend = — , port codend = , and middle codend = -----------.

tha t Ferro et al. (2007) used a small meshed panel w h ile  Engâs 
et al. (1998) used larger meshes w h ich  allowed fish to penetrate 
through the panel. An alternative explanation fo r these diffe ring 
results could be tha t the vertica l d is tribu tion  o f species differs 
among areas (Engâs et al., 1998). The escapement o f fish beneath 
a ground gear o f a survey tra w l (Walsh, 1991) and a commercial 
fish tra w l (Ingolfsson and Jorgensen, 2006) exhib ited contrasting 
length dependencies to the separator tra w l experim ent reported by 
Engâs et al. (1998) as prim ary  small fish escaped the tra w l beneath 
the ground gear. The length dependency by w h ich  small fish enter 
the tra w l closer to the seabed compared to larger fish also has 
been found for Am erican plaice (Hippoglossoides platessoides) and 
ye llow ta il flounder (limanda ferruginea) (Walsh, 1992). This may 
indicate tha t small individuals o f demersal fish species in general 
enter a tra w l closer to the seabed than do larger individuals. The size 
structure o f the catch retained in  the main codend may therefore be 
affected by the separation height. Ferro et al. (2007) suggested tha t 
ligh t level and w ater c la rity  also influence the height at w h ich  fish 
enter the net m outh. In general, the experiments conducted w ith  
separator traw ls have obtained a good separation o f haddock and 
cod, bu t they have not provided a solution to reduce the num ber o f 
cod, includ ing larger specimen, in  the catches.

Experiments have shown tha t fish tha t escape late in the catch
ing process are more exposed to the consequence o f in juries and 
exhaustion (Ryer, 2004). A m ajor advantage o f the selective had
dock tra w l is tha t unwanted bycatch w ill escape the gear w ith  litt le  
or no physical contact w ith  the gear. Moreover, benthic inverte 
brate m arine species and rocks w ill pass beneath the raised fishing 
line and w ill not be m ixed w ith  the haddock catch, thereby poten
t ia lly  im proving the qua lity  o f the catch. In a commercial version o f

the selective haddock traw l, the main fishing line w ou ld  be raised 
above the trad itiona l rock hopper ground gear and the three low er 
collecting bags w ou ld  be removed. A ligh te r ground gear (e.g., w ith  
on ly a few large discs) could also be used to reduce the seabed 
im pact and the tow ing  resistance, as good bo ttom  contact is not 
required to catch haddock, saithe, and w h itin g  efficiently.

More fish passed below  the centre o f the raised fishing line 
(m iddle com partm ent) than along the w ings (starboard and port 
com partm ent), w h ich  is consistent w ith  results reported by W alsh 
(1992) and Ingolfsson and Jorgensen (2006). This aggregation of 
fish in  fron t o f the centre part o f the ground gear is due to the herd
ing process described in  W ardle (1993). The centre section o f the 
ground gear is therefore where species separation devices in  the 
tra w l m outh should be focused.

Holst and Revill (2009) reported a high reduction in the numbers 
o f cod caught in  the ir experiments using the E lim inator tra w l in  the 
N orth Sea mixed-species fishery. The E lim inator tra w l has large 
meshes in  the forw ard part o f the tra w l w h ich  gradually decreases 
towards the codend. These results indicate tha t the reduction of 
cod obtained w ith  the selective haddock tra w l could be fu rthe r 
im proved w ith  large meshes in  the low er be lly section o f the traw l.
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