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Two decades of use of the compulsory selectivity gear configuration in the Northeast Atlantic bottom trawl fishery, which consists of a rigid
sorting grid followed by a diamond mesh codend, have revealed problems with performance and efficiency. Size selectivity gear alternatives to
this configuration are being pursued, and recent studies of codends with shortened lastridges have reported promising results. In this study, we
compared the size selectivity and catch efficiency for cod (Gadus morhua) and haddock (Melanogrammus aeglefinus) caught using a sorting grid
with 55 mm bar spacing followed by a 130 mm knotted diamond mesh codend (i.e. the compulsory gear) that same configuration but considering
only the catch in the 130 mm diamond mesh codend (regular codend), and an alternative knotless codend with shortened lastridge ropes and
a thinner twine. We also addressed the question of whether size-selective gear is even needed to avoid exceeding the bycatch limits of the
fishery. Our results demonstrated that the alternative codend improved size selectivity by reducing the loss of fish above minimum legal size
(MLS), with a minor increase in the retention of fish below MLS, compared to the compulsory combined grid and codend configuration. The
regular codend also reduced the loss of fish above MLS, but the retention of haddock below MLS approached the legal limit of 15% by number.
Our results also showed that the abundance of cod below MLS in the fishing area during the trials was low. They also suggested that spatial
and seasonal closures in combination with a flexible choice of selection device and modern monitoring tools could be an alternative to rigid

enforcement of the use of selective fishing gear.

Keywords: codend, demersal trawl fishery, shortened lastridges, size selectivity, sorting grid.

Introduction

Demersal trawl fisheries have traditionally relied on diamond
mesh codend selection to obtain exploitation patterns that
comply with the management objectives of the fishery. How-
ever, additional devices have been tested in several fisheries
and, in some cases, implemented to supplement the selectivity
of diamond mesh codends (Kennelly and Broadhurst, 2021;
Melli et al., 2020). For instance, the use of a sorting grid with
55 mm bar spacing in addition to a codend with a minimum
mesh size of 130 mm has been compulsory in the Barents Sea
gadoid fishery since 1997. In this fishery, three different sort-
ing grids are allowed today (Sort-X, Sort-V, and Flexigrid),
but only the latter two are currently used by the fishing fleet
(Grimaldo et al., 20135; Sistiaga et al., 2016, Brinkhof et al.,
2020).

Northeast Atlantic cod (Gadus morbua) and haddock
(Melanogrammus aeglefinus) are the two most important
commercial gadoid species in the Barents Sea demersal trawl
fishery in terms of value and quantity (Yaragina et al., 2011;
ICES, 2021). The fishery is regulated by a general discard ban
and a minimum legal size (MLS) of 44 cm for cod and 40 cm
for haddock. In addition, catches can contain a maximum of
15% of fish below MLS in numbers per haul; if exceeded,

the areas become temporarily closed for fishing (Ministry of
Trade, Industry, and Fisheries, 2020).

There is extensive documentation showing that in general,
sorting grids can contribute to the sustainability of fisheries by
reducing the catch of fish below MLS (e.g. Sistiaga et al., 2010;
Brinkhof et al., 2020). However, several recent studies demon-
strated that the properties of the grids used in the Barents Sea
could vary substantially under different conditions (e.g. pop-
ulation of fish being fished) and that grids may not provide as
sharp and stable selectivity as earlier presumed (Sistiaga et al.,
2016; Brinkhof et al., 2020).

Cod and haddock are often caught mixed in the fishery, and
substantial morphological and behavioural differences have
been reported between the species. These differences make op-
timal selectivity for both species simultaneously difficult (Sis-
tiaga et al., 2011; Brinkhof ez al., 2020, 2022). Further, the bar
spacing in the grid and mesh size in the codend are intended
to achieve the desired exploitation pattern for cod but not for
haddock. Haddock have a lower MLS than cod, a more active
escape behaviour in the net, and a morphology more suitable
to passing between the bars in the grid (Tschernij and Suuro-
nen, 2002; Sistiaga et al., 2011; Grimaldo et al.,2018). There-
fore, losses of large quantities of haddock above MLS can be
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a problem in the fishery (Brinkhof et al., 2020). This poses
a management dilemma between prioritizing the desired ex-
ploitation pattern for cod and the lack of efficiency for fishing
haddock.

Since the introduction of the sorting grids in the Barents Sea,
there has been controversy about whether the use of a grid in
the fishery is necessary to obtain the desired exploitation pat-
terns for cod and haddock (Jergensen ef al., 2006). During
the last two decades, fishermen have reported several imprac-
ticalities with the use of grids: capacity problems at high en-
try densities; maneuverability challenges in bad weather; and
reduced water flow inside the grid section and the codend,
which causes fish to block the grid, subsequently creating op-
erational problems for catch control sensors (Grimaldo et al.,
2014; Sistiaga et al., 2016). Thus, several recent studies from
the Barents Sea demersal trawl fishery have focused on alter-
natives to the sorting grid and investigated the potential of
different mesh configurations in the codend, such as codends
with square mesh sections, T90 codends (turning the orien-
tation of the meshes 90 degrees perpendicular to the towing
direction), and codends with shortened lastridge ropes (Ingolf-
sson and Brinkhof, 2020; Brinkhof et al., 2022; Sistiaga et al.,
2022).

Codends with shortened lastridge ropes as an alternative
to grids are of interest among fishermen because of their sim-
plicity and initial promising results (Ingolfsson and Brinkhof,
2020). In standard diamond mesh codends, lastridge ropes
are normally slightly shorter (e.g. ca. 5%) than the stretched
length of the codend meshes, and they are fixed to the
selvedges in such a way that as the catch accumulates in the
codend and tension builds, most of the load is held by these
ropes. Additionally, shorter lastridge ropes will begin to bear
the load earlier as the catch accumulates, which will keep the
netting in the codend tensionless and the meshes open dur-
ing the fishing process. The properties added to the codend by
shortening lastridge ropes have been shown to improve the
selective properties of the codend (Isaksen and Valdemarsen,
1990; Lok et al., 1997; Ingolfsson and Brinkhof, 2020). Sis-
tiaga et al. (2022) recently compared selectivity results ob-
tained with sorting grids during the last two decades and co-
dends with shortened lastridge ropes and concluded that the
latter may be a simpler alternative to sorting grids for the
fishery. However, despite the promising selectivity results ob-
tained with this codend configuration, no study has directly
compared the selection properties of grids combined with di-
amond mesh codends and codends with shortened lastridge
ropes.

Considering the challenges posed by the use of sorting grids
in conjunction with the seasonal and spatial variations of the
population structures of cod and haddock, including periods
and areas with a low mix of juvenile fish, we also questioned
whether selectivity devices such as grids, panels, and mesh size
regulation are needed in this fishery.

Thus, the goals of this study were to answer the following
research questions:

* What is the consequence to the catch patterns of remov-
ing the Sort-V grid and fishing with the regular diamond
mesh codend alone in the Barents Sea gadoid fishery?

* Do the size selectivity and catch efficiency change when
replacing the Sort-V grid and regular diamond mesh co-
dend with an alternative knotless codend with shortened
lastridge ropes, and thinner twine?

J. Brinkhof et al.

e Is it even necessary to use any size-selective gear (e.g.
grids, panels, and regulation on codend mesh size)?

Material and methods

Fishing trials

We conducted the experimental fishing in the southern Barents
Sea from 19 to 28 February 2021 onboard the R/V “Helmer
Hanssen”. The area was located between N 71° 20° E 25° 17
and N 71° 14 E 25° 02, with depths ranging between 290 and
305 m. Two identical Alfredo 3 trawls were towed alternately
using a set of Injector Scorpion otter boards (3100 kg, 8 m?).
The otter boards were connected to 60-m-long sweeps with 3-
m-long backstraps followed by 7-m-long connector wires. A
@53 cm steel bobbin was inserted in the middle of the sweeps
to protect the sweeps from excessive abrasion. The sweeps
were connected to the 46-m-long ground gear, which consisted
of an 18.9-m-long rock-hopper gear (53 cm) in the middle
followed by 14-m-long (@19 mm) chains with three equally
spaced steel bobbins on the sides (53 cm). The rock-hopper
gear was attached to the 19.2-m-long fishing line. The head-
line of the trawls was 36.5 m long. We used two-panel trawls
that were 420 meshes in circumference and built entirely of
polyethylene (PE) netting with 155 mm mesh size.

One trawl was rigged to mimic the gear used in the com-
mercial fishery. The trawl belly was followed by a section with
a Sort-V grid (1750 x 1234 mm) with a bar spacing of 54.8
+ 1.1 mm (mean & SD). An extension piece was inserted be-
tween the grid section and the codend. The codend, hereafter
referred to as regular codend, was constructed of two panels,
which were 12 m long and 60 meshes in circumference. It was
built of single braided @8 mm hotmelt PE twine (Polar Gold)
with a mesh size of 133.8 + 2.2 mm (mean =+ SD) (hereafter
referred to as 130 mm). To catch the escapees from the grid, a
cover was mounted over the escape outlet. The cover had an
inner mesh size of 45.8 & 1.5 mm (mean & SD). It was covered
with a large mesh netting on the outside to ensure sufficient
strength, and it was equipped with seven floats to avoid block-
age of the outlet (Figure 1). To catch the codend escapees, the
entire length of the codend was covered with a cover. To en-
sure that the cover stayed clear of the codend, the front part
of the cover was rigged with six floats, six kites, and a 12 kg
piece of chain on the top, side, and bottom of the codend cover,
respectively. Additionally, 12 kites were attached to the cover
around the bulk of the catch in the codend (Figure 1). The
cover had a mesh size of 51 & 1.3 mm (mean =+ SD) and was
strengthened with an outer layer of large mesh netting in the
aft area.

The other trawl was equipped with an extension piece in
place of the grid section. This section was followed by two- to
four-panel transition piece mounted just in front of the codend
(Figure 1). The codend, hereafter referred to as the alternative
codend, was a four-panel (4 x 15 meshes in circumference)
codend built of knotless braided @6 mm PE twine (Euroline).
The codend had a mesh size of 131 £ 1.3 mm (mean =+ SD),
and the lastridge ropes of the codend were shortened by 15%
with respect to the netting. We chose this codend for the tests
because the minimum mesh size for the codend in the fishery is
130 mm, four-panel codend constructions have been reported
to oscillate less than two-panel codend constructions (O’Neill
et al., 2003; Sistiaga et al., 2016), and the effect of shortened
lastridge ropes in a four-panel codend is expected to be higher
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Grid cover (GC)

Lastridge ropes

Cover codend (CC)

Codend (C)

Lastridge ropes

Codend (C)

Cover codend (CC) /

Figure 1. lllustration showing the experimental design employed during the trials. Upper: the conventional configuration with the Sort-V grid (G) and the
regular codend (C) with covers covering the grid (GC) and codend (CC). Lower: the experimental configuration with the alternative codend (C) and the

covered codend (CC).

than or at least as high as that in a two-panel codend. To catch
the escapees, the entire length of the codend in this trawl was
covered with a cover. The cover was identical to the one used
on the other trawl and had a mesh size 41 &+ 1.1 mm (mean +
SD). All mesh and bar spacing measurements were conducted
using an OMEGA gauge following the procedure described in
Wileman et al. (1996).

The trawl performance was monitored continuously by a
set of trawl door sensors, a trawl height sensor, and a catch
volume sensor, all from Scanmar. The catch in each compart-
ment was stored onboard in separate holding bins. The length
of all cod and haddock above 20 cm was measured to the near-
est centimetre below.

Statistical analysis

Modelling and estimation of the size selection

The analysis of each species was done separately using the
same method described here. The applied experimental design
(Figure 1, lower) for the test of the codend (C) enabled analysis
of the collected catch data as binomial data, where individu-
als, either retained in the codend cover (CC) or in the codend
itself, were used to estimate the size selection in the codend
(i.e. length-dependent retention probability). With the same
codend, the size selectivity is expected to vary between hauls

(Fryer, 1991). However, in this study, we were interested in the
size selection combined over all hauls because this would form
about the overall consequences for the size selection process
when applying the specific codend in the fishery. We tested
different parametric models 7¢ogend (I, Veodend) for the codend
size selection. The v¢ygeng 1S @ vector consisting of the parame-
ters of the model. The purpose of the analysis was to estimate
the values of the parameter v .ygenq that make experimental
data (combined over all hauls) most likely to be observed. For
this purpose, the following expression was minimized, which
corresponded to maximizing the likelihood for the observed
experimental data:

- Z Z {ncli x In (rcodend (l’ Ucodend))

i=1 1

+ nCCl/' x In (10 — Tcodend (l’ Ucodend))} . (1)

The outer summation in expression (1) included the hauls con-
ducted with the specific codend and the inner summation over
length classes [ in the data. Four different models were chosen
as candidates to describe 7¢qgend (/s Veodend) fOT €ach species in-
dividually: Logit, Probit, Gompertz, and Richards. The first
three models were fully described by the selection parameters
L50 (length of fish with 50% probability of being retained)
and SR (difference in length between fish with 75% and 25%
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probability of being retained, respectively), while the Richards
model required one additional parameter (1/8) that described
the asymmetry of the curve. The formulas for the four se-
lection models is provided in Appendix A, while additional
information regarding these models can be found in Lomeli
(2019). Evaluating the ability of a model to describe the data
was based on calculating the corresponding p-value, which ex-
pressed the likelihood of obtaining at least as big a discrepancy
between the fitted model and the observed experimental data
by coincidence. Therefore, for the fitted model to be a candi-
date to model the size selection data, this p-value, which was
calculated based on the model deviance (D) and the degrees of
freedom (DOF), should not be <0.05 (Wileman et al., 1996).
Specifically, D has an approximate x? distribution when the
model is correct, and the p-value is therefore calculated for a
x?* distribution with D and DOF as parameters (Wileman et
al., 1996). Here, we have taken advantage of that the number
of fish in most length classes are expected to be high due to
that the analysis is carried out for data combined over hauls.
For DOF, we use the number of length classes in the experi-
mental data minus the number of selection parameters. In case
of a poor fit statistics (p-value < 0.05), the deviation residuals
were inspected to determine whether the poor result was due
to structural problems when modelling the experimental data
using the different selection curves or if it was due to overdis-
persion in the data (Wileman ez al., 1996). Selection of the best
model among the four considered in (1) was based on com-
paring the Akaike information criterion (AIC) values for the
models. The selected model was the one with the lowest AIC
value (Akaike, 1974).

Once the specific size selection model was identified for a
particular species and codend, bootstrapping was applied to
estimate the confidence limits for the average size selection. We
applied the software tool SELNET (Herrmann et al., 2012)
for the size selection analysis and utilized the double boot-
strap method implemented in this tool to obtain the confi-
dence limits for the size selection curve and the correspond-
ing parameters. This bootstrapping approach was identical to
the one described in Millar (1993) and takes both within-haul
and between-haul variations into consideration. The hauls for
each codend were used to define a group of hauls. To account
for between-haul variation, an outer bootstrap resample with
replacement from the group of hauls was included in the pro-
cedure. Within each resampled haul, the data for each length
class were bootstrapped in an inner bootstrap with replace-
ment to account for within-haul variation. Each bootstrap re-
sulted in a combined data set, which then was analysed using
expression (1) and the selected model to estimate the selection
parameters and selection curve. Thus, each bootstrap run re-
sulted in a set of values for the selection parameters and the
retention probability at different fish lengths (selection curve).
For each species analysed, 1000 bootstrap repetitions were
conducted to estimate the Efron percentile 95% confidence
limits (Efron, 1982; Herrmann et al., 2012).

Compared to the alternative codend (Figure 1, lower), the
size selection for the standard gear with the Sort-V grid com-
bined with the regular codend (Figure 1, upper) was more
complex because there were two selection processes that oc-
curred in the grid and codend, respectively. This combined se-
lection system is sequential and only fish that do not escape
through the grid will enter the codend to experience the sec-
ond selection process here. This is reflected in the experimen-
tal design, in which we used two covers to collect fish escaping
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through each of the selection areas. For a fish to be retained
in this, it needs to be retained by both processes:

combined (l) = "Grid (l) X TCodend (1) ’ (2)

where 7G4 (I) and 7cogend (!) represent the retention probabili-
ties in the sections with the grid and codend, respectively, con-
ditioned the fish enters the specific section.

In this study, similar to other previous studies including
sorting grids (Sistiaga et al., 2010; Larsen et al., 2016, Larsen
et al., 2018b; Brinkhof et al., 2020), we modelled the size se-
lection for the grid based on a CLogit size selection model
(Herrmann et al., 2013a). In the CLogit model, the parame-
ter C was assumed to be length-independent, and it quantified
the probability that a fish entering the grid zone contacted
the grid with an orientation that provides it with a length-
dependent probability of escaping through the grid (selectiv-
ity contact). For the fish that made selectivity contacts with
the grid, the CLogit model assumed a traditional Logit size
selection model defined by the parameters L50 and SR. Thus,
7Grid (1) was modelled by (Appendix B)

Carid 3)
X (l - LSOGrid) '

7Grid (1, vGrig) = 1.0 —
( ) 1+ exp( slﬁ(i)d

with the parameter vector vgiq = (Carid> L50Grid» SRGrid )-

The codend was a traditional diamond mesh codend with a
single mesh size attached to a sorting grid section, so we mod-
elled 7codend (/) using the same four models described earlier for
the codend with shortened lastridges. Thus, 7codend (!, Veodend)
was modelled by Logit, Probit, Gompertz, or Richard depend-
ing on which model had the lowest AIC value for the model
fit to the experimental data [expression (4)].

We used Equations (2) and (3) to model the size selection
in the combined size selection system consisting of the Sort-V
grid followed by the standard codend. We performed the anal-
ysis separately for each species. For the combined size selec-
tion, L50 and SR were obtained based on a numerical method
implemented in the analysis tool SELNET. This method was
identical to the one applied by Sistiaga et al. (2010).

Catch data were collected using the three-compartment ex-
perimental design shown in Figure 1 (upper), which included
the codend (C), the grid cover (G) to collect fish that escaped
through the first grid, and the cover (CC) surrounding the co-
dend to collect fish that escaped through the codend meshes.
For each haul j, we had the number of individuals with length
I collected in the codend (1nCy;), grid cover (#Gy;), and codend
cover (nCCy;). Thus, the species-specific size selection in the
Sort-V grid combined with the standard codend and combined
over m hauls was obtained by minimizing the following ex-
pression with respect to the parameters vg,iq and veygeng in the
model described by Equations (2) and (3):

=2 2o, Gy 4 nCCy) ¢ In(rgaatl. Vria))
+nGyj x In(1.0 = 7Gyiq (!, VGria))
+nCj; x InrCodend!/, vcodend
+nCClj x In1.0 — rCodend!, vcodend} (4)

Minimizing (4) with respect to its parameters is equal to max-
imizing the likelihood of the observed experimental data un-
der the assumption that Equations (2) and (3) described the
multinominal probabilities of observing a fish with length [ in
the codend or covers conditioned by the fish that entered the
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Table 1. Overview of the hauls conducted during the sea trials.

Haul No. Trawl configuration Towing time Number of cod Number of haddock
(hh:mm) nGC nC nCC nGC nC nCC
1 Alternative codend 00:31 - 284 32 - 104 148
2 Sort-V and regular codend 00:45 101 583 1 145 50 1
3 Sort-V and regular codend 00:50 46 1352 3 109 82 2
4 Alternative codend 00:37 - 254 21 - 69 74
5 Alternative codend 00:43 - 521 9 - 38 7
6 Sort-V and regular codend 00:47 99 1751 9 247 116 5
7 Sort-V and regular codend 00:44 71 431 4 298 66 23
8 Alternative codend 00:45 - 293 17 - 83 88
9 Alternative codend 00:39 - 482 6 - 80 93
10 Sort-V and regular codend 00:47 64 648 1 129 33 3
11 Sort-V and regular codend 00:32 67 457 3 141 52 3
12 Alternative codend 01:01 - 42 1 - 109 20
13 Alternative codend 01:21 - 278 20 - 150 179
14 Sort-V and regular codend 00:47 52 574 2 179 56 6
15 Sort-V and regular codend 00:36 56 355 1 188 63 10
16 Alternative codend 01:13 - 561 13 - 212 183
17 Alternative codend 01:00 - 1189 16 - 161 187
18 Sort-V and regular codend 00:57 39 337 3 312 68 4
19 Sort-V and regular codend 00:38 16 167 3 230 69 2
20 Alternative codend 00:42 - 466 14 - 112 105

For each haul, towing time and number of fish caught in each compartment are provided.

combined selection system consisting of a Sort-V grid section
and regular codend.

As for the codend with shortened lastridge ropes, we evalu-
ated the ability of the model [Equations (2) and (3)] to describe
the experimental data based on the p-value, model deviance
vs. DOF, and how the model curves reflected the length-based
trend in the data (Wileman et al., 1996). We conducted the
analysis using the software tool SELNET.

Estimation of difference in size selectivity between
selection systems

The difference in size selectivity Ar(/) between configuration
x and y was estimated by

Ar(ly=r ()= (]). (5)

The 95% confidence intervals for Ar(l) were obtained based
on the two bootstrap population results for .(I) and r,(/),
respectively. As they are obtained independently of each other,
a new bootstrap population of results for Ar(l) was created
following Larsen et al., (2018a):

Ar(l), = (1), = e (1) 1€ [1...1000]. (6)

Finally, based on the bootstrap population, Efron 95% per-
centile confidence limits were obtained for Ar(l) as described
above.

Estimation of exploitation pattern and catch
efficiency indicators

To evaluate how each of the selection systems performed in the
specific fishery, we estimated three exploitation pattern indica-
tors (nP—, nP+, and dnRatio) separately for each species. nP—
and nP+ quantify the retention efficiency for fish below and
above the MLS (as percentages), respectively, whereas dnRa-
tio denotes the percentage of undersized fish in the codend
catch in numbers. In fisheries in which undersized specimens
are returned to the sea, this corresponded to the discard ratio.
However, Norwegian fisheries have a full discard ban. These

indicators could be used to summarize the catch patterns for
specific gear in a specific fishery. The size selection properties
(L350 and SR) provide information that is independent of the
size structure of the population encountered by the gear dur-
ing the fishing process, whereas these indicators depended di-
rectly on the size structure, thereby providing additional infor-
mation to facilitate evaluation of the catch performance of the
selective system (Wienbeck et al., 2014). The indicators were
estimated for the different gear designs considered as follows:

- Y iomrs {r(l) x nPop;}
P~ =100 x =
! > i-mrs {nPopy}

> emrs (r(l) x nPop;}
2 i=mrs {nPopi}

nPt = 100 x

o 21<ms (r(l) x nPopi)
dnRatio = 100 x >, {r(l) x nPop;)

where 7(I) is the selection curve for the gear and nPop; is
the population entering the selection system. For this popu-
lation, we summed cover and codend catches over all hauls
for each experiment reported here. A bootstrap population of
results was obtained for nPop; based on the double bootstrap
method, with the inner resampling conducted on the popula-
tion of fish aggregated from codend and cover. Specifically, this
bootstrap approach considered both the between-haul vari-
ability in the structure of the population entering the gear and
the within-haul variability due to limited numbers of fish en-
tering the gear in that specific haul (Mytilineou e al., 2020).
We then estimated the indicators #P~, nP*, and dnRatio with
uncertainties for each species and gear using the bootstrap set
for r(l) and nPop, specifically, by first calculating the values
for the indicators based on the result of each bootstrap repe-
tition for #(I) and nPop; synchronous in (7) to obtain a boot-
strap set for the indicator values. Efron 95% ClIs were esti-
mated for each of the indicators based on the resulting boot-
strap set. Ideally, for a target species, nP— and the dnRatio

(7)
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Figure 2. Length-dependent probabilities of escape in the conventional gear configuration (Sort-V with regular codend) as well as the combined
retention for both cod (left column) and haddock (right column). The solid curves represent the models fitted to the data (circles) with the 95% Cls (grey
area). The frequency curves in grey represent the number of fish that retained in the covers (dotted line), and codend (solid line). The stippled vertical

grey lines denote the MLS for cod (44 cm) and haddock (40 cm).

should be low (close to 0%), whereas 7P+ should be high
(close to 100%), which would indicate retention of all indi-
viduals over the MLS that enter the codend.

Results

We conducted 20 hauls during the cruise, alternating between
the configuration with the Sort-V grid and regular codend and
the configuration with the alternative codend (Table 1). Dur-
ing the trials, 11815 cod and 4894 haddock were caught and
length measured (Table 1).

The models used to describe the escape and retention of
haddock and cod for the different configurations reflected the
main trends in the experimental data well (p-value > 0.5; Figs.
2-4,Table 2). For one case, the p-value was < 0.05, but inspec-
tion of the residuals demonstrated that the poor fit statistics
were caused by overdispersion in the experimental data (Table
2).

Sort-V grid and regular codend

The size selectivity curves for both cod and haddock caught
with the Sort-V grid and regular codend configuration demon-
strated that with this configuration, most fish escaped through
the grid and few fish did so through the codend meshes (Figure
2). Furthermore, the retention probability curves showed that
few fish below MLS were caught with this configuration.
However, the curves also showed that a large proportion of
fish above MLS escaped, especially haddock (Figure 2). This
was corroborated by the catch pattern indicator nP-, which
showed that the catch efficiency for fish below MLS (nP-)
were 11.89% (CI: 5.90-17.25) for cod and 1.54% (CI: 0.75-
2.53) for haddock (Table 2). The retention efficiency nP+ of
cod above MLS was 92.5% (CI: 89.61-94.52), but that for
haddock was only 32.09% (CI: 27.57-37.37) (Table 2). The
dnRatio of 0.40% (CI: 0.18-0.87) and 2.95% (CI: 1.37-4.71)
for cod and haddock, respectively, was far below the legislated
limit of 15%. The L50 values were similar for both species
(~51cm).
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Figure 3. Length-dependent probabilities of retention in the gear
configuration with the alternative codend for cod (upper) and haddock
(lower). The solid curves represent the models fitted to the data (circles)
with the 95% CIs (grey area). The frequency curves in grey represent the
number of fish caught in each length class in the codend cover (dotted
line) and codend (solid line). The stippled vertical grey lines denote the
MLS for cod (44 cm) and haddock (40 cm).

The analysis of the Sort-V plus regular codend enabled us to
separate the selectivity of the grid and codend [Equation (2)].
Therefore, we were able to provide an estimate for what the
selectivity would be if the regular codend was used without the
grid (Figure 2). Especially for cod, fishing with a regular co-
dend with a mesh size of 130 mm without a sorting grid would
retain a large proportion of fish below the MLS while releasing
few fish above MLS (Figure 2). The L50 value of 35.9 cm for
cod and 38.2 cm for haddock are well below the MLS (Table
2). The catch indicators estimated nearly complete retention
of fish above the MLS for both species (Table 2). However, the
retention efficiency below the MLS (nP-) was estimated to be
57.41% (CI: 34.07-70.04) for cod and 20.53% (CI: 10.77-
41.06) for haddock (Table 2). The dnRatio was still below
the limit of 15%, at 1.78% (CI: 0.82-3.54) and 12.42% (CI:
6.91-22.37) for cod and haddock, respectively (Table 2).

Alternative codend

For the alternative codend with, the L50 values were also sim-
ilar for both species (~41 cm) and thus close to the MLS. This
meant that this configuration caught more fish both above and
below the MLS, as demonstrated by the size selectivity curves
for both cod and haddock (Figure 3). This was also corrobo-
rated by the catch pattern indicators, which showed that the
catches efficiency in the alternative codend was 27.58% (CI:
17.55-33.91) for cod below the MLS (nP-) and 10.19% (CI:
6.59-14.37) for haddock below the MLS (Table 2). On the
other hand, the catch efficiency above MLS (nP+) in the alter-

native codend increased to 98.89% (CI: 98.33-99.28) for cod
and 77.55% (CI: 70.22-85.25) for haddock compared to the
catches with the Sort-V and regular codend configuration. The
dnRatio for cod was 0.87% (CI: 0.42-1.66) and that for had-
dock was 7.69% (CI: 5.05-10.04), which were still far below
the legislated limit of 15% for both species (Table 2).

Comparison of size selectivity and catch efficiency
between the configurations

Comparing the size selectivity curves for the Sort-V and regu-
lar codend with those for the alternative codend demonstrated
a significant difference for nearly all length classes for both
cod and haddock (Figure 4). The delta plots corroborated this
finding and demonstrated that the alternative codend com-
pared to the Sort-V and regular codend configuration retained
significantly more cod and haddock, especially fish above MLS
(Figure 4). The catch pattern indicators demonstrated that the
relative difference in catch efficiency between the alternative
codend and the Sort-V with regular codend significantly af-
fected the retention of cod and haddock both above and be-
low MLS (Table 3). The relative dnRatio also increased sig-
nificantly for both species (Table 3).

Comparing the results between the combined Sort-V and
codend configuration and the regular codend alone demon-
strated that the latter retained significantly more cod and had-
dock both above and below the MLS (Figure 5, Table 3). Sim-
ilar results were obtained when comparing the alternative co-
dend with the regular codend, but the difference was signifi-
cant for fewer length classes (Figure 5, Table 3).

It is important to note that the numbers in Table 3 are rel-
ative differences between the gear configurations. When con-
sidering the actual differences in Table 2, it is clear that the
dnRatio was still far below the limit of 15%, except for had-
dock caught with the regular codend, which was 12.42% (CI:
6.91-22.37) (Table 2). The reason for the small differences in
dnRatio and the large differences in relative values is because
few fish below MLS were present in the area during the survey,
especially cod (Figure 6).

If the population of fish in the area is the same as the popu-
lation entering the trawl, combining the catch retained in the
codend and the covers represents the fished population. This
premise enabled us to estimate the catch pattern indicators
based on a non-selective gear. Fishing with a non-selective gear
in the area and period when the cruise was conducted would
result in a dnRatio of 3.13% (CI: 1.84-6.07) for cod and
38.79% (CI: 32.62-43.95) for haddock. This was corrobo-
rated by the population length distribution presented in Figure
6. Table 4 shows the exploitation patterns for each gear com-
pared to a non-selective gear. The Sort-V with regular codend
configuration had the largest reduction in fish below MLS
but also of fish above MLS compared to a non-selective gear
(Table 4). Fishing without a grid and only the regular codend
resulted in the smallest reduction of fish both above and below
MLS. Compared to a non-selective gear the alternative codend
had a high reduction in fish below MLS and a relatively small
reduction in fish above MLS (Table 4).

Discussion

The use of selectivity devices in trawls to reduce bycatch,
either unwanted sizes or species has gained much attention
worldwide in recent decades (Walsh er al., 2002; Graham,
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2010; Kennely and Broadhurst, 2021). In the Northeast At-
lantic demersal trawl fishery for gadoids, most scientific stud-
ies conducted in recent years have been devoted to selectiv-
ity (Kennelly and Broadhurst, 2021). After the decline and re-
building of the Northeast Atlantic cod stock in the late 1980s
and early 1990s, the importance of strict bycatch regulations
became evident, and they were gradually implemented in the
fishery (Hammer and Hoel, 2012; Gullestad et al., 2015). The
invention, development, and implementation of the rigid sort-
ing grid called the “Nordmere grid” in the early 1990 in the
shrimp trawl fishery nearly mitigated the bycatch of fish, as it
released all fish that did not fit between the 19 mm bar spac-
ings (Isaksen ef al., 1992; Larsen et al., 2018b). Due to its suc-
cess, the same but opposite principle of the rigid sorting grid
was developed by the same scientists so that it could be used in
demersal fish trawls to release most of the fish below the MLS
(Larsen and Isaksen, 1993). The size-selective sorting grid in
demersal trawls with 55 mm bar spacing has been used since
1993, and it became mandatory in 1997. This configuration
gave the fishers access to areas that otherwise would be closed
for fishing due to too large catches of juvenile fish.
Compared to the poor size selectivity of diamond mesh co-
dends reported in multiple studies (Robertson and Stewart,
1988; Herrmann, 2005a, 2005b; Sala et al., 2008; Wienbeck
et al.,2011), the development of the sorting grid mitigated the
problem of bycatch of juvenile fish to a large degree. How-
ever, the length composition of the stocks of both Northeast
Atlantic cod and haddock has changed over recent decades, as
has their spatial and seasonal distribution. In some areas and
periods of the year, the bycatch limits of 15% undersized fish
are exceeded even when using a grid. In other areas and peri-

ods, the abundance of juvenile fish was very low. In the current
study, we demonstrated that the bycatch of a non-selective
gear was 3.13% (CI: 1.84-6.07) for cod, which would not
exceed the limit in this particular area and time of year. This
meant that fishing with a regular diamond mesh codend with-
out a sorting grid would be defendable from a management
point of view. However, for haddock, the bycatch limit for a
non-selective gear was 38.79% (CI: 32.62-43.95) and thus
exceeded the limit, while the regular diamond mesh codend
provided bycatch levels close to the limit (12.42%, CI: 6.91-
22.37). Temporal area closures and more flexible choice of
selectivity devices combined with modern monitoring tools,
such as catch scanners, camera-based control systems, and au-
tomatic registration systems, could be an option in this case.
This approach would allow fishers to harvest fish with the
most efficient gear that minimizes the loss of fish above MLS,
which would also reduce costs, fuel consumption, and habi-
tat impact while simultaneously being in compliance with the
bycatch limits.

The grids were introduced as a solution to the challenges ex-
perienced with the diamond mesh codends during the 1980s.
At that time, the stock was recovering from overexploita-
tion and catch rates of juvenile cod were high (Yaragina et
al., 2011). Even though the grids partly solved these prob-
lems, they added complexity to the trawl configuration with-
out actually solving the original problem (i.e. the closing of
the meshes in the diamond mesh codend when the catch ac-
cumulates in the aft part of the gear). Alternatives to the grid
and diamond mesh codend, such as turning the direction of
the meshes 45° (i.e. square meshes), have been tested (Krag et
al., 2011; Isaksen and Valdemarsen, 1986). T90 meshes have
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Table 3. Differences in percentage for the catch pattern indicators between the three configurations for both cod and haddock.

Species Gear type nP- (%) nP+ (%) dnRatio (%)

Cod Alternative codend—SortV and codend 131.84 (38.14 to 360.59) 6.91 (4.86 to 10.12) 115.84 (30.81 to 327.37)
Regular codend—SortV and codend 382.57 (172.66 to 893.41) 7.51 (5.31 to 10.80) 341.66 (147.85 to 799.82)
Alternative codend—Regular codend —51.96 (—=67.92 to —26.00) —0.56 (—1.14to —0.16) —51.13 (—67.35 to —24.88)

Haddock Alternative codend—SortV and codend 561.97 (250.46 to 1356.50) 141.64 (107.29 to 180.52) 160.58 (44.62 to 466.95)
Regular codend—SortV and codend 1233.57 (508.31 to 3639.82) 185.94 (146.49 to 233.29) 320.89 (104.43 to 977.51)
Alternative codend—Regular codend —50.36 (—=76.61 to —3.81) —15.49 (—24.01 to —6.84) —38.08 (—66.21 to 11.66)
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Figure 5. Comparison of the estimated length-dependent retention probabilities for the Sort-V and regular codend configuration, the alternative codend
configuration, and the regular codend without the effect of the Sort-V grid (upper row) for cod (left column) and haddock (right column). The differences
in selection properties between the Sort-V configuration compared to the regular codend alone (middle row) and between the alternative codend
compared to the regular codend without the Sort-V are expressed as delta retention probability. Grey areas represent the 95% Cls. The stippled vertical
grey lines denote the MLS for cod (44 cm) and haddock (40 cm).

in a commercial fishing setting to determine if the selectiv- Increased demands on fisheries regarding environmental
ity remains satisfactory when fish entry rate is high, which impact, sustainability, catch quality, and fish welfare have
is a factor that is believed to affect selectivity (Jones et al., broadened the focus to include both selectivity and bycatch

2008). mitigation as well as catch efficiency. It is important to miti-
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Figure 6. Length distribution of fish caught in the trawl codends and covers (black line). 95% Clis represented by the grey areas. Stippled lines denote

MLS for cod (44 cm) and haddock (40 cm).

Table 4. Percentage difference in the catch pattern indicators showing the contribution of each gear compared to a non-selective gear for both cod and

haddock.
Species Gear type nP- (%) nP+ (%) dnRatio (%)
Cod SortV and codend—Non-selective gear —88.1 (—91.1 to —82.75) —7.50 (10.30 to —5.48) —87.13 (—93.56 to —81.35)
Regular codend—Non-selective gear —42.59 (—65.93 to —29.96 —0.55(-0.93 to —0.21)  —43.16 (—66.10 to —31.02)
Alternative codend—Non-selective gear —1.11 (—1.67 to —0.72) —72.22 (82.45 to —66.09)

Haddock SortV and codend—Non-selective gear ~ —98.46
Regular codend—Non-selective gear —79.47
Alternative codend—Non-selective gear  —89.81

89.23 to —58.94

(—
(—

—72.42 (=82.45 to —66.09
(-
(-
(—93.41 to —85.63

)
)
99.25 to —97.47) —67.90 (—72.43 to —62.64) —92.39 (—96.31 to —87.96)
)
)

~8.23 (—13.27to —4.72) —67.98 (—81.94 to —44.18)
—22.45 (=29.78 to —14.75) —80.18 (—86.40 to —74.64)

gate catches of unwanted species and fish below MLS, but it
also is important to maximize catch efficiency for fish above
MLS. Reduced catch efficiency of fish above MLS requires in-
creased fishing effort for the vessels to catch their quota, which
consequently leads to increased seabed impact, fuel consump-
tion, and greenhouse gas emission as well as reduced prof-
itability for the fishers. Furthermore, in areas with intensive
fishing activity, fish individuals above MLS may be exposed
to multiple unnecessary capture processes before they are fi-
nally retained by the gear. This is an acknowledged challenge
posed by the use of sorting grids. A recent study reported that
up to 77.4% of haddock and 16% of the cod above the MLS
were released through the grid (Brinkhof et al., 2020), and our
data corroborated this result.

As this study demonstrated, depending on the length struc-
ture of the populations encountered, under some circum-
stances it was not always necessary to use selective devices
to avoid bycatch of fish below MLS. In these cases, the loss of
larger sizes and thus poor catch efficiency could be solved if
fishers were allowed a more flexible choice of selective gear in
conjunction with modern monitoring tools (e.g. live camera

systems, automatic catch registration systems that are able to
identify species, and length measure fish) (van Helmond et al.,
2020) as well as spatial and seasonal openings and closures
(Graham et al., 2007; Zhou et al., 2010). In cases where this
was not possible, a codend with short lastridge ropes provided
improved selectivity (increased retention of fish above MLS
with low increase in fish below MLS) compared to the config-
uration with the grid. Because twine properties such as twine
thickness and number of twines are known to affect the selec-
tive properties of codends (Herrmann et al., 2013b; Wienbeck
et al., 2014), codends with shortened lastridge ropes need to
be standardized to achieve optimal size selectivity.

In many fisheries, bycatch issues have been mitigated by
developing and implementing additional selectivity devices
(Kennely and Broadhurst, 2021). Such devices can improve
selectivity, but also entail an additional cost for fishermen and
increase the complexity of the gear. In many cases, additional
selectivity devices mitigate the symptom and not the cause of
poor selectivity in a gear. As demonstrated in this study, mak-
ing small and simple changes to the gear can improve selectiv-
ity without the need for additional gear. Moreover, it is impor-
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tant to consider if the selective gear applied, besides mitigating
unwanted species and or sizes, does not also lead to a signifi-
cant loss of legal and wanted target species and/or sizes. Fur-
ther, as demonstrated by the catch indicators in this study, the
need for selective devices can be questioned under certain cir-
cumstances, that is, low abundancy of unwanted sizes and/or
species. All these findings are important to consider when ap-
plying selectivity devices in fishing gears in different fisheries
around the world.
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Appendix A

This appendix describes the four basis s-shaped size selection models Logit, Probit, Gompertz, and Richards considered as for
candidates for codend size selection in this study:
exp(l"g% ><(1—L50))
1A0+exp(% ><(1—L50))
Probit(I,L50, SR) ~ & (122 x (I — L50))
Gompertz(l,L50, SR) ~ exp (—exp (— (0.3665 + 22 x (I — L50))))
exp(g(0.5" )+ (#0502 ) g1 50) >1/5
10+exp(g(0.5°)+(EL580250) ) 11 50)
where
glr) =1In (5)

Logit(l,L50, SR) =

Tcodend (l, Vcodend) =

Richards(l, L50, SR, §) = (

(AT)

The term @ in the Probit model refers to the cumulative distribution function of a standard normal distribution.veogend =
(L50, SR) are the parameters that control the shape of the selection curve. The Richards model involves an additional parameter
8, which adds flexibility to the selection curve.

Appendix B

This appendix derives Equation (3) for the length-dependent retention probability by the sorting grid.
To escape through the grid, the fish both needs to contact the grid and to be able to pass through it. This is modelled by a
length-independent contact probability and a Logit size selection model, respectively:

€Grid (I, Varia) = Ceria % (1.0 — Logit (I, L5064 SRGrid))-
If the fish does not escape through the grid, it is retained by it. Therefore
7Grid (L, VGrid) = 1.0 — eGria(l, Vgria) = 1.0 — Cyrig + Cyria x Logit(l, L50Griq» SRGrid)-
Inserting the equation for the Logir size selection model in this leads to

exp [Sl,';(f)d x (I - L50Grid)]
7Grid (1, Varia) = 1.0 — Cgrig + Cgrig X In(9) -
1.0 + exp [m x (I — L50Grid)]

exp [ a2l x (I = LS0gsa) o

1.0 + exp [SIR%L x (I — Lsocﬂd)] 1.0 + exp [S‘;;fn’d x (I — LsoGnd)]

Cgrid

1.0 = Cyig [ 1 -

which is identical to Equation (3).
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