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ARTICLE INFO ABSTRACT

Handled by A.E. Punt Shortening codend lastridge ropes can be an effective fishing gear modification to improve the size selection
properties in diamond mesh codends. Lastridge ropes attached to codend selvedges withstand the longitudinal
forces created by the catch building up and therefore, prevent the codend meshes from closing. However, the
extent to which the lastridge ropes should be shortened to maximize the effect of this measure is unclear. Besides
opening codend meshes, shortening lastridge ropes can also lead to net folding, which can potentially have
negative consequences for size selectivity. In the present study, we tested the size selective properties of a 129
mm diamond mesh codend in three different configurations: 0 %, 15 % and 30 % shortened lastridge ropes.
Selectivity data were collected for cod (Gadus morhua), haddock (Melanogrammus aeglefinus) and redfish (Sebastes
spp.) in the Barents Sea gadoid bottom trawl fishery. Shortening the lastridge ropes by 15 % had a significant
effect on the release efficiency of haddock between 35 and 50 cm, whereas to obtain a similar result for cod, the
lastridge ropes had to be shortened by 30 %. However, the use of shortened lastridge ropes significantly
increased the retention of fish below 35 cm for both species, especially when the lastridge ropes were shortened
from 15 % to 30 %. The effect on redfish size selectivity was in general limited. Exploitation pattern indicators
showed that there was no added benefit from shortening them further from 15 % to 30 % for any of the three
species. This study concludes that, while shortening lastridge ropes can contribute to improved size selection of
diamond mesh codends, reducing them beyond 15 % is not recommended because it can substantially increase
the retention of undersized fish, probably due to net folding.
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1. Introduction constructed of diamond meshes, and still today many fisheries have

technical regulations with a minimum size in the diamond mesh codend

The size selective properties of trawl codends, i.e. the length-
dependent escapement probabilities in fishing gears, are one of the
most studied topics within fishing gear technology (Kennelly and
Broadhurst, 2021). The codend collects fish gathered by the gear making
it the most likely place for the size selection processes to occur (Bev-
erton, 1963; Clark, 1963). Traditionally, trawl codends have been

(Brcic et al., 2018; Cheng et al., 2019, 2020; Petetta et al., 2020).

The size selection properties of diamond mesh codends can vary due
to their flexible nature. Specifically, the accumulation of catch can make
the shape of the codend and the meshes in it vary greatly throughout a
trawl tow. As the catch accumulates, the longitudinal tension in the
codend increases, which leads to the majority of the meshes in the
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codend closing thereby limiting the escape possibilities for fish (Rob-
ertson and Stewart, 1988; Herrmann, 2005a, 2005b; Herrmann and
O’Neill, 2005; Herrmann et al., 2007; O’Neill and Herrmann, 2007).

Some of the modifications proposed to counteract the variability in
the size selection properties of diamond mesh codends include the
installation of additional sorting devices. For example, in the Barents Sea
gadoid bottom trawl fishery, fishermen are obliged to use a size sorting
grid with a minimum bar spacing of 55 mm installed in the extension
piece preceding a codend with a minimum mesh size of 130 mm
(Brinkhof et al., 2020). Moreover, in the Bay of Biscay multispecies
demersal trawl fishery, fishermen are allowed to use a diamond mesh
codend with 70 mm mesh size if a square mesh panel with 100 mm mesh
size is installed in the extension piece (Alzorriz et al., 2016; Cuende
et al., 2020a). However, the complexity added by inserting additional
selection devices can lead to operational challenges e.g., gear maneu-
verability, extra costs, supplementary gear control, etc. (Sistiaga et al.,
2016). Therefore, simpler modifications that can improve the size se-
lection properties of diamond mesh codends are still sought. One such
modification, which was proposed and tested in different fisheries dur-
ing the 1990s, is the use of shortened codend lastridge ropes (SLR)
(Isaksen and Valdemarsen, 1990; Lok et al., 1997). Lastridge ropes, also
known as riblines in other regions, are attached to the selvedges (panel
joints) of the codend with the purpose of withstanding the longitudinal
forces created by the catch building up. The aim of shortening these
ropes i.e. attaching shorter ropes to a given length of netting panels, is to
prevent the codend meshes from closing due to the longitudinal forces
during towing. These forces instead then become transferred to the
lastridge ropes. Due to the relative simplicity of this measure, codends
with SLR are again being considered as a potential measure to improve
size selectivity in different fisheries today (Einarsson et al., 2021;
Ingdlfsson and Brinkhof, 2020; Sistiaga et al., 2021; Jacques et al.,
2022).

In general, when a treatment results in a positive outcome, it can be
reasonable to increase the dose of the treatment in order to maximize its
effect on the subject investigated, which in this case would be shortening
the lastridge ropes in the codend further. However, underwater obser-
vations of SLR codends show the risk that the netting in this type of
codend can fold, resulting in wavy netting panels that in extreme cases
can create “netting pockets” (Fig. 1). It can be speculated that the risk of
creating these waves is caused by further shortening the lastridge ropes.
This would lead to more open meshes in the transversal direction
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(Fig. 2a), which again increases the circumferential length of the meshes
in the codend. If the lastridge ropes are shortened to a level where the
circumferential length of the meshes exceeds the circumferential length
of the codend based on its diameter, then the netting needs to fold to
absorb the additional mesh length (Fig. 2b). Alternatively, if the meshes
cannot open further in the transversal direction (due to stiffness in the
codend material or other netting characteristics), and the lastridge ropes
are shortened further, then the netting in the codend becomes too long
and the panel needs to fold to absorb the excessive length in the longi-
tudinal direction (Fig. 2c). These folding effects, which could also
happen simultaneously, can have negative effects for the size selectivity
of fish in the codend.

For a fish to be able to escape through the codend meshes, it first
needs to contact the meshes, and then it needs to be physically able to
pass through the meshes. The contact with a size sorting device in the
gear, including codend meshes, can be defined as the fraction of fish that
conditioned it enters the gear, is subjected to a size-dependent selection
process by the device (Sistiaga et al., 2010). It can be hypothesized that
the potential folding created in the codend by SLRs would limit, at least
partially, the access to the meshes in the codend. This would limit
contact and consequently the escape probability for fish.

The degree to which the ropes were shortened in the earlier studies
(e.g., Isaksen and Valdemarsen, 1990; Lok et al., 1997; Ingolfsson and
Brinkhof, 2020) varied between 12 % and 30 % of the original stretched
length of the codend with only one degree of shortening tested in each
study. This makes it difficult determine whether in each of these studies
the optimal shortening percentage was reached or whether there was a
potential unexploited gain of shortening the ropes further or their results
already reflected the negative effects of folding due to having “over--
shortened” the ropes. Thus, a systematic study comparing the results
from different levels of SLR would help determine whether or where is
the limit to the benefits of SLR in diamond mesh codends.

In the present study, we investigated the size selection properties of
three different SLR codend configurations for diamond mesh codends in
the Barents Sea gadoid trawl fishery, which is one of the most important
demersal trawl fisheries in the world (Bergstad et al., 1987; Olsen et al.,
2010). In this fishery, cod (Gadus morhua) and haddock (Melanogramus
aeglefinnus) are the two main target species, whereas redfish (Sebastes
spp.) is one of the main bycatch species. These three species have
different Minimum Legal Sizes (MLS) of 44, 40 and 32 cm respectively,
and important morphological and behavioral differences that can lead to

Fig. 1. a) a codend with SLR (lastridge ropes represented by red arrows) on deck. The SLR are 30 % shorter than the stretched length of the codend. b) and c)

illustrate folding with SLR codends while fishing.
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Fig. 2. Schematic illustration of the effect of shortening lastridge ropes by two different percentages (a and b, where a < b) of the original stretched length (X) of

the codend.

varying selectivity results and management implications depending on
the properties of the codend configuration applied (Sistiaga et al., 2011;
Herrmann et al., 2012; Larsen et al., 2016). Further, there is an estab-
lished maximum discard ratio in numbers of 15 % per species and haul in
the fishery. As fishermen aim to maximize the revenue from their limited
quotas, they are often only interested in catching cod and haddock well
over the MLS, which is priced higher.

The main objective of this study was to investigate the potential
benefits of shortening diamond mesh codend lastridge ropes for size
selectivity purposes. Specifically, we aimed at answering the following
research questions:

e How do the size selectivity properties of diamond mesh codends vary
when lastridge ropes are shortened to different levels?

e Do the selectivity results indicate any potential negative conse-
quences of reducing the lastridge rope length?

e Is it possible to explain the selectivity results obtained for cod,
haddock, and redfish with the different SLR codend configurations?

e What is the optimal SLR codend configuration for the Barents Sea
gadoid fishery considering the management objectives?

2. Materials and methods
2.1. Sea trials and data collection

The sea trials were carried out onboard the research vessel Helmer
Hanssen (63.9 m long and 4080 HP (3000 kW)) from December 8-14th,
2021. The fishing grounds were located around Bear Island in the central
Barents Sea (73°50°'N—74°42"N, 17°23'E—16°02"E). The fishing oper-
ations were conducted with an Alfredo No. 3 trawl, which has a 19.2 m
long fishing line, a 36.5 m long headline, and a pair of Injector Scorpion

trawl doors (3100 kg and 8 m?). The trawl was the same trawl used by
Brinkhof et al. (2022) and was rigged identically; with 60 m long
sweeps, a 46 m long ground gear, and an 18.9 m long rock-hopper gear.
During the whole trial period, the performance of the trawl was moni-
tored by a set of trawl door sensors and a trawl height sensor.

An extension piece followed by a two- to four-panel transition piece
was mounted before the codend. The codend was constructed of 4
identical #80 x #15 knotless (braided @ 6 mm PE twine) diamond
mesh panels. The stretched mesh size was measured to be 129.33
+ 2.07 mm (mean + SD) based on 2 x 20 measurements following to
Wileman et al. (1996). The four-panel codend was chosen instead of a
more traditional two-panel construction because this configuration al-
lows for the application of two additional lastridge ropes and conse-
quently a potentially larger effect by shortening them. Each selvedge
contained three meshes, meaning that the codend had 60 free meshes in
circumference.

The following three SLR configurations were tested in the diamond
mesh codend:

e 0 % SLR configuration: lastridge ropes with the same length as the
codend selvedges.

e 15 % SLR configuration: lastridge ropes in the last 6 m of the codend
closest to the codline shortened by 15 %, i.e. having a length of
5.1 m.

e 30 % SLR configuration: lastridge ropes in the last 6 m of the codend
closest to the codline shortened by 30 %, i.e. having a length of
4.2 m.

In this study, we applied the covered codend method (Wileman et al.,
1996). The cover used had a diameter of 2.4 m and was 20 m long,
covering the entire length of the codend to retain potential escapees. The
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cover mesh size of 51.13 4+ 1.30 mm ensured the retention of all cod,
haddock and redfish above 10 cm. This was tested by simulation in
FISHSELECT based on morphometric data for the three species from
Sistiaga et al. (2011) and Herrmann et al. (2012). To keep the cover off
the test codend, the cover was rigged with floats (top), six kites (sides)
and 12 kg chains (bottom) at the entrance, and 12 kites around the
circumference of the cover ca. 2 m in front of the codline.

In all hauls, the catch in the codend was kept separate from the catch
in the cover, and the length of all cod, haddock and redfish above 10 cm
were measured to the nearest cm below.

2.2. Estimation of size selection of the different codend configurations

In each haul, all fish over 10 cm were either retained in the test
codend or in the codend cover and therefore, the data could be analyzed
as binominal catch data. For each of the SLR configurations and species
separately, the catch data for all hauls were pooled together for analysis
because we were only interested in the length-dependent codend
retention probability (Feogend(D)) for the different length classes of each
species averaged over hauls. The analysis was carried out using the
maximum likelihood estimation method and following the same pro-
cedure used by Sistiaga et al. (2021), where different parametric models
of the form rcogend (I, Veodend) Were tested to model codend size selection.
In Sistiaga et al. (2021), four basic models were considered, Logit, Probit,
Gompertz, and Richard (further model information in Lomeli, 2019). The
Logit, Probit and Gompertz models are fully described by the parameters
L50 and selection range (SR). L50 is defined as the length (I) at which a
fish has a 50 % probability of being retained by the gear and the SR is the
difference in length between fish with 75 % and 25 % probabilities of
being retained. The Richard model requires the estimation of an addi-
tional parameter, the asymmetry parameter (D). In the present study, we
also tested these models. In addition, we considered for each of these
models a scenario where only a fraction (C) of the fish entering the
codend was subjected to a length-dependent probability of escape
through the meshes in the codend (Sistiaga et al., 2010): CLogit, CProbit,
CGompertz, and CRichard (see Cuende et al., 2020a for further infor-
mation on these models). These models were considered relevant
because it was hypothesized that the potential folding in the codend
netting created by shortening the lastridge ropes could be reflected in
the lack of contact with the codend meshes for a specific fraction of fish.
In these models, for example, if 80 % of the fish entering the codend
contact the codend meshes, C would acquire a value of 0.8, whereas if
only half of the fish entering the codend contacted the codend meshes, C
would be equal to 0.5. It could be expected that the higher the extent of
folding, the lower the escape chance for fish through the codend meshes,
which would be reflected in a lower value of C. Finally, a ninth model,
which in the literature is referred to as DLogit (Herrmann et al., 2016)
was also considered. The DLogit is able to describe a dual selection
process and assumes that a fraction of the fish entering the codend (C)
will be subjected to one logistic size selection process while the
remaining fraction (1.0 — C) will be subjected to a different logistic size
selection process. Thus, nine models were considered in total for r¢ogend
(l’ chdend):

Logit(l,L50, SR)
Probit(l,L50, SR)
Gomperiz(l,L50, SR)
Richard(l,L50, SR, D)
CLogit(1,C,L50, SR) eh)
CProbit(l, C, L50, SR)
CGompertz(l, C,L50, SR)
CRichard(l, C, L50, SR, D)
DLogit(l,C,L50;, SRy, L50,, SR,)

Feodend (11 vcodend) =

The ability of the different models to describe the data was evaluated
based on the p-value and residual inspection following Wileman et al.
(1996). Model selection for each of the codend configurations tested and
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species included was done based on AIC (Akaike, 1974). Thus, the model
with the lowest AIC value was chosen in each case to represent the data.

The Efron 95 % percentile confidence intervals (Cls; Efron, 1982) for
the model selected for each configuration and each species were esti-
mated by bootstrapping following the procedure described in Millar
(1993), which takes both within-haul and between-haul variation into
consideration. The bootstrap procedure applied was identical to that
applied in Sistiaga et al. (2021) and was based on 1000 bootstrap rep-
etitions. The analyses described in this subsection and all following
subsections were conducted using the software tool SELNET (Herrmann
et al., 2012).

2.3. Effect of shortening lastridge ropes

To estimate the potential differences in rcogend (I, Veodend) between the
different codend configurations tested and to measure the potential ef-
fect of shortening the lastridge ropes, Eq. (2) was applied:

Ar(Lvi,v2) = ri(l,v1) — r2(l,v2) (2)

The CIs for Ar(l,v;,v;) were obtained by creating a new bootstrap
population with 1000 repetitions from the bootstrap population results
obtained for ry(L,v;) and ry(l,v;). This procedure has been applied in
several studies to compare the size selectivity performance of two
different gears (e.g. Larsen et al., 2018; Cheng et al., 2019; Einarsson
et al., 2021; Petetta et al., 2021; Sistiaga et al., 2021).

2.4. Explanation of retention probability using fish morphology and
codend mesh geometry

We investigated whether the size selectivity curves obtained for cod,
haddock and redfish with each of the three codend configurations tested
in the sea trials could be replicated by simulation considering the
morphological characteristics of the different species and the charac-
teristics of the netting in the experimental codend. The simulations were
all conducted using the software FISHSELECT; a framework of methods,
tools and software developed to determine if a fish can penetrate a
certain mesh shape and size in fishing gear (Herrmann et al., 2009). The
morphological measurements used in the simulations were those pre-
sented in Sistiaga et al. (2011) for cod and haddock, and Herrmann et al.
(2012) for redfish. These simulations were conducted for diamond
meshes with a stretched mesh opening of 129 mm, which was the mean
mesh size for the experimental codend in the sea trials, with opening
angles (OAs) varying between 10° and 90° with intervals of 5°. The
objective with the different OAs was to determine the dependency of the
size selection curves established for each codend configuration on the
different mesh OAs. In addition to the meshes with different OAs, slack
meshes and semi-slack meshes (i.e. meshes can potentially be deformed
by the effort of the fish while trying to escape) with 25 %, 50 % and 75 %
“slackness” were considered as potential contributors. The semi-slack
meshes were obtained by linear interpolation between the 90° OA
mesh curve and the slack mesh curve. To account for the potential
variability in the codend mesh sizes and that fish in the catch accumu-
lation zone may have multiple escape attempts involving meshes of
different sizes (Herrmann, 2005a), diamond meshes of 133 mm mesh
size (mean mesh size + 2 times the standard deviation, which was
2.07 mm) were also considered in the simulations. The simulation pro-
cedure to determine the combinations of contributions needed from the
different meshes and OAs to reproduce the different experimental curves
obtained for the different cases in the study, was identical to the one
presented more in detail in Herrmann et al., (2013, 2016) or Cuende
et al. (2020b).

2.5. Exploitation pattern indicators

Exploitation pattern indicators provide a measure on how a partic-
ular gear configuration performs in a specific fishery situation. Unlike
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the size selectivity curves, indicators depend on the length structure of @

the population encountered by the gear at the time the trials were car- § 518 8 8 8 &8 &8 8 & 8
ried out. They enhance the understanding of the performance of the gear ‘E FRCH I T . 4 8 & 38 S &
configuration investigated and therefore, are often used in fishing gear g .

selectivity studies (Santos et al., 2016; Cheng et al., 2019; Kalogirou é Q L QS ® 5 g 3 & 9
et al., 2019; Melli et al., 2020; Cuende et al., 2022). =

In this study, we estimated three different exploitation pattern in- % g
dicators, nP" (percentage of individuals retained for individuals below ‘L’: g § & R & ~ 8 2 8 2
MLS), nP* (percentage of individuals retained for individuals above 2 ] 5 ¥ 2 & 8 8 &8 & &
MLS) and nDiscard (Discard ratio) (Eq. (3)), and their corresponding 95 %

% ClIs following the procedure described in Sistiaga et al. (2021). As in ’é = —_ — -
Sistiaga et al. (2021), the size selection curve estimated for each species E % § § § 5 § 5 §
and gear configuration was applied to the population for each species 2 é 080l ~YolaTolol
which was obtained by summing all fish in the cover and codend and in _‘g’ S 3838 2828383839
all hauls conducted during the trials independently for each species. i
«
WP~ = 100 x ZI<MLS{rcod€nd(lv vmdend) X nPop,} nP* % @ g
> rams{nPop,} 7 . 8 ~
T o 3 © 3
=100 x Sz {Teotend (1 Veodend) nPOp’}mDiscard g g s g [ b g |
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In Eq. (3), nPop; is the number of fish in length class (1) of the pop- E % g,
ulation entering the codend, i.e. the sum of the catches in the codend and ; N 3 E 2 §
codend cover. The indicators were estimated considering the current 8| 3 I 188 IR
MLS of 44, 40 and 32 cm for cod, haddock and redfish, respectively. g
However, it was of interest also to consider a more realistic fisheries f P R
scenario for the Barents Sea where fishermen are interested in the cap- S 8 8 8 &8 8 8 2
ture of cod and haddock well above their MLS due to economic reasons, E N lf,; ° ; o ; - ; - g - ; - ;

i.e., larger fish acquire a higher price per kilo. Therefore, indicators were E g TERS S5+ 25238 5

also estimated for a MLS of 50 cm for cod and 45 cm for haddock. All ks

exploitation pattern indicator estimations were carried out in SELNET -

(Herrmann et.al., 2012), with the 95 % ClIs estimated using the bootstrap E = g 5 8 8 @ ©

method described above. g S @ “ B Y o oS

3. Result 5|8 | $g8s §:3d9gsnas,
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During the experimental fishing trials, we conducted a total of 29 S _
hauls: nine with the 0 % SLR configuration, ten with the 15 % SLR § % e g
configuration and ten with the 30 % SLR configuration. In total, 7044 ; 8‘ E E
cod, 18,582 haddock and 3447 redfish were measured and included in = S l z
the size selectivity analyses (See Table S1 in the supplementary material g & b § = @
for further information on the hauls conducted during the experimental Ella ° ecer-
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The Probit (cod) and DLogit (haddock and redfish) were the most =@ © S 18 8 1B Y do6 X2
adequate models to fit the data when the codend lastridge ropes were 2
not shortened (0 % SLR configuration). For the rest of the cases except §
for the redfish with the 30 % SLR codend, models that considered a C g g g § @ § § @ § @
< 1.0 provided the best fit (Table 1). The fit statistics show that the £ 9:-‘" %I $ % @I ? %I <°|r %
models chosen represented the data well for all nine cases. The p-values gl s S 2 E 3 g R i 2 § 8 § 8 E 8 § 3 E
were > 0.05 in all cases meaning that the difference between the 5|3 LIRIHELE HeLILIE2Rgs
modelled selectivity curve and the obtained experimental retention rates E o o
could be coincidental (Table 1). A visual inspection of the model fit to E - s 5 % o ki 5 § T
the data also shows that the models follow the trend of the data well and g g E 3 é g 3 g g g E
that there are no patterns in the differences between the data and the &
curves (Fig. 3). 2 & & &

The estimated parameter values obtained for cod, haddock and ; ; R ; S 08y ; R
redfish showed that L50 in general increased when lastridge ropes were g o 2@A8F o ~B8Bo ~BIA
shortened, which is similar to the expected effect of by increasing the ; -
mesh size. This increase was significant for all three species when the - g ki E
configurations of 0 % and 30 % SLR were compared, but not when the % § § E E
0 % and 15 % SLR codends were compared. The pattern for the SR was &8
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experimental observations, the solid curves represent the models fitted to the data, and the dashed curves represent the 95 % CIs. The grey line represents the
population fished by the gear (codend -+ cover). The vertical black lines show the minimum legal size (MLS) for cod (44 cm), haddock (40 cm), and redfish (32 cm).

not as clear, and although the SR was largest for the 0 % SLR in every
case, the only significant difference observed was for cod between the

cases with 0 % and 30 % SLR codends (Table 1).

0 % vs 15% SLR

For five out of the six SLR cases, i.e. 15 % or 30 % and three species,
the estimated value for the contact parameter C were significantly lower

than 1.0, showing that in these cases a proportion of the fish in the
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figurations (left panel), the 0 % and 30 % (red) SLR configurations (middle panel), and 15 % and 30 % SLR configurations (right panel). Delta plots for each of the
comparisons are shown below. Dashed curves correspond to the 95 % ClIs in each case and the vertical line corresponds to the MLS for cod (44 cm).
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codend was not able to find meshes to attempt to escape. However, the
reduction was small in all five cases. This result could be a consequence
of folding in the codend. Further, for cod and haddock, C was slightly
reduced when the lastridge ropes were shortened from 15 % to 30 %,
which could indicate that the extent of folding in the codend may in-
crease when reducing the length of the lastridge ropes from 15 % to 30
%.

3.2. Effect of shortening lastridge ropes by 15 % and 30 %

3.2.1. Effect of shortening the lastridge ropes for size selectivity of cod

The comparison of the selection curves obtained with the three SLR
configurations tested showed a significant effect of shortening the las-
tridge ropes for the size selectivity of cod. A similar pattern was observed
in the delta plots for the three comparisons carried out (Fig. 4). How-
ever, the differences between the configurations became larger when the
lastridges were shortened to 30 %. Thus, the retention of cod over 44 cm
decreased significantly by shortening the lastridge ropes from 0 % to 30
% or from 15 % to 30 %, but not when they are shortened from 0 % to 15
% (Fig. 4). However, the retention of small cod also increased signifi-
cantly when the lastridge ropes were shortened, especially when the 0 %
and 30 % configurations were compared. The largest difference between
the configurations tested for cod was the significant reduction in
retention for sizes between ca. 45—55 cm when the lastridge ropes were
shortened from 15 % to 30 % (Fig. 4).

3.2.2. Effect of shortening the lastridge ropes for the size selectivity of
haddock

As for cod, the effect of shortening the lastridge ropes had significant
consequences for the size selectivity of haddock (Fig. 5). However, the
consequences of shortening the lastridge ropes from 0 % to 30 % were
different compared to reducing the lastridge ropes from 0 % to 15 %. The
retention of haddock between ca. 37—52 c¢m decreased significantly and
to a similar level by reducing the lastridge ropes by either 15 % or 30 %.
Considering that the MLS for haddock is 40 cm, the configuration with
15 % SLR offered a greater reduction of haddock below the MLS, and a
reduced loss of individuals over the MLS (Fig. 5).

0% vs 15% SLR

Retention prbability

Haddock

Delta

0% vs 30 SLR
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3.2.3. Effect of shortening the lastridge ropes for the size selectivity of
redfish

For redfish, the effect of shortening the codend lastridge ropes was
not analogous to those obtained for cod or haddock (Fig. 6). The pattern
observed in the delta plots was similar for the comparison between the
0 % and 15 % SLR configurations and the 0 % and 30 % SLR configu-
rations. The retention of redfish <MLS was generally slightly higher and
retention of redfish >MLS was lower for the codend configurations with
SLR. However, significant differences between the configurations tested
were only found for a few length classes between ca. 35—38 cm when
the 0 % and 30 % SLR configurations were compared (Fig. 6).

3.3. Simulation of size selectivity and contribution of different mesh OAs

The results from the simulations carried out for cod, haddock and
redfish and the 0 %, 15 % and 30 % SLR configurations tested during the
trials showed that the selectivity curves fitted to the experimental data
can be well explained by combining contributions from meshes with
129 mm and 133 mm mesh size with different OAs in addition to slack
and semi-slack meshes. The selectivity curves obtained by simulation
(green curves in Fig. 7) in all nine codend configurations investigated
were well within the CIs of the selectivity curves modelled based on the
experimental data (Fig. 7).

3.3.1. Simulation of cod size selectivity results

The results for cod showed that in general, the contribution of
meshes with a larger OA and semi-slack meshes for escape became more
important when the length of the lastridge ropes was reduced from 0 %
or 15-30 % (Fig. 7 and Table 2). This indicated that shortening the
lastridge ropes to 30 % for cod not only increased the availability of
more open and semi-slack meshes, but also that cod actually used them
for escape. The availability of more open meshes with the lastridge rope
length reduction was also reflected in Fig. 7, where the selectivity curve
for the 15 % SLR codend, and specially the 30 % SLR codend, got closer
to the simulation curve obtained with 80° OA meshes.

3.3.2. Simulation of haddock size selectivity results

For haddock, meshes with OAs between 35° and 55° contributed
towards an explanation of the selectivity curves. This implies that this

15 % vs 30% SLR

Length (cm)

Fig. 5. Comparison of different SLR configurations on the size selection of haddock. Top row: individual comparisons of the 0 % (black) and 15 % (orange) SLR
configurations (left panel), the 0 % and 30 % (red) SLR configurations (middle panel), and 15 % and 30 % SLR configurations (right panel). Delta plots for each of the
comparisons are shown below. Dashed curves correspond to the 95 % ClIs in each case and the vertical line corresponds to the MLS for haddock (40 cm).
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15 % vs 30% SLR
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Fig. 6. Comparison of different SLR configurations on the size selection of redfish. Top row: individual comparisons of the 0 % (black) and 15 % (orange) SLR
configurations (left panel), the 0 % and 30 % (red) SLR configurations (middle panel), and 15 % and 30 % SLR configurations (right panel). Delta plots for each of the
comparisons are shown below. Dashed curves correspond to the 95 % Cis in each case and the vertical line corresponds to the MLS for redfish (32 cm).

Haddock
Retention probability

Redfish

=

0 % SLR 15 % SLR 30 % SLR
80 90 100 10 20 30 40 50 60 70 8 90 100 80 90 100
10 el1o
0.9 0.9
0.8 - 0.8 -
0.7 0.7
0.6 0.6 -
05 20° Slack 05 Slack Slack
0.4 04 -
0.3 0.3
0.2 0.2
0.1 0.1 -
0.0 0.0 |
10 20 60 70 80 70 80 70 80
h) i
1.0 1.0 =
09 - 09 -
0.8 0.8
0.7 - 0.7 -
0.6 0.6
05 . 05
0.4 0.4
0.3 0.3
0.2 - 0.2 -
0.1 0.1
0.0 = T 0.0 |
10 20 30 40 50 60 70 10 20 30 40 50 60 70 60 70

Length (cm)

Fig. 7. The plots show the experimental (black) and simulated (green) size-selection curves for cod (top), haddock (middle) and redfish (below) with the three
codend configurations tested during the trials: 0 % SLR (left), 15 % SLR (middle) and 30 % SLR (right). Dashed curves represent the 95 % CIs. As reference, simulated
size selection curves for 129 mm diamond meshes with 20°, 50° and 80° OAs are provided in blue whereas equivalent curves for 133 mm diamond meshes are
provided in red. Additionally, a curve for the selectivity of a 133 mm slack mesh is also provided in each case. Vertical lines in each plot show the MLS for cod
(44 cm), haddock (40 cm), and redfish (32 cm).
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Table 2
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Estimated potential contribution of different mesh sizes and opening angles (OA) to explain the experimental size selection curves for cod, haddock and redfish, and the
three codend configurations tested. The potential contribution to escape of mesh sizes of 129 mm and 133 mm with different OAs (range: 10 — 90°), semi-slack and

slack meshes is provided in %. Contributions < 1 % are omitted from the table.

Cod Haddock Redfish

Mesh size OA 0% 15 % 30 % 0% 15 % 30 % 0% 15 % 30 %

No contact - 2.89 7.13 - 1.10 3.10 - 1.24 5.45
129 mm 10° - - - - - - - - -
129 mm 15° — — — - — — — - -
129 mm 20° - - - - - - - 1.30 -
129 mm 25° — - - - - - - 1.84 1.39
129 mm 30° — — — - - — 2.99 - -
129 mm 35° 4.05 — — 7.33 1.80 2.47 — - -
129 mm 40° 3.90 1.37 - 24.57 4.48 2.30 - - -
129 mm 45° 5.07 4.42 - - 7.17 - - - -
129 mm 50° 4.44 5.39 — 7.67 9.87 6.94 — - -
129 mm 55° - 2.80 - 6.91 9.88 12.16 - - -
129 mm 60° - - - - 7.90 2.09 - 1.11 -
129 mm 65° - 3.16 — - - — — - -
129 mm 70° - 3.54 1.50 - - - - 1.19 -
129 mm 75° 6.06 5.10 3.42 - - - - - -
129 mm 80° 6.33 5.39 5.86 1.52 1.49 - - - -
129 mm 85° 2.66 4.88 2.84 - - - - - -
129 mm 90° - 4.76 0.43 - 2.98 1.61 - - -
129 mm Semi-slack 25 % 5.55 2.23 8.17 — — — 11.68 9.39 11.83
129 mm Semi-slack 50 % - - - - 1.03 - - 2.38 4.76
129 mm Semi-slack 75 % - - - - - - 9.41 14.46 9.84
129 mm Slack — - - - - - 12.50 15.22 14.72
133 mm 10° — — — — — — — — —
133 mm 15° - - - - - - - - -
133 mm 20° — — — — — — — - -
133 mm 25° — — — — — — — — —
133 mm 30° - - - - - - - - -
133 mm 35° 1.65 1.07 - 22.36 - 2.06 - - -
133 mm 40° 5.87 3.07 — 12.25 3.24 1.13 — — —
133 mm 45° 6.00 4.91 2.00 - 5.42 1.73 - — -
133 mm 50° 6.74 5.39 1.83 1.44 9.55 8.46 - - -
133 mm 55° - 1.27 - 3.70 5.31 1.97 - - -
133 mm 60° — 2.48 1.11 — - — 4.94 3.75 2.40
133 mm 65° 4.06 5.15 3.37 - - - 8.81 5.29 3.46
133 mm 70° 6.92 5.39 9.00 - 6.77 15.08 6.96 - -
133 mm 75° 7.16 5.39 8.96 1.42 8.66 16.39 5.27 - -
133 mm 80° 5.46 5.36 13.50 7.82 7.75 16.39 4.64 - -
133 mm 85° 3.39 3.73 8.69 - - 3.31 2.90 - -
133 mm 90° 5.46 5.38 8.68 - - - 2.03 - -
133 mm Semi-slack 25 % 5.19 1.28 11.21 - - — — 7.91 6.19
133 mm Semi-slack 50 % - - - - - - - 4.96 3.38
133 mm Semi-slack 75 % - - - - - - 11.98 11.82 15.61
133 mm Slack 2.972 1.516 — - - — 12.515 15.574 15.609

species can potentially use meshes with a lower OA than cod to escape
from the codend. In addition, the relevance of OAs between 70—80°
increased when the lastridge ropes were shortened from 0 % to 15 % and
further to 30 %. There was no contribution of slack or semi-slack meshes
to the simulated curves for any of the three codend configurations
(Table 2).

3.3.3. Simulation of redfish size selectivity results

The results for redfish showed that slack and semi-slack meshes play
an important role for the size selection of this species, independent of the
degree of SLR used. This means that redfish potentially have a greater
ability to use this type of mesh when available than cod and haddock.
Further, the results obtained indicate that the potential availability and
use of slack meshes was largest when the configurations with SLR were
used (Table 2). This result is illustrated by plots g—i in Fig. 7 which show
that for all three SLR configurations tested the size selection curves for
redfish lay between the 80° OA curves and the curve representing the
selectivity with 133 mm slack meshes.

3.4. Exploitation pattern indicators for the codends with 0 %, 15 % and
30 % SLR

Most cod captured during the trials ranged from 40 cm to 90 cm in
length and the fraction of fish under the MLS that entered the gear was
small compared to the fraction of cod over the MLS. As for cod, the
number of haddock over the MLS in the fishing area greatly exceeded the
number of haddock under the MLS. Although for haddock there was a
noticeable representation of fish between 10 cm and 20 cm. Further,
most haddock in the fishing area ranged from 40 cm and 60 cm in
length. Contrary to cod and haddock, the population of redfish
encountered during the fishing trials was dominated by fish under the
MLS with high abundances between 15 cm and 25 cm (Fig. 8).

3.4.1. Exploitation pattern indicators for cod

The exploitation pattern indicators for cod showed that considering
the MLS of 44 cm as in the fishery today, the only noteworthy difference
obtained between the codends tested was that the 30 % SLR codend had
a significantly lower probability for retention of fish over the MLS
compared to the other two codend configurations tested. Else, the
discard ratio for all three configurations was < 1 %, which is substan-
tially lower than the 15 % limit established in the fishery today. An
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Fig. 8. Normalized populations of cod, haddock, and redfish that entered the
experimental trawl during the trials. The black dashed lines show the 95 %
confidence intervals for the variation in the populations encountered, and the
vertical line in each plot represents the MLS for the species i.e. cod (44 cm),
haddock (40 cm), and redfish (32 cm).

increase of the minimum size of cod from 44 to 50 cm, resulted in a
higher discard ratio for all three codend configurations, although this
increase was not significant for the 30 % SLR codend. Nevertheless, the
discard ratio was well below the 15 % limit in every case. It is also
noteworthy that the probability of capturing fish above 50 cm decreased
significantly from the 15 % to the 30 % SLR configuration, while the
probability of capturing fish below 50 cm decreased but the difference
was not significant (Table 3).

3.4.2. Exploitation pattern indicators for haddock

Shortening the length of the lastridge ropes resulted in a significant
reduction in the probability of capturing haddock above the MLS of
40 cm without significantly reducing the probability of capturing fish
below the MLS. The discard ratio, which was lowest for the 15 % SLR
configuration, did not differ significantly between the configurations
and was < 1.30 % in all cases (Table 3). An increase of the minimum size
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Table 3

Exploitation pattern indicators for cod, haddock and redfish with the 0 %, 15 %
and 30 % SLR codend configurations tested during the trials. In addition to
values based on the current legal MLS of 44 cm for cod, 40 cm for haddock and
32 cm for redfish, indicator values based on minimum sizes of 50 and 45 cm for
respectively cod and haddock are also provided. Values in brackets represent 95

% Cls.

0 % SLR 15 % SLR 30 % SLR
Cod npP” 3.88 (2.29-6.38) 4.64 (1.94-9.53) 6.56
44 cm (2.17-12.48)
nP* 91.04 92.35 85.86
44 cm (89.23-92.74) (90.29-94.22) (82.34-89.17)
nDiscard 0.49 (0.28-0.70) 0.58 (0.24-1.18) 0.88 (0.30-1.64)
nP 20.42 19.37 11.12
50 cm (15.90-25.77) (14.00-26.99) (4.96-18.08)
np* 94.62 96.35 (95.03 91.27
50 cm (93.34-95.85) 97.24) (88.59-93.87)
nDiscard 4.24 (3.47-5.24) 3.96 (2.93-5.38) 2.44 (1.09-3.95)
Haddock npP 5.04 (3.22-8.00) 2.25 (1.19-4.03) 4.10 (1.89-6.96)
40 cm
nP* 92.88 80.06 71.84
40 cm (91.63-94.11) (74.18-84.63) (67.50-76.56)
nDiscard 1.05 (0.80-1.47) 0.55 (0.28-1.00) 1.11 (0.53-2.21)
nP 38.47 21.41 16.43
45 cm (29.82-48.36) (15.18-28.95) (11.80-22.72)
np* 96.56 88.03 80.75
45 cm (95.20-97.67) (83.30-91.43) (76.88-84.68)
nDiscard 15.25 9.89 8.41
(14.19-16.46) (7.87-11.79) (6.60-10.46)
Redfish npP’ 2.08 (0.44-5.44) 4.47 (2.24-8.52) 6.33
32 cm (1.72-12.36)
np* 61.44 54.95 54.81
32 cm (55.29-67.35) (46.63-65.49) (49.07-60.84)
nDiscard 5.89 13.10 17.62
(1.53-16.41) (5.21-25.98) (5.98-36.24)

for haddock from 40 cm to 45 cm resulted in a substantial increase of the
discard ratio for all three configurations, especially for the 0 % SLR
configuration. The discard ratio for this configuration increased from
1.05 % to 15.25 % and was significantly higher than the value for the 15
% SLR configuration (Table 3). The probability of capturing haddock
< 45 cm decreased significantly when the lastridge ropes were short-
ened by both 15 % and 30 %. This was also the case for haddock
> 45 cm, which was reduced from 96.56 % with the 0 % SLR configu-
ration to 88.03 % and 80.95 % with the 15 % and 30 % SLR configu-
rations, respectively (Table 3).

3.4.3. Exploitation pattern indicators for redfish

The results for redfish were less clear than for cod and haddock.
There was an increase in the probability of redfish below MLS and a
decrease in the probability to catch fish above MLS when the lastridge
ropes were shortened from 0 % to either 15 % or 30 %. This resulted in
an increase of the discard ratio from 4.59 % with the 0 % SLR config-
uration to 13.10 % for the 15 % SLR configuration and further to 17.62
% for the 30 % SLR configuration. However, none of these differences
between the different configurations for any of the indicators calculated
here were significant (Table 3).

4. Discussion

The results of the present study demonstrate that the size selectivity
properties of diamond mesh codends change when the lastridge ropes
are shortened, which is well in agreement with the results reported by
previous studies (Isaksen and Valdemarsen, 1990; Lok et al., 1997;
Ingolfsson and Brinkhof, 2020; Sistiaga et al., 2021). However, they also
show that the effect of shortening the lastridge ropes to different levels
does not affect the size selectivity for the investigated species to the
same extent.

For cod, shortening the lastridge ropes by 15 % did not result in a
significant difference in size selectivity, and it was first when the length
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of the lastridge ropes were shortened by 30 % that the release of cod
around the MLS was increased significantly compared to 0 % SLR. This
result partially agrees with Sistiaga et al. (2021), who reported
non-significant differences in the selectivity of a codend with 128 mm
mesh size and with 0 % and 15 % SLR configurations. However, in the
same study significant differences were found for a codend with 137 mm
diamond meshes in the same two configurations. Contrary to cod, the
results for haddock show that shortening the lastridge ropes from 0 % to
15 % increases the release of fish above ca. 35 cm significantly and that
reducing the length of the lastridge ropes further to 30 % has little
additional effect. Unlike for cod and haddock, shortening the lastridge
ropes by 15 % or 30 % had a more limited effect on the size selectivity of
redfish. Only the release of a few length classes between 35 cm and
40 cm increased significantly as a result of shortening the lastridge
ropes. While the results presented for haddock were in line with those
presented in Sistiaga et al. (2021), the results for redfish differ sub-
stantially as they reported significant differences in the size selection
properties of redfish with 0 % and 15 % SLR codend configurations.
When comparing the results between the present study and Sistiaga et al.
(2021), it needs to be considered that while the codend in the latter was
constructed with two panels, the codend in the present study was con-
structed with four panels. This could potentially influence the effect of
shortening the lastridge ropes in the codend netting panels as the effect
of SLRs may be better transferred to the netting panels in the codend
when four lastridge ropes are applied instead of two.

An important result of the size selectivity analysis, which can be
observed for the three species studied here, is that shortening codend
lastridge ropes can increase the retention of fish under MLS, especially
the smallest sizes. This result is reflected by the models that provided the
best fit to the data in the different cases. In all configurations with SLR
except for the redfish with 30 % SLR configuration, the models that
fitted the data best were models with the contact parameter C, i.e. where
not all the fish entering the codend contact the meshes in the codend. We
attribute this lack of contact to potential folding in the codend, which
can occur due to shortening the lastridge ropes. It is likely that the more
the lastridge ropes are shortened, the larger the potential folding in the
codend netting and, consequently, the lower the available surface for
size selection in the codend. This finally results in lower contact and
higher retention of all sizes of fish.

The simulations show that the selectivity curves estimated for cod,
haddock and redfish and the three codend configurations tested can be
explained successfully with potential contributions of meshes with
different OAs and slack and semi-slack meshes in the codend. There are,
however, substantial differences between cod, haddock and redfish.
While haddock potentially use meshes with smaller OAs to escape the
codend, cod possibly need larger OAs to escape and most redfish prob-
ably escape through slack or semi-slack meshes. These results are well in
line with those obtained by Sistiaga et al. (2021), where redfish were
also found to potentially use slack meshes to escape in codends with
shortened lastridge ropes. Although redfish have been reported to
strongly squeeze through the codend meshes (Isaksen and Valdemarsen,
1986), the authors could not find an explanation for how redfish can
squeeze themselves through relatively stiff codend meshes. However,
the findings in the present study corroborate the results in Sistiaga et al.
(2021).

Unlike size selection curves, exploitation pattern indicators depend
on the given size structure of a population. To obtain realistic indicators,
we used the fish population size structure in the fishing area at the time
the sea trials were carried out. The results obtained for the different
indicators calculated in this study show that the 15 % SLR configuration
provides results that may be beneficial for the management of the
Barents Sea gadoid bottom trawl fishery and other fisheries involving
the three species included in the present study. However, the use of the
30 % SLR configuration adds drawbacks such as lower retention of fish
above the MLS (nP") combined in several cases with higher retention of
fish below the MLS (nP’), which makes this configuration less
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recommendable. Thus, the present study suggests that although there
can be benefits of reducing lastridge ropes up to as much as 30 % in, for
example, the selectivity of cod, the increase in the retention of under-
sized fish, presumably resulting from folding in the codend netting,
suggests that reducing the length of the lastridge ropes more than 15 %
is not necessary or recommendable.

In fisheries management, size selection devices that offer knife-edged
shape selection curves are sought because they would allow maximizing
the yield of fish above MLS and minimizing the catch of fish below MLS.
A comparison of the SR obtained for the codend tested here and the SR
values obtained for grid and codend systems used in the Barents Sea
(Sistiaga et al., 2010; Brinkhof et al., 2020), suggests that SLR codends
can provide a selection curve as sharp as those obtained by the combined
grid and codend systems, but not sharper. Further, the SR values ob-
tained for cod, 6.37 cm and 5.92 c¢m for the 15 % and 30 % SLR codends
respectively, are far from the potential that diamond meshes have.
Specifically, according to Herrmann et al. (2009) and simulations con-
ducted using FISHSELECT with cod from Skagerrak for diamond meshes
with 113 mm mesh size, the use of diamond meshes would result in
SRs < 2 cm conditioned optimal contact of the fish with the meshes.
Therefore, despite the potential of SLR codends to deliver as sharp se-
lection curves as combined grid and codend systems, there is still a
substantial margin for improvement regarding the performance of dia-
mond mesh codends. A recent study has demonstrated that codends with
fixed mesh shapes have more well-defined size selection properties
(Bak-Jensen et al., 2022) and the potential to deliver selectivity curves
closer to a knife-edge curve. In general, it can be complex to apply rigid
or semi-rigid structures to codends in trawl fisheries, especially fisheries
where the catches can reach several tons per haul. However, if the
insertion of such structures is feasible, the potential size selection ben-
efits of fixed mesh shapes may be worth exploring in the Barents Sea
gadoid fishery and other similar demersal trawl fisheries.
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