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Abstract

In most trawl fisheries, drag forces tend to close the meshes in large areas of diamond mesh codends, negatively
affecting their selective potential. In the Barents Sea deep-water shrimp (Pandalus borealis) trawl fishery,
selectivity is based on a sorting grid followed by a diamond mesh codend. However, the retention of juvenile
fish as well as undersized shrimp is still a problem. In this study, we estimated the effect of applying different
codend modifications, each aimed at affecting codend mesh openness and thereby selectivity. Changing from a
4-panel to a 2-panel construction of the codend did not affect size selectivity. Shortening the lastridge ropes of a
4-panel codend by 20% resulted in minor reductions for juvenile fish bycatch, but a 45% reduction of
undersized shrimp was observed. Target-size catches of shrimp were nearly unaffected. When the codend mesh
circumference was reduced while simultaneously shortening the lastridge ropes, the effect on catch efficiency
for shrimp or juvenile fish bycatch was marginal compared to a 4-panel codend design with shortened lastridge

ropes.

Keywords: Lastridge ropes, codend circumference, bottom trawl, selectivity, deep-water shrimp, bycatch

reduction

1. Introduction

Various bycatch reduction measures are implemented in shrimp trawl fisheries globally, to restrict the bycatch
of non-target species as well as undersized target species (Broadhurst and Kennelly 1995, Eayrs 2007). These
include square mesh panels, sorting grids and trawl construction modifications (Isaksen et al. 1992; Broadhurst
and Kennelly 1995; Hannah and Jones 2007, Ingdlfsson and Jergensen 2020). In the Barents Sea deep-water
shrimp fishery (Pandalus borealis) the Nordmore sorting grid, was developed in the early 1990’s and mitigated
the bycatch issues in the fishery (Isaksen et al. 1992; Grimaldo and Larsen 2005; Larsen et al. 2018a). The
current regulation enforces the use of the Nordmoére grid with 19 mm bar spacing in combination with a 35 mm
diamond mesh codend (Isaksen et al. 1992; Larsen et al. 2017). Even though the grid eliminates practically all
medium and large sizes of fish that do not fit between the bar spacings, it fails to sort out most of the undersized
shrimp (minimum legal size (MS) = 15 mm carapace length) and fish of the smallest length classes. Many
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undersized shrimp and small fish pass through the grid's 19 mm bar spacings together with the shrimp and then
enter the diamond mesh codend. Large proportions of these individuals remain retained due to the small codend
mesh size and the narrow opening angle that diamond mesh netting often exhibits in the codend (Grimaldo and
Larsen 2005; Krag et al. 2014). As a result, the selectivity of these types of dual selection systems exhibits a
bell-shaped curve (Larsen et al. 2019), whereby very small and large fish have a low retention probability, and
fish of intermediate size exhibit a higher retention probability for a certain size range. In the Barents Sea, a
fishing area is closed if the bycatch per 10 kg of shrimp is observed to exceed a certain number (Norwegian
Directorate of Fisheries 2018). Additionally, in the fishing zone surrounding Svalbard, the catch cannot contain
more than 10% by weight of deep-water shrimp below the MS (Norwegian Directorate of Fisheries 2018;
Larsen et al, 2018b). When a fishing area is closed, this often adds to fuel costs and loss of revenue for the
fishermen as they must move to different fishing areas. Excessive retention of non-regulated bycatch species
such as American plaice (Hippoglossoides platessoides) and polar cod (Boreogadus saida), which can occur in

large numbers, can greatly reduce the sorting efficiency of the catch onboard.

Previous studies have shown that to obtain an effective mesh size selection in the codend, sections of netting
with a high degree of mesh openness are necessary (Herrmann 2005a; Sala et al. 2008; Sala and Lucchetti
2011). This can affect species that have more reduced swimming abilities, such as shrimp and juvenile fish,
which will likely struggle if available escape openings are limited. For Norway lobster (Nephrops norvegicus),
uniformity in mesh geometry is important, as selection in the trawl takes place along the entire length of the
codend (Frandsen et al. 2010). Thus, we hypothesized that applying measures to increase mesh openness in the
entire codend, would improve the size selection of shrimp below the MS and juvenile fish in the Barents Sea
shrimp trawl fishery.

While fishing, the drag forces acting on the codend are transmitted along the mesh bars and the meshes become
stretched longitudinally as a result. Therefore, the meshes become more closed, possessing a reduced opening
angle and consequently a more limited size selectivity (Herrmann et al. 2007). In recent years, numerous

attempts to address these problems have been carried out. For instance, by adjusting the codend configuration

3

© The Author(s) or their Institution(s)



. ~ N (@)
ersion of recoid.

|

E IVERSI TET0n 10/05/21
%<n. I%J%ay differ from the%%al official v

KTI
posit

S
c

- pr%%b b%)p%/ihj r% yn%%Ee

cdn;
SCr

2,

fro
m.

B

nlo

R N L, i, Do

Nel

\O
For personéf use only. T

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript) Page 4 of 34

or the orientation of the meshes by turning them 90° with respect to the direction of towing (T90) (Einarsson et
al. 2020). The results of these experiments however showed unfavourable losses for the target sizes of shrimp.
In the Barents Sea, 4-panel grid sections and codends have been tested in different fisheries, and the results
have shown that the gears that were constructed with four panels maintained a more stable shape while fishing
(Grimaldo et al. 2015; Sistiaga et al. 2016; Larsen et al, 2018b). It is likely that due to the forces in the codend
that are distributed over four selvedges instead of two, the netting in the former is less exposed to longitudinal
forces that contribute to mesh closure. Thus, a codend built using four panels could have larger areas with
greater mesh openness and therefore better size selective properties than 2-panel codends, which are still most
widespread among the fleet. Another codend modification that can reduce the stretch in the codend meshes and
consequently increase mesh openness while fishing is to shorten the lastridge ropes. When shortening the
lastridge ropes, the load created by the catch is carried by the lastridge ropes and not along the mesh bars,
avoiding the closure of the meshes in the codend (Isaksen and Valdemarsen 1990; Ingo6lfsson and Brinkhof
2020). Several studies have also shown that a higher opening angle of the diamond meshes can also be achieved
by reducing the number of meshes in the circumference of the net (Sala and Lucchetti 2011; Sala et al. 2016;
Herrmann et al. 2007). This is due to simple geometrical factors whereby the meshes become more stretched in
the transversal direction while fishing when the mesh circumference number is reduced.
The present study was designed to investigate the performance of three codend modifications with respect to
deep-water shrimp catch and bycatch of juvenile fish in the deep-water shrimp fishery. Using a 4-panel codend
construction as the baseline, we tested a 2-panel codend, a 4-panel codend with shortened lastridges, and a 4-
panel codend with shortened lastridges as well as reduced circumference. Specifically, our experiment was
designed to answer the following research questions:

o How does the 2-panel diamond mesh codend construction used by the fleet perform compared to a 4-

panel diamond mesh codend regarding shrimp catches and bycatch of juvenile fish?
o Can shortening the lastridge ropes by 20% reduce the bycatch of juvenile fish in a 4-panel diamond

mesh construction?
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o Does reducing the number of meshes in the codend circumference additionally contribute to reducing

zg the bycatch of juveniles in a 4-panel diamond mesh codend with shortened lastridges?

4

5

&

D

)

% 2. Materials and methods

2.1. The fishing area, vessel and trawls

Fier frorm THe hinal Sfici

The sea trials were conducted in the deep-water shrimp fishing grounds of "Isfjorden" (Spitsbergen, Norway)

between 78°12 N-78°27 N and 14°45 E-16°18 E and at depths that varied between 138 and 269 m (Table 1).

K
ion

The commercial shrimp trawler M/tr “Arctic Viking” was used (58 m overall length, 4600 HP and 1720 gross
tonnage) in the period between the 24t and the 29 of October 2019. The trawler was rigged with a double

trawl configuration using two identical Vonin four panel shrimp trawls with a 108 m fishing circle (2700

g S8 g mpon

meshes in circumference, calculated in 40 mm mesh size). The trawl was 60 m long from the centre of the

copy

fishing line to the posterior part of the trawl belly, ending with 502 meshes in circumference. The bottom panels

ub
to

rid

and most of the trawl belly were constructed with 50 mm meshes. The side panels had 40 and 50 mm meshes.

The top panels had 100 mm meshes in the 6 m long roof section, and otherwise 50 mm meshes. The trawls had

C
U

SR

a 68 m long fishing line, a 61 m long headline and a 58 m long rock hopper ground gear which was composed

ed fom

&

of approximately 53 cm rubber discs. Sea hunter trawl doors (Sp/f Rock Trawl-doors, FO-900 Vagur, Faroe
Islands), each weighing 6 tonnes with a size of 13.2 m?, and a central roller clump (weighing approximately 7

tonnes) were used. These were attached to the trawl by 30 m long sweeps. Sorting grids were mounted between

~AQqu
-N‘fﬁarcllu

the trawl belly and the extension piece (10 m length of 50 mm mesh size) in front of the codend in each of the

trawls. The grids used followed the requirements set by the Norwegian authorities (Norwegian Directorate of

C
hi

Fisheries 2020), with outer dimensions of 170 x 240 cm and with rectangular bars (1 cm wide and 2 cm deep)
and 19 mm bar spacings. The frame of the grid was made of nylon while the bars were a combination of plastic
and fiberglass. The four different codend designs used were constructed with a combination of twisted nylon
(PA) (2xNo. 20 (~1.6 mm)) and braided polyethylene (PE) (1x1.8 mm) twine. The codends were about 17 m
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long (2-panel codend: 17.1 m, 4-panel codend: 17.5 m) not accounting for shortening of lastridge ropes as was
done in the second and third experiments, with the foremost part of tapered cut. The mesh sizes of the codends

were measured using an OMEGA mesh measuring gauge while the nets were wet (Fonteyne 2005).

The sea trials were carried out using the following four codend designs: a) a 2-panel diamond mesh codend
(mean + SD mesh size, 35.0 + 0.82 mm), with 250 meshes in circumference b) a 4-panel diamond mesh codend
(mean + SD mesh size, 33.6 = 1.1 mm) with 250 meshes in circumference (top and bottom panels 75 meshes in
width, side panels 50 meshes, Fig. 1), which was used as the baseline; c) a 4-panel codend identical to the
baseline (mean + SD mesh size, 33.3 1.2 mm) but with lastridge ropes shortened by 20% (Fig. 1); d) a 4-
panel codend identical in design to codend (c) but with a reduced codend circumference from 250 to 200

meshes (all panels 50 meshes in width), keeping the 20% lastridge shortening (Fig. 1).

2.2.  Experimental design and data collection

Catch data were collected using a double trawl configuration for three series of experiments:

e Series 1 compared the effect on shrimp and bycatch retention between the 4-panel codend (baseline) (b) and
the 2-panel codend (test) (a).

e Series 2 tested the effect of the 4-panel codend with 20% shortened lastridge ropes (test) (c) against the 4-
panel codend (baseline) (b).

e Series 3 tested the combined effect of a 4-panel codend with a 20% reduction of the codend circumference

combined with 20% shortened lastridge ropes (test) (d) against the 4-panel codend (baseline) (b).

Fig. 1. Schematic view of the sorting grid and the experimental codend designs.

The trawls were switched between the port and the starboard side of the vessel halfway through each series to
account for variation that may have occurred as a result of this variable. Once each trawl was hauled on deck,

the catch of each codend was emptied separately so that no mixing could occur between the two. The bycatch
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species': American plaice, and polar cod, were then sorted from the shrimp catch for each codend. The total
weight for each species was taken and measurements of all bycatch individuals were made to the nearest half
centimetre below (e.g., 10.0-10.49=10.0 cm, 10.50-10.99=10.5 cm). Randomly selected subsamples were taken
for bycatch species when time constraints or conditions at sea did not allow for the total catch to be measured.
A randomly selected subsample of approximately 1.5-2 kg was taken for length measuring from the total
shrimp catch in each successful haul. The carapace length of each shrimp in the subsample was measured using

calipers, measuring to the nearest half millimetre below (e.g., 20.00-20.49=20.00 mm, 20.50-20.99=20.50 mm).
2.3.  Catch comparison and catch ratio analysis

Using the catch data from the sea trials, we conducted length-dependent catch comparison and catch ratio analyses
(Herrmann et al. 2017; Sistiaga et al. 2015). The purpose of the analysis is to obtain a practical estimate for the
relative change in size dependent capture efficiency from the baseline gear to each of the treatment gears for each
of the species investigated. The analysis was carried out independently for each species following the description

below.

To assess the relative length-dependent catch comparison rate (CC)) of changing from the baseline to the test
gear, we used Eq. 1:
ntl-
(i)

Zh {nblj + nrlj]
=1 qu qtl-

CC = (1)

where nb;; and nt;; are the number 7 of individuals of the species investigated caught per length class / for the
baseline (b) and test (f) gear, respectively, in pair j of the fishing hauls with the specific baseline and test gear.
Terms gb; and qt; are the subsampling ratios to account for that not all of the catch was length measured in the

test or baseline codend in paired haul ;. In Eq. 1, 4 is the number of paired hauls.

The experimental CC; in (1) was modeled by the function CC(l,v):

7
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exp([f(Lvo,...v)])

168 CCY) = T3 exp [t -] @)
B
Q
168 In Eq. 2, fis a polynomial of order k with coefficients v)-v;. The values of the parameters v describing CC(1,v)
ks
17(§ are estimated by minimizing the following expression:
2
E h nty; nblj
7 —¥'_ S X In([cCm]) + oy x In([10 — CCLw)D} (3
23
I&%  Minimizing expression (3) is equivalent to maximizing the likelihood for the observed data based on a maximum

o th

likelihood formulation for binominal data. Expression (3) is similar in structure to the SELECT model (Millar,

RSIT
fer f

1992) for data pooled over hauls which is often applied in the analysis of fishing gear size selectivity (Wileman

et al., 1996). The estimation is assuming the raised catches are binomially distributed and ignores between-haul

e oy

GESARKT:
o)

variation in the estimation. When the catch efficiency of the two trawls is equal, the catch comparison rate

mpo

becomes 0.5. A catch comparison rate below 0.5 implies that there are fewer shrimp or fish of length class /

age C

caught in the test gear compared to the baseline gear, and vice versa for a catch comparison rate above 0.5.

MR

T
g

Based on experience from prior studies (Krag et al. 2015; Santos et al. 2016), we considered f of up to an order

C C@ gc)zl/itl

cepub.c
or to co

of 4 with parameters vy, v;, v,, v;, and v,. Considering lower order models as well by leaving out one or more of

iencean
tan

L

the parameters vy...v,, at a time resulted in four additional candidate models (intercept only model, a linear model,

a quadratic and a cubic) for the catch comparison function CC(l,v). Among these models, the catch comparison

nlg ed%%ucs%r%

rate was estimated using multi-model inference to obtain a combined model (Burnham and Anderson 2002;

L

Herrmann et al. 2017). Specifically, these models are averaged using Akaike weights as described by Herrmann

.

et al. (2017). The obtained weights are ad-hoc because subsampling and between-haul variation are ignored in

.

At

the estimation based on minimizing expression (3).

sh

an. ki
%isJu&’-lN

e

Lt

To provide a direct relative value of the catch efficiency between fishing the test and the baseline gear we used

Ll
el

catch ratio CR(1,v), which relates to CC(l,v) by the following equation:

cc(lv)
CR(LY) = @=cecan) @

©
For personal useonly.

L
O

Thus, if the catch efficiency of both gears is equal, CR(/,v) will be 1.0.
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We used a double bootstrapping method to estimate the 95% confidence intervals (CI) for CC(l,v) and CR(l,v).
Specifically, the procedure applied here accounts for uncertainty due to between tow variation by selecting 4
paired tows with replacement from the / paired tows available during each bootstrap repetition. Within each
resampled tow, the data for each length class was resampled in an inner bootstrap to account for the uncertainty
in the tow due to a finite number of shrimp or fish being caught and length measured in the paired tow. The
inner resampling of the data in each length class was performed prior to the raising of the data with
subsampling factors gb; and gt to account for the additional uncertainty due to the subsampling (Eigaard et al.
2012). The resulting data set obtained from each bootstrap repetition was analyzed as described above and
therefore also accounted for uncertainty in model selection because the multimodel inference was included
(Grimaldo et al. 2018). Based on the bootstrap results, we estimated the Efron percentile 95% Cls (Efron 1982)
for both the catch comparison and catch ratio curve. We performed 1000 bootstrap repetitions. The catch

comparison and catch ratio analysis was conducted with the analysis tool SELNET (Herrmann et al. 2012).

2.4.  Inference of the difference in catch ratio curves between different test codends

To infer the effect of changing from one codend (Y) to another (Z) on the catch ratio curve CRcogend(L,Vcodend)-
where both catch ratio curves are obtained against the same baseline design, the length-dependent change CRz/y

(D) in the values was estimated by:

CRz(D)
CRzy(D =ty O

where CRy (1) represents the value for CR:ogend(l,Ucodend)for codend design Y, and CR(1) represents the value
for codend design Z. Efron 95% percentile confidence limits for CRz,y(l) were obtained based on the two
bootstrap populations of results (1000 bootstrap repetitions in each) for both CRy(l) and CRz(l). As they were

obtained independently, a new bootstrap population of results was created for CRz,y(l) by:

CRz(D):,
CRzyv(Di = g,y € [1..1000]  (6),

9
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where i denotes the bootstrap repetition index. As the bootstrap resampling was random and independent for the
two groups of results, it is valid to generate the bootstrap population of results for the difference based on (6)
using the two independently generated bootstrap files (Herrmann et al. 2018). Based on the bootstrap

population, Efron 95% percentile confidence limits were obtained for CRz/y(1).

2.5.  Estimating the size-integrated catch ratio

Size-integrated average values for the catch ratio (CRgyerqge) Were estimated directly from the experimental

catch data using the following equations:

ho My
Zl < MLSZj = 1[?}

j
CRaverage - = W (b
1< MLSZ = 1[@]
5 g (" (7)
1> MLS“j = 1[7:1'}
CRaverage + T o ()
le MLSZj= 1[71]

where the outer summations include the size classes in the catch during the experimental fishing period that
were under (for CRgperqge — ) and over (for CRperqge + ) the minimum size (MS = 15 mm carapace length) of
deep-water shrimp. For bycatch fish species CR gperqgewas estimated summed over all sizes. In contrast to the
size-dependent evaluation of the catch ratio CR(1, v), CRayerage — > CRaverage + and CRgperqge are specific for
the population structure encountered during the experimental trials. Therefore, those values are specific for the
size structure in the fishery at the time the trials were carried out and cannot be extrapolated to other scenarios

in which the size structure of the shrimp and bycatch fish species may be different.

2.6.  Estimating shrimp discard ratio
The discard ratios for the shrimp were estimated directly from the experimental catch data by:
% cns®r{at)

22 {i)

nb;; (8)
%)

2 )

NDRatioress = 100 X

NDRatioggseiine = 100 X
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where the outer summations include the size classes in the catch during the experimental fishing period that
were under the minimum target size for deep-water shrimp (in the nominator) and overall (in the denominator).
NDRatio quantifies the fraction of the catch (in %) in the codend that consists of shrimp below the MS, and
ideally should be as low as possible. The value of NDRatio is affected by both the size selectivity of the gear
and the size structure of the shrimp in the fishing grounds. Therefore, it provides an estimate that is specific for
the population fished and it could not be extrapolated to other areas and seasons.

Equation (8) was also used to estimate the ratio between the discard ratios for the test and the baseline
configurations.

Finally, besides the indicator values given based on the number of individuals as provided by Eq. (7) and Eq.

(8), similar measures were estimated based on weight:

no (M b
% Bt} axt
b
h n lj b
ZZ<MLSZj=1{qb xaxl

b ©)

CRWaverage - =

1%2)
Nl
D=
|
X
Q
X

CRW gverage + = 5

h mli b
% s fa X ax

sy [ %
2 I{Q’X{;u:jxlb} (10)

qu

WDRatiogess = 100 X

h
ZZ<MLSZ

j=1

Ty {ﬂ{'mxzb}

17 =1| ab;

WDRatioggseiine = 100 X

In (9) and (10) we have assumed a length-weight relationship following the power model (11):
wD)=axl’ (11)

For the parameters @ and b in (11) we use the values obtained by Wieland (2002).

Uncertainty in terms of 95% confidence intervals was estimated for CRyerqge » NDRatio, CRW gyerqge and

WDRatio by incorporating the estimation of these measures in the double bootstrapping method described

above.
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A total of 30 hauls were valid for statistical analyses, 11 for series 1, 10 for series 2 and 9 for series 3. The

I
D

towing time for each haul ranged between 2 hours and 30 minutes and 6 hours and 45 minutes (Table 1). In

oS
o)

total, 24 160 deep-water shrimp, 21 716 polar cod and 15 413 American plaice were length measured and

I
[oN

included in the analysis. Further details of the catch data and the subsampling ratios can be found in Table 1.

al official version of rec
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6 € Table 1. Catch data used for the catch comparison and catch ratio analysis. Values in parentheses are the

—53:3 subsample ratios of length measurement from the total catch when applicable.
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The catch comparison analyses were performed on the datasets from each of the three series of
experiments separately. The modelled catch comparison curves followed the main trends in the

experimental data without indicating any systematic patterns in deviations for the data (fig. 2-4).

3.1. Comparison of a 2-panel codend with a 4-panel codend

The deep-water shrimp caught with the 2-panel (test) and the 4-panel (baseline) codends had
similar length distributions, with carapace lengths between 8 and 25 mm. No significant
differences in retention could be detected between the two configurations, both for shrimp and for
the fish species (Fig. 2, Table 2). The indicators for weight calculated for shrimp also indicated no
significant difference between the gears as a result of reducing the number of panels. The
percentage of undersized individuals is higher than the maximum allowable limit for both the test

and the baseline codends (WDRatio).

Fig. 2. Left column; the size frequency plots for series 1 in the test (black) and the baseline (grey).
Middle column; the catch comparison rate (black solid curve) with 95% CI's (black stippled
curves), the experimental rates (black circle marks). Right column; the catch ratio curve (black
solid curve) with 95% CI's (black stippled curves). The horizontal line at 0.5 (grey stippled line)
represents the point at which both setups have an equal catch rate. The vertical line at 15 mm in
the shrimp catch comparison and catch ratio plots (b and ¢) (grey stippled line) indicates the MS

for shrimp in this area.

Table 2. Catch ratio results (%) for all species for series 1 in the test and the baseline. The values
in parentheses represent 95% CI’s. * applies to all species except for shrimp which is given in

mm.
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3.2. The effect of shortening the lastridge ropes

The effect of shortening the lastridge ropes by 20% significantly changed the catch efficiency of
the codend (Fig. 3). A significant reduction of small shrimp was observed compared to that of the
4 panel codend (Figs. 3a, 3b and 3c, Table 3). 39.2% of shrimp below the MS (CRyerqg. -) Were
released from the test codend. Specifically, this difference was statistically significant between the
test and the baseline between the lengths of 5 and 15 mm. No shrimp above the MS were released
from the test setup compared to the baseline (CRyerage +) (Table 3). By number, the NDRatios
indicated for the test and the baseline that there was a significant difference between the two
setups (Table 3). By weight, the proportions that were undersized also differed significantly
between the test and the baseline for shrimp (WDRatio) (Table 3). By weight, the reduction of
undersized shrimp was also significantly different, whereby 39.4% of undersized shrimp were

released in the test, compared to the baseline codend (CRW ;,¢rage-).-

Fig. 3. Left column; the size frequency plots for series 2 in the test (black) and the baseline (grey).
Middle column; the catch comparison rate (black solid curve) with 95% ClI's (black stippled
curves), the experimental rates (black circle marks). Right column; the catch ratio curve (black
solid curve) with 95% CI's (black stippled curves). The horizontal line at 0.5 (grey stippled line)
represents the point at which both setups have an equal catch rate. The vertical line at 15 mm in
the shrimp catch comparison and catch ratio plots (b and c¢) (grey stippled line) indicates the MS

for shrimp.

Table 3. Catch ratio results (%) for all species for series 2 in the test and the baseline. The values
in parentheses represent 95% CI’s. * applies to all species except for shrimp which is given in

mm.
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For polar cod, the results showed a significant length dependent reduction for the smallest
individuals up to those that are 13 cm in length in the test compared to the baseline. Fig. 3f
indicated a reduction of at least 63% for polar cod of 5 cm length (CR: 12.77% CI: 3.7-36.6)
(Table 3) and a reduction over all length classes on average of 34.1% (Table 3). A significant
effect was observed for a small range of American plaice (Figs. 3g, 34 and 3i) (reducing
approximately 5% of the American plaice between 3 and 7 cm). Individuals from these length
classes however were caught at very low frequencies, therefore, the impact on the total catch for

this species was minor.

3.3. Combined effect of reducing the number of meshes of circumference and shortening the
lastridge ropes

Compared to the conventional codend these codend modifications significantly reduced the
bycatch of shrimp smaller than 12 mm carapace length without altering the catch of larger and
commercially important length classes (Figs. 4a, 4b and 4c). However, when averaged over all
lengths, the reduction of shrimp was not significant between the test and the baseline codends both
in terms of CRyyerage+ and CRyyerage- (Table 4). Furthermore, in terms of numbers (NDRatio) and
weight (WDratio, CRW yyer4g.), N0 significant reduction of shrimp below the MS was demonstrated
(Table 4). However, there was a significant effect on the reduction of polar cod (<10 cm) and
American plaice (<6 cm). For the smallest polar cod, the modified codend in this series released
80% more compared to the regular 4-panel codend (Figs. 4d, 4e and 4f) which had almost 10%
additional escape when averaged over all length classes. For the smallest American plaice an
additional 60% was released from the modified 4-panel codend and on average more than 11%

additional American plaice were released (Figs. 4g, 4h and 4i, Table 4).
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Table 4. Catch ratio results (%) for all species for series 3 in the test and the baseline. The values
in parentheses represent 95% CI’s. * applies to all species except for shrimp which is given in

mm.

Fig. 4. Left column; size frequency plots for series 3 in the test (black) and the baseline (grey).
Middle column; the catch comparison rate (black solid curve) with 95% CI's (black stippled
curves), the experimental rates (black circle marks). Right column; the catch ratio curve (black
solid curve) with 95% CI's (black stippled curves). The horizontal line at 0.5 (grey stippled line)
represents the point at which both codends have an equal catch rate. The vertical line at 15 mm in
the shrimp catch comparison and catch ratio plots (b and ¢) (grey stippled line) indicates the MS

for shrimp.

3.5 The added effect of reducing the number of meshes of circumference

An added effect of reducing the codend mesh circumference compared to shortening the lastridge
ropes was only present for polar cod for a small length interval of individuals (Fig. 5). The
remaining species analysed did not exhibit differences in retention between the configurations

tested.

Fig 5: The catch ratio analysis estimating the effect of reducing the number of meshes of
circumference alone. The horizontal grey stippled line at 1.0 represents the point at which both
codends have an equal catch rate. The black stippled curves represent the 95% CI’s for the
estimated catch ratio curve (black solid curve). For shrimp, the vertical grey stippled line at 15

mm indicates the MS.

3.3. Discussion
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This study sought to alleviate the consequences that arise in deep-water shrimp fisheries as a result
of insufficient codend mesh openings (Cheng et al. 2020). In order to increase codend mesh
openness and thus enabling an increase in escape of deep-water shrimp below the MS and juvenile
fish, two approaches were taken. First, the lastridge ropes were added, 20% shorter than the
codend netting, and later, the circumference of the codend was reduced from 250 to 200 meshes.
Finally, a 2-panel codend, which is the codend construction normally applied in the fleet, was
compared to the 4-panel baseline codend used in the trials. Our results show that the number of
panels used to configure the codend does not affect size selectivity for any of the species caught in
this study. The short lastridge ropes significantly reduced catches of shrimp below the MS and
reduced catches of polar cod and juvenile American Plaice. Reducing the codend mesh
circumference did not yield a significant reduction in retention for any of the aforementioned

species.

By changing the number of panels from four to two, no effect on size selection was detected
(series 1) (Table 2, Fig. 2). This can be attributed to that no modifications were made to the
codend which enabled a reduction in the longitudinal forces acting on the meshes, and thus, mesh
openness. The drag forces were not dispersed differently, as the selvedges have the same length as
the codend itself. Therefore, both designs can be expected to deform equally as a function of

catch size and towing speed (Herrmann 2005ab; Priour et al. 2009).

Shortening the codend's lastridge ropes by 20% significantly reduced the capture efficiency of
shrimp below the MS, while leading to no significant loss of target sizes of shrimp (Table 3, Figs.
3a, 3b and 3c). This is highlighted in the discard ratios in terms of weight that were obtained
(WDRatior.s,). For the baseline this was significantly higher than the 10% limit which is allowed
in the fisheries regulation (15.58% (13.50 — 17.11)). When the codend lastridge ropes were
shortened, this value reduced so that it did not significantly exceed this limit (10.18% (8.57 —
11.97)). Therefore, this modification would enable fishermen to tolerate fishing on a wider range

17

© The Author(s) or their Institution(s)



quat. Sci. Downloaded from cdnsciencepub.com by UiT NORGES ARKTISKE UNIVERSITET on 10/05/21

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Can. J. Fish. A

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript) Page 18 of 34

of population structures before crossing the legal 10% limit and needing to move to a different
area. For the bycatch species, this configuration enabled a large reduction of polar cod (Table 3,
Figs. 3d, 3e and 3f) and a small reduction of American plaice (Table 3, Figs. 3g, 3/ and 3i). These
findings agree with those from previous research regarding evaluations of the efficiency of
lastridge ropes to improve codend selectivity (Isaksen and Valdemarsen 1990; Lok et al. 1997,
Ingo6lfsson and Brinkhof 2020). Ing6lfsson and Brinkhof (2020) reported a 90% additional release
of undersized cod when the codend was shortened by 30% in the Barents Sea trawl fishery. In fish
trawls, Isaksen and Valdemarsen (1990) and Lok et al. (1997) both presented increases in the
selection factor when the codends were shortened by approximately 15%. Isaksen and
Valdemarsen (1990) highlighted the improved ability for the shortened codend to maintain its
shape while fishing compared to the regular codend. This can mean improved mesh openness.
Furthermore, the slack that the shortened lastridges add to the netting of the codend and the
resulting undulation may stimulate more of the bycatch to attempt to escape. Shortening lastridge
ropes is a strategy that has a low associated cost and is relatively easy to implement and handle in
a commercial trawl. We thereby present this gear modification as a means to reduce the retention

of excessive amounts of juvenile shrimp and bycatch in deep-water shrimp fisheries.

Reducing the codend mesh circumference while simultaneously shortening the lastridge ropes did
not lead to significant changes in selectivity compared to shortening the lastridge ropes alone (Fig.
3, 4). Minor differences were observed for the smallest sizes of bycatch species (Fig. 3, 4)
however the number of individuals caught at these lengths was limited and therefore drawing
exact conclusions for these is difficult. For shrimp, the discard ratio by weight of undersized
individuals (WDRatior,) using this configuration was lower compared to the codend used in the
fishery today, however it was still significantly higher than the 10% legal catch limit. To discern
the effect of mesh circumference more in detail, the added effect of reducing the mesh

circumference on selectivity was investigated, compared to when the lastridge ropes alone were
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shortened (section 3.5) (Fig. 5). This confirmed that reducing the mesh circumference had no
significant additional impact on retention for the species analysed except for a small length class
of Polar cod. Therefore, our investigation shows that combining these two modifications does not
lead to improved selectivity, and from a management perspective, shortening the lastridge ropes
alone provides the highest reduction for undersized shrimp. Reducing the retention of undersized
catch by reducing the mesh circumference has been achieved in previous studies (Broadhurst and
Millar 2009; Sala and Lucchetti 2011; Sala et al. 2016). For a conventional codend, excessive
circumference meshes are likely to result in increased retention of smaller specimens, as the
meshes tend to close more laterally (Lowry and Robertson 1996; Lok et al. 1997). Moderate
changes (20% reduction in our case) may have had marginal effects, that can be difficult to detect
due to both within- and between-haul variation in the data. In addition, the selectivity, may not be
linearly related to the circumference, i.e., it is possible that differences in selectivity due to codend
circumference begin to cease when a “modest” level is achieved. Measures to increase mesh
openings may have dominating effects, such that circumference may play a minor role. For
example, when a reduced mesh circumference was compared to the effect of changing mesh
orientation in the Baltic Sea cod fishery it was found that mesh orientation contributed 47% less to
total retention compared to changing the mesh circumference (Herrmann et al. 2007). However,
due to that there is likely to be an interaction factor influencing the results from series 3, the effect
contributed by reduced mesh circumference alone could not be inferred. Under these
circumstances only the added effect of reduced mesh circumference could be extracted. Research
by Lok et al. (1997) found the added effect of reducing the mesh circumference inferior to that
from shortening the total codend length, as is observed in the present study. However, field data
for the effect of mesh circumference was only available in the present study when tested
simultaneously with shortened lastridge ropes. More studies are required where the individual
effect of the codend mesh circumference can be observed. Other adjustments that function to

support codend meshes with a wider lateral opening such as increased tapering should also be
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explored in comparison to lastridge shortening in order to establish optimal selectivity in this

fishery.

Optimizing the mesh characteristics to the fishery in question can have high utility in addressing
concerns reported by the industry regarding drag forces and associated fuel costs as well as issues
of high bycatch (Sterling and Eayrs 2010). Broadhurst et al. (2014) highlighted the importance for
reducing the twine area in the posterior section of a shrimp trawl by for example improving the
lateral opening of the meshes. As the twine typically makes up >70% (Broadhurst et al. 2014) of
the total area of a shrimp trawl, optimizing mesh openness can lead to significant reductions in

operational costs by reducing the drag as well as improving the catch composition.

Attempting to mitigate the high proportion of juvenile bycatch that is retained when fishing for
deep-water shrimp is an important step in ensuring future sustainability of the fishery. The present
study demonstrates that shortening the lastridge ropes of the standard gear used in the fishery
today can benefit fishermen as well as the ecosystem where the fishing takes place by reducing the
retention of juveniles in the catch. Further, lastridge shortening and the mesh circumference have
complex interactions and can have favourable species and size selectivity compared to the number
of panels used in demersal shrimp trawls. The parameters that are explored in the present study are
fundamental in the construction of this gear and should not be overlooked when addressing

codend design.
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Fig. 2. Left column; the size frequency plots for series 1 in the test (black) and the baseline (grey).
Middle column; the catch comparison rate (black solid curve) with 95% Cl's (black stippled curves),
the experimental rates (black circle marks). Right column; the catch ratio curve (black solid curve)
with 95% Cl's (black stippled curves). The horizontal line at 0.5 (grey stippled line) represents the
point at which both setups have an equal catch rate. The vertical line at 15 mm in the shrimp catch
comparison and catch ratio plots (b and c) (grey stippled line) indicates the MS for shrimp in this

area.
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Fig. 3. Left column; the size frequency plots for series 2 in the test (black) and the baseline (grey).

Middle column; the catch comparison rate (black solid curve) with 95% Cl's (black stippled curves),

the experimental rates (black circle marks). Right column; the catch ratio curve (black solid curve)

with 95% Cl's (black stippled curves). The horizontal line at 0.5 (grey stippled line) represents the

point at which both setups have an equal catch rate. The vertical line at 15 mm in the shrimp catch

comparison and catch ratio plots (b and c) (grey stippled line) indicates the MS for shrimp.
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Fig. 4. Left column; size frequency plots for series 3 in the test (black) and the baseline (grey). Middle

column; the catch comparison rate (black solid curve) with 95% Cl's (black stippled curves), the

experimental rates (black circle marks). Right column; the catch ratio curve (black solid curve) with

95% Cl's (black stippled curves). The horizontal line at 0.5 (grey stippled line) represents the point at

which both codends have an equal catch rate. The vertical line at 15 mm in the shrimp catch

comparison and catch ratio plots (b and c) (grey stippled line) indicates the MS for shrimp.
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220.02 (12.06 - 2062.24)
109.50 (64.99 - 168.46)
95.58 (83.82 - 112.51)
101.31 (87.93 - 117.08)
90.48 (51.09 - 156.46)
47.34(2.71 - 801.03)

130.28 (67.20 - 276.59)
91.32 (63.69 - 122.15)
69.65 (36.75 - 123.01)
36.76 (6.25 - 298.79)

97.25 (70.10 - 170.07)
90.02 (71.14 - 120.08)
89.22 (72.29 - 116.06)
101.07 (75.34 - 152.89)
107.89 (71.24 - 162.50)

CRaverage-
CRuverage+
CRuverage

CRW average-
CRWayerage+
NDRatiorest
NDRatiopaseiine
NDRatiotesy/Baseline
WDRatiores:
WDRatiopaseline

WDRatiotesyBaseline

99.43 (80.93 - 122.32)
97.71 (84.94 - 115.34)
98.04 (80.76 - 118.32)
98.32 (87.23 - 112.75)
33.38 (28.03 - 39.19)
33.00 (28.95 - 37.52)
101.17 (85.27 - 118.32)
16.92 (13.95 - 20.48)
16.95 (14.29 - 20.25)
99.77 (81.40 - 122.26)

83.91 (53.59 - 120.76)

87.77 (72.64 - 115.07)
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3.67(0.27 - 15.85)

29.42 (16.87 - 51.07)
90.66 (77.14 - 108.56)
112.47 (94.54 - 135.34)
124.35 (56.42 - 250.01)
574.39 (118.50 - 5814.45)

12.77 (3.65 - 36.55)
44.96 (22.19 - 71.34)
111.59 (70.39 - 214.11)
145.83 (5.81 - 239.75)

53.18 (36.06 - 96.79)
91.00 (72.39 - 118.86)
88.80 (64.48 - 139.59)
67.23 (42.04 - 180.69)
45.52 (17.64 - 210.94)
27.69 (4.80 - 152.48)
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NDRatiotesy/Baseline
WDRatiores:
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60.77 (47.90 - 83.83)
103.22 (89.21 - 119.20)
65.12 (51.05 - 91.01)
105.98 (93.30 - 122.65)
20.00 (17.13 - 23.37)
29.80 (26.82 - 32.16)
67.10 (56.24 - 81.10)
10.18 (8.57 - 11.97)
15.58 (13.50 - 17.11)
65.37 (53.70 - 80.71)

65.91 (39.83 - 96.49)

81.99 (67.89 - 116.98)
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0.64 (0.07 - 20.05)
34.58 (18.35 - 70.84)
99.36 (79.14 - 115.07)
94.30 (72.61 - 122.82)
86.85 (31.85 - 349.96)
108.54 (4.91 - 55137.30)

10.44 (5.12 - 18.46)
78.08 (58.88 - 106.61)
116.91 (58.43 - 165.34)
141.77 (7.88 - 26.11)

39.29 (20.27 - 85.66)
104.76 (77.42 - 143.16)
95.11 (71.16 - 128.29)
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83.76 (59.40 - 105.51)
96.37 (77.17 - 120.38)
89.58 (65.92 - 111.55)
95.88 (76.34 - 121.47)
26.51(21.50 - 31.17)
29.33(25.55 - 33.58)
90.38 (66.84 - 116.14)
14.88 (11.65 - 17.88)
15.76 (13.23 - 18.62)
94.40 (65.77 - 127.23)

90.19 (64.52 - 109.77)

88.87 (63.85 - 128.53)
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