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Flatfish constitute a substantial proportion of the catch in several demersal trawl fisheries across the globe.
Therefore, knowledge on how to discriminate between the individuals that are to be captured or released, by size,
is important for the sustainability of exploited stocks. Using European plaice (Pleuronectes platessa), flounder
(Platichthys flesus), and dab (Limanda limanda) as case-study species, here we investigate how flatfish are selected
in trawl codends by experimentally testing the influence of mesh geometry, and its variability, on size selection.
Both diamond-mesh and square-mesh codends were tested, as well as three codends where the mesh shape was

fixed to minimize its variation during fishing. The most discriminating size selectivity was found with fixed mesh
geometry, revealing that variability in mesh openness negatively affects the selectivity of flatfish. Our results
further demonstrate that the risk of retaining undersized flatfish tends to increase with increasing mesh opening
angle in diamond-mesh codends. Our results also confirm that when fishing with codends of the same nominal
mesh size, the square-mesh codend retains significantly higher proportions of undersized flatfish than the

traditional diamond-mesh.

1. Introduction

Flatfish species are widely distributed across the world’s marine re-
gions and can make up a substantial proportion of the catch in demersal
trawl fisheries, both as target and bycatch species (Borges et al., 2005;
Feekings et al., 2012; Gibson et al., 2015; Uhlmann et al., 2014). When
flatfish species and/or sizes are unintentionally caught, they are often
discarded due to variety of reasons, for example, low market value,
high-grading, or legal restrictions (Feekings et al., 2012; Rochet &
Trenkel, 2005). Unintended bycatch and discard provide unnecessary
waste of natural resources and are a source of unaccounted fishing
mortality that undermines science-based fisheries management
(Catchpole et al., 2017; Ward et al., 2012).

In demersal trawl fisheries, gear modifications are among the most
widely used strategies to avoid bycatch (Catchpole et al., 2005; Kennelly
& Broadhurst, 2021; Madsen, 2007). However, a review of the available
literature reveals that most of these gear modifications are developed to
provide escape opportunities for roundfish species (Kennelly & Broad-
hurst, 2021; Suuronen & Sarda, 2007), while little or no consideration is
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given to other groundfish species, such as flatfish species, which are
caught alongside the species of concern, such as target or threatened
species (Hilborn et al., 2021). Often, this can lead to unsatisfactory
flatfish selection and consequently a major cause of bycatch of these
species (Wienbeck et al., 2014). In recent decades, several marine re-
gions of the world have adopted catch-restricting legislation to promote
selective fishing and sustainable exploitation of fish stocks (Condie et al.,
2014). Thus, in order to conduct economically viable demersal trawl
fisheries under catch-restrictive legislation, it is important to understand
how to achieve sustainable exploitation of flatfish species.

Research into the capture process and selectivity of flatfish species in
trawl gears has traditionally focused on investigating how these species
are herded at the trawl mouth (Bublitz, 1996; Ryer, 2008; Winger et al.,
2004), how they enter the net (Bublitz, 1996; Underwood et al., 2015),
or how they move towards the rear end of the trawl (Ferro et al., 2007;
Karlsen et al., 2019; Santos et al., 2016). In contrast, no controlled
experimental study has been carried out to investigate how flatfish are
discriminated by size in the codend, the rear end of the trawl where the
catch accumulates and most attempts to escape from capture occur
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Fig. 1. First row: pictures of the five different codends tested. From left to right, SDC (Standard Diamond Codend), SSC (Standard Square Codend), FDC40 (Fixed
Diamond Codend 40°), FDC60 (Fixed Diamond Codend 60°) and FSC (Fixed Square Codend). Bottom row: scans of the netting from each codend.

(Wileman et al., 1996). The ability of the codend to discriminate marine
organisms by size is often referred to as size selection. This is usually
expressed as the probability of an individual of a given size being
retained once it enters the codend (Wileman et al., 1996). Understand-
ing codend size selection for flatfish is essential for predicting how a
given codend modification will affect the probability of catching these
species by size. Such knowledge may be particularly important when
endeavoring to optimize multi-species catch profiles.

The design of the codend is known to play a critical role in deter-
mining the size selection, especially the characteristics of the meshes,
such as mesh size and shape (Bak-Jensen et al., 2023; Robertson &
Stewart, 1988). Regarding the latter feature, codends with meshes in
diamond configuration (diamond-mesh codends) are preferred by
fishers and commonly used due to their simplicity, ease of handling on
board and repair (Herrmann, Wienbeck, et al., 2013; Wileman et al.,
1996). However, the use of standard diamond-mesh codends can result
in unsatisfactory size selection for roundfish species. This is because the
opening angle (OA) of the diamond meshes tends to close as a result of
the drag forces, leaving only the meshes in the few rows immediately in
front of the bulk of the catch widely open, and thus more suitable for the
cross section of roundfish species (Herrmann, 2005). As a result of the
change in the OA the width of the mesh will change accordingly. Spe-
cifically, a mesh with a narrow OA will have a wider mesh opening
compared to a mesh with a wider OA. An alternative design often
considered to improve escape possibilities for roundish species is
square-mesh codends (Fonteyne & MRabet, 1992; Halliday et al., 1999;
Robertson & Stewart, 1988). In these codends, the bars of the meshes are
oriented parallel and perpendicular to the longitudinal towing force,
thereby the drag forces do not tend to close the meshes and they remain
more open along the length of the codend than in the case of
diamond-mesh codends. However, the effect of using square-mesh
codends is less evident for size selection of flatfish species, whose
laterally compressed morphology might provide better escape oppor-
tunities through the diamond-shape opening of traditional codends
(Guijarro & Massuti, 2006; Tokac et al., 2014). This suggests that a
larger retention of smaller flatfish could be expected when using a
square-mesh codend, while the opposite should be expected for

diamond-mesh codends.

However, experiments designed to demonstrate the selectivity
characteristics of a traditional codend cannot properly evaluate the ef-
fect of mesh shape on the size selection of flatfish. Specifically, due to the
forces acting on the codend during the fishing process the meshes tend to
vary in openness both spatially and temporally (O’Neill & Herrmann,
2007). This lack of control over actual mesh shape makes it challenging
to evaluate in detail the effect of mesh geometry on size selection of
flatfish species. To overcome these limitations Bak-Jensen et al. (2022)
introduced a novel experimental framework that specifically allows for
the control of mesh geometry during fishing operations. The experiment
was conducted using a steel frame which allowed the meshes to have a
constant OA. Using such an experimental framework, Bak-Jensen et al.
(2022) introduced a method to experimentally quantify the effect of
both mesh shape and mesh shape variability on codend size selection.
Using the same controlled experimental design, this study investigates
the following five research questions related to flatfish size selectivity in
trawl codends.

1. Does a standard square-mesh codend (flexible meshes) have a higher
probability of retaining undersized flatfish than a standard diamond-
mesh codend (flexible meshes)?

2. Does a diamond-mesh codend with a wide and stable OA (fixed
meshes) have a higher probability of retaining undersized flatfish
than one with a narrow and stable OA (fixed meshes)?

3. Does a diamond-mesh codend with a wide and stable OA (fixed
meshes) have a higher probability of retaining undersized flatfish
than a standard diamond-mesh codend with variable OAs (flexible
meshes)?

4. Does a codend with stable square-meshes (fixed meshes) have a
higher probability of retaining undersized flatfish than a standard
square-mesh codend with variable OAs (flexible meshes)?

5. Does a codend with stable mesh geometry (fixed meshes) have a
lower variability in size selection of flatfish than a codend with the
same mesh shape but variable mesh geometry (flexible meshes)?
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Table 1

Mean mesh size with std. deviation of the measurements (in brackets) and
construction details of the tested codends. Information related to Standard
Diamond Codend (SDC) is extracted from Bak-Jensen et al. (2022). Acronyms as
follows: SDC (Standard Diamond Codend), SSC (Standard Square Codend),
FDC40 (Fixed Diamond Codend 40°), FDC60 (Fixed Diamond Codend 60°) and
FSC (Fixed Square Codend).

SDC SSC FDC40 FDC60 FSC
Mesh size (mm) 112.4 110.4 111.5 113.9 1119

2.7) (4.0) 2.1) 2.1) (1.9)
Mesh orientation TO T45 TO TO T45
Opening Angle variable variable 40° 60° 90°
No. of panels 2 2 4 4 4
Panel length (No. of  49.5 95 15 16 30
meshes)
Panel width (No. of 44 24 17 11 10

open meshes)

The span of OAs (40°, 60°, 90°) chosen for the fixed codend designs (respec-
tively: FC40, FC60, FSC) was expected to provide sufficient contrast in the size
selection for flatfish.

v

Towing direction

Fig. 2. Illustration of the knot where the OA was measured in the fixed frames.
To the left a diamond-mesh and to the right a square-mesh.

Table 2
Mean OA of the meshes from the three tested rigid codends. The standard de-
viation of the OA measurements of the samples is given in brackets.

OA measures for rigid codends

FDC40 FDC60 FSC

OA (°) 39.1 (2.4) 63.3 (2.9) 86.3 (8.2)

2. Materials and methods
2.1. Fishing gears

Five codend designs were tested (Fig. 1 and Table 1): a standard
diamond-mesh codend (Standard Diamond Codend; SDC), a standard
square-mesh codend (Standard Square Codend; SSC) and three codends
with mesh openness kept fixed: two fixed in a diamond-mesh orientation
(Fig. 2) at 40° nominal OA (Fixed Diamond Codend 40; FDC40) and at
60° nominal OA (Fixed Diamond Codend 60; FDC60), respectively; and
one fixed in a square-mesh orientation at 90° nominal OA (Fixed Square
Codend; FSC). All codends were constructed using high tensile PE 5-mm
single twine netting (Euroline ®) with a nominal mesh size of 110 mm.
The diamond-mesh codend (SDC) and the standard square-mesh codend
(SSC) were made of two netting panels, with the netting of SSC turned
45° relative to the standard diamond netting configuration to obtain the
square-mesh shape.

To achieve a fixed openness of the meshes for codends FDC40,
FDC60, and FSC, we mounted the netting on steel frames forming a
rectangular box, according to Bak-Jensen et al. (2022). The steel frames
were made in the dimensions 2 x 0.75 x 0.75 m (length, width, and
height, respectively; 1.125 m®). The netting, mounted with fixed
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Table 3

Number of hauls used for each species in the analysis and the number of flatfish
(PLE-plaice; FLE-flounder, DAB-dab) caught in the test codend or the cover for
each of the codends and used in the analysis. SDC (Standard Diamond Codend),
SSC (Standard Square Codend), FDC40 (Fixed Diamond Codend 40°), FDC60
(Fixed Diamond Codend 60°) and FSC (Fixed Square Codend). Additionally,
mean catch weight and mean towing time is listed. The haul time varied between
species for the same codend due to the different number of hauls that were used
in the analysis. (For information on the individual hauls see Table S1 in
Supplementary).

Number of hauls and aggregated catches (No. fish)

SDC SSC FDC40 FDC60 FSC
PLE No. hauls 22 16 22 6 28
Fish in codend 2065 3655 1055 226 9310
Fish in cover 3052 2132 1716 130 3657
Mean Catch Weight 107.1 226.8 172.8 239.9 239.8
Mean Towing Time 37.0 26.3 30.9 15.1 23.0
FLE No. hauls 19 16 21 5 22
Fish in codend 4277 1912 2882 144 4036
Fish in cover 2386 242 1579 22 74
Mean Catch Weight 117.6  226.8  68.2 244.5 190.2
Mean Towing Time 40.8 26.3 33.3 15.0 239
DAB No. hauls 8 15 9 5 19
Fish in codend 129 456 345 52 1356
Fish in cover 1235 1185 2064 109 1463
Mean Catch Weight 83.4 226.8 21.0 244.5 182.2
Mean Towing Time 23.1 27.0 17.8 15.0 26.8

opening angles, covered the four rectangular sides of the frame. To make
sure that size selection only occurred through the meshes with the fixed
opening angle (OA), PE netting with a nominal mesh size of 55 mm was
used at the closing end of the rigid codends and in the extension piece
ahead of the steel frames. This mesh size was considered non-selective
for the species and sizes investigated. The codend mesh sizes were
measured in dry conditions using an OMEGA-gauge with 125 N
stretching force for 20 meshes. The mesh size of the fixed-mesh codends
was measured at a section of loose meshes located between the aft end of
the frame and the codline. The total length of the standard codends and
the rigid codends, including the extension piece and rear ending, was
~6 m (measured as stretched length, except steel frames).

To determine the actual opening angle for the three rigid codends, 20
fixed meshes were randomly chosen per panel, and the OA was esti-
mated photographically using scans of the netting after the fishing trials
with the software FISHSELECT (Herrmann et al., 2009). The OAs were
measured according to Fig. 2. To measure the exact OAs, individual
meshes were digitized, the internal boundary of the bars in the mesh was
marked, ignoring the knots, and a symmetric quadrilateral shaped
model was fitted to the marks using image analysis facilities in
FISHSELECT.

The covered codend method was used to investigate the size selec-
tion of each codend (Wileman et al., 1996). The cover was made of
single 2.5 mm PE twine with a nominal mesh size of 55 mm. It had a
stretched length of ~16 m (2.6 x the length of the extension piece and
rigid codend combined) and a diameter of ~3 m. To prevent the cover
from affecting the selectivity of the test codend, a total of seven kites
were attached to the cover (Madsen et al., 2001). When testing a rigid
codend, six EVA-foam floats, each with a buoyancy of 5000 g, were
attached to the longitudinal upper bars of the codend frame to avoid
interactions with the seabed and the codend cover (Fig. 1). Experimental
fishing trials were conducted using a bottom trawl type TV300/60,
made of 3 mm PE single-twine Euroline® netting with a nominal mesh
size of 110 mm. The circumference of the trawl at the mouth was 34.6 m
(288 meshes) and the length of the fishing line was 25.5 m. The trawl
was spread using Thyboron Type 2 (1.78 m?) trawl doors and 100 m long
sweeps.
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Table 4
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Parameter values and fit statistics obtained from the cover codend analysis, for the five codends and three flatfish species tested. Values in parentheses represent 95%
CI’s. The fit statistics, namely the p-value and deviance, and model degrees of freedom (DOF) are additionally noted. For the models containing either dual selection or
contact parameter the L50 and SR values listed first in the table are the overall size selection parameters. Overall selection parameters are referred to as L50 and SR,
while the contact parameters are referred to as L50; and SR; and L50, and SR;, (see Eq. (1)).

Parameter values and fit statistics

PLE SDC SsC FDC40 FDC60 FSC
Model DLogistic DLogistic DLogistic Richards DLogistic
L50 [em] 24.51(23.91:25.03) 23.02(22.61:23.29) 24.97(24.10:25.74) 23.38(22.50:24.08) 20.69(20.23:21.08)
SR [cm] 2.18(1.57:3.28) 3.03(2.59:3.48) 2.22(1.47:2.97) 3.50(2.27:5.28) 1.61(1.43:1.85)
L50; [ecm] 24.68 (24.12:25.13) 23.66(22.82:32.31) 25.20 (24.37:25.77) - 20.73(20.31:21.28)
SR; [em] 1.83(1.28:2.53) 1.45(1.00:2.84) 1.77(1.06:2.57) - 1.37(1.11:7.07)
L50, [cm] 19.51 (2.51:23.82) 22.12(9.44:22.97) 21.18 (1.93:24.13) - 19.38(14.09:20.98)
SR, [ecm] 7.70 (0.78:41.86) 3.86(1.04:30.98) 5.47 (1.58:25.24) - 7.31(1.54:15.14)
D - - - 0.01(0.01:0.12) -
C; 0.86 (0.6:0.95) 0.36(0.01: 0.95) 0.82 (0.53:0.95) - 0.85(0.13:0.94)
P-value 0.18 0.99 0.17 0.99 0.34
Deviance 36.82 12.15 31.66 4.18 34.62
DOF 30 25 25 19 32

FLE SDC SsC FDC40 FDC60 FSC
Model CRichards Logistic CRichards Probit DLogistic
L50 [cm] 23.68(23.02:24.05) 21.59(20.58:22.46) 24.28(23.67: 24.70) 23.30(21.85:24.23) 18.86(4.97:21.09)
SR [em] 4.54(3.65:6.00) 4.02(3.24:5.05) 3.85(2.96: 5.34) 3.55(1.46:5.85) 3.01(-1.31:20.66)
L50; [cm] 24.03 (23.33:24.41) - 24.54 (23.96: 24.93) - 21.08(17.06:31.01)
SR; [ecm] 3.62 (2.83:5.01) - 3.20 (2.47: 4.44) - 31.14(30.37:79.37)
L50, [ecm] - - - - 18.86(8.43:26.85)
SR, [cm] - - - - 2.98(-2.50:45.25)
D 0.31 (0.14: 0.71) - 0.32 (0.16:0.77) - -
Cy 0.90 (0.83:0.99) - 0.92 (0.84:0.99) - 0.01(0.01:0.99)
P-value 0.05 0.99 0.63 0.99 0.60
Deviance 40.58 11.49 26.00 5.28 16.88
DOF 27 24 29 17 19

DAB SDC SSsC FDC40 FDC60 FSC
Model DLogistic CProbit CRichards CProbit DLogistic
L50 [cm] 26.94(26.02:27.46) 25.09(24.80:25.37) 27.11 (26.78: 27.61) 25.14(24.52:25.75) 22.05(21.74:22.30)
SR [cm] 1.94(1.18:4.15) 3.18(2.62:3.83) 2.01 (1.42: 3.05) 2.26(1.68:3.07) 2.16(1.66:2.97)
L50; [ecm] 27.11(26.14:29.09) 25.22(24.91:25.51) 27.17 (26.85: 27.74) 25.22(24.59:25.87) 24.19(23.06:28:73)
SR; [cm] 1.22(0.63:11.39) 3.00(2.45:3.69) 1.88 (1.31: 2.51) 2.15(1.61:2.82) 5.50(1.00:9.79)
L50, [cm] 25.15(16.65:29.51) - - - 21.79(21.42:22.17)
SR, [ecm] 6.54 (3.89:11.41) - - - 1.34(1.02:2.20)
D - - 0.38 (0.02: 1.30) - -
C 0.66 (0.17:0.85) 0.95(0.92:0.98) 0.96(0.91: 0.98) 0.96(0.89:0.99) 0.34(0.12:0.53)
P-value 0.99 >0.99 0.07 0.24 0.99
Deviance 5.31 2.76 32.73 13.82 7.04
DOF 20 17 22 11 18

2.2. Experimental fishing and data collection

Experimental fishing trials were conducted in the Baltic Sea onboard
the German FRV Solea (42.40 m LOA, 950 kW) in 2021 (16th to the 27th
of September) and 2022 (13th to 27th of June). The hauls were spatially
distributed across German and Danish fishing grounds (ICES Sub-
divisions 22 and 24). The experimental codends were tested one at a
time for a number of hauls. The catches obtained for each haul were
treated separately for the two compartments: test codend and cover
codend. The total lengths of all European plaice (Pleuronectes platessa),
flounder (Platichthys flesus), and dab (Limanda limanda) were measured
and rounded down to the nearest centimeter below. The three species
were chosen because of their high abundance and commercial interest in
the research area. In the case of catch making it impossible to measure
all individuals of a given species, a random subsample was taken from
the total, and the ratio of subsampled weight to the species’ total catch
weight was used as sampling fraction.

2.3. Ethics statement

The authors confirm that the ethical policies of the journal, as noted
in the author guidelines page for Aquaculture and Fisheries, have been

adhered to. No ethical approval was required for this study as the dataset
used for this article consisted of field samples that were collected
following a fishing practice that did not expose the fish to any other
harm than in commercial fishing in the region in accordance with the
local legislation and institutional requirements. Therefore, no other
authorization or ethics board approval was required to conduct this
study. The captured animals were not exposed to any additional stress
other than that involved in commercial fishing practices, and no further
direct or indirect manipulation with the fish or other animals was con-
ducted during the trials. Therefore, no information on animal welfare or
on steps taken to mitigate fish suffering and methods of sacrifice is
provided. This study did not involve endangered or protected species.

2.4. Estimation of codend selectivity

Codend size selection can be described as the binomial process
resulting in a number of fish of length [ being retained in the codend
(ncdp and a number of fish of length I escaping (here collected in the
cover codend, nccy). Based on the observed binomial data (ncd; and
nccy), a retention probability can be estimated for each length [, resulting
in a retention curve, here denoted r(l,v). The vector v contains the pa-
rameters defining the retention curve, which are namely the L50, i.e.,
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Fig. 3. Length-dependent retention probabilities of plaice estimated for the different codends tested. The solid curves represent the models fitted to the data (points)
with the 95% Cls (shaded area). The solid and dashed lines at the bottom of each plot represent the number of fish at length caught in the test codend and the cover
codend, respectively. Bottom right: average curves of all codends are presented together. SDC (Standard Diamond Codend), SSC (Standard Square Codend), FDC40
(Fixed Diamond Codend 40°), FDC60 (Fixed Diamond Codend 60°) and FSC (Fixed Square Codend).

the length at which retention probability is estimated to be 50%, and SR
(Selection Range), i.e., the range of lengths between the 25% and 75%
retention probabilities, respectively. The methodology described in
Wileman et al. (1996) suggests using simple sigmoid functions to model
r(l,v), namely the logistic, probit, gompertz, and Richards functions. Note
that in the case of Richards, the vector v contains an additional param-
eter D, which adds a certain degree of asymmetry to the retention curve.

However, there are cases where the functions introduced above may
not fit the experimental data very well. Therefore, for each of the four
traditional models, an equivalent model where only a fraction (C) of the
fish entering the codend was subjected to a length-dependent proba-
bility of escape through the meshes in the codend was considered
(Herrmann et al., 2013a, 2024; Larsen et al., 2018; Sistiaga et al., 2010).
These models are often described as CLogistic, CProbit, CGompertz, and
CRichards (further detail on the models can be found in Cuende et al.,
2020). In these models, if 15% of the fish would not contact the codend
meshes, C acquired a value of 0.85. These models were considered
relevant especially for the hauls with the rigid codends. Here distance
from the center of the codend to the netting panels could have increased
from what occurs in the SDC or SSC and affected the contact of fish with
the codend meshes (Herrmann et al., 2024). In addition to the eight
presented models including the DLogistic model (Herrmann et al., 2016)
was also considered a model candidate. The DLogistic model can
describe a dual selection process assuming that a fraction of the fish
entering the codend is subjected to one logistic size selection process
whereas the remaining fraction is subjected to another logistic size se-
lection process (Herrmann et al., 2024). The nine model candidates can
be described as follows:

Logistic(l, L50, SR)
Probit(l, L50, SR)
Gompertz(l,L50,SR)
Richard(l,L50, SR, D)
CLogistic(l, C,L50, SR)
CProbit(l, C,L50, SR)
CGompertz(l,C,L50,SR)
CRichard(l,C,L50,SR, D)
DLogistic(l, C, L50;, SRy, L505, SR5)

(€8]

The selection curves and associated selectivity parameters v were
estimated by means of a maximum likelihood function for data pooled
over hauls (Bak-Jensen, 2022). The parameters L5071, SR; contained in
are referred to as contact selection parameters. In the DLogistic the L5045
and SR; are the selection parameters for the second size selection pro-
cess. The overall selectivity parameters (L50 and SR) for r(l, v) are ob-
tained using the numerical technique described by Sistiaga et al. (2010).

The estimations were made separately for each species and codend
for selectivity data pooled across hauls. This includes the effect of
between-haul variations into a single selection curve, to make what
Millar (1993) called a “fishery selection curve” (Sala et al., 2015; Sis-
tiaga et al., 2010; Herrmann et al., 2012).

Hauls where ncd; + nce; < 20 fish for the species of interest were
excluded from analyses. Specifically, this means that only hauls con-
taining more than 20 individuals of the species analyzed were used in
the analysis. As the size selection process potentially can differ between
species and codends (Cuende et al., 2022; Jacques et al., 2024), model
choice was conducted separately among the nine candidate models in
Eq. (1) for each species and codend. Specifically, the fitted models were
ranked according to their AIC values (Akaike, 1974), and the model with
the lowest AIC was chosen for the specific species and codend. Diagnosis
of the selected model was conducted by visual inspection of residuals
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Fig. 4. Length-dependent retention probabilities of flounder estimated for the different codends tested. The solid curves represent the models fitted to the data
(points) with the 95% CIs (shaded area). The solid and dashed lines at the bottom of each plot represent the number of fish at length caught in the test codend and the
cover codend, respectively. Bottom right: average curves of all codends are presented together. SDC (Standard Diamond Codend), SSC (Standard Square Codend),
FDC40 (Fixed Diamond Codend 40°), FDC60 (Fixed Diamond Codend 60°) and FSC (Fixed Square Codend).

distribution and Chi-square test (acceptable if p-value >0.05) according
to Wileman et al. (1996). In the context of size selectivity modeling, the
p-value quantifies the probability for by chance obtaining at least as big
deviation between experimental size selectivity data collected and the
modelled size selection curve. Therefore, as long as the obtained p-value
is at least 0.05 corresponding to at least 5% probability for by chance
obtaining the deviation between data and modelled size selection curve
we cannot rule out that the model can describe the data. The un-
certainties on the estimated size selection curves and associated pa-
rameters were quantified in terms of 95% Efron confidence intervals
(CIs) that were estimated using the bootstrap method with 1000 repe-
titions according to Bak-Jensen et al. (2022).

2.5. Evaluation of differences in L50 and SR in size selection between
tested codends

The selective properties of the codends were compared by estimating
the difference in the values for L50 and SR between them (For more
details see Bak-Jensen et al. (2022)):

AL50 =L507 — L505 2)
ASR =SRr — SRg

Where L50g and SRp are the values for the codend used as baseline for
the specific comparison, and L507 and SRy are the values for the codend
considered as treatment for the specific comparison. 95% Efron confi-
dence intervals were estimated from a bootstrap distribution of AL50
and ASR obtained from the previously estimated bootstrap distributions
for baseline and treatment codend (Efron, 1979; Herrmann et al., 2018;
Larsen et al., 2018). Thus, we consider differences between baseline and
treatment as statistically significant when the 95% confidence intervals

around AL50 or ASR do not encompass zero.

2.6. Supplementary analysis of potential effect of catch weight and towing
time on size selection

To investigate whether differences in mean towing time and codend
catch weight potentially could have affected the inference of difference
in size selection between codend designs tested, an additional analysis
was conducted for each codend and species separately. The procedure
for this analysis, which is only an explorative supplement to the fishery
mean selection analysis (Millar et al., 2004), as conducted for each
codend and species in the main analysis of this study is identical to the
one used by Herrmann, Wienbeck, et al. (2013), Herrmann et al. (2015),
Pol et al. (2016), Br¢ic et al. (2018). In this analysis the size selectivity
was analyzed in two steps using a random and fixed effect method
proposed by Fryer (1991). Specifically, in the first step, the size selection
in each haul separately was modelled by the logistic model with the L50
and SR values of each haul and their covariance matrix being estimated.
In the second step, which took into account both the uncertainty in the
individual hauls and between-haul variation in size selection, the results
were combined over hauls to predict mean L50 and mean SR and the
potential effect of catch weight (CW) and the towing time (TT) on the
mean. A full model on the form was used:

L50 = ap+a; x CW+ay x TT

SR = Potfpy X CW + p, x TT 3

Based on the full model, all simpler models that could be obtained by
ignoring one or more of the parameters (ao, a1, 2, By, f1,f,) were also
considered as candidate models for predicting the size selection in the
specific codend for the specific species. The model resulting in the lowest
AIC values was then selected for the specific codend and species. In case
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Fig. 5. Length-dependent retention probabilities of dab estimated for the different codends tested. The solid curves represent the models fitted to the data (points)
with the 95% Cls (shaded area). The solid and dashed lines at the bottom of each plot represent the number of fish at length caught in the test codend and the cover
codend, respectively. Bottom right: average curves of all codends are presented together. SDC (Standard Diamond Codend), SSC (Standard Square Codend), FDC40
(Fixed Diamond Codend 40°), FDC60 (Fixed Diamond Codend 60°) and FSC (Fixed Square Codend).

the selected model did not include any of the parameters (1,2, 4;,5,),
we concluded that neither codend catch weight nor towing time were
found to affect the size selection for that specific species when being size
selected in that specific codend. Conversely, in case CW or TT was in the
selected model we used the model to predict the maximal effect on mean
L50 and SR. In this case, the magnitude of influence of the CW and TT
was investigated. The mean values for the CW and TT for each codend
and the total mean were used as potential CW and TT. Then we esti-
mated the corresponding maximal percentage change in the value due to
differences in catch weights and towing durations.

3. Results
3.1. Measurements of OA in the fixed codends

The variability of the OAs in the rigid codends was generally low, and
the mean was close to the intended value (Table 2).

3.2. Description of fishing operations and catches

In September 2021, a total of 55 hauls were conducted, of which 32
hauls were made with the Fixed Diamond 40° codend (FDC40) and 23
hauls with the Standard Diamond Codend (SDC). In June 2022, an
additional 50 hauls were conducted: 18 hauls with the Standard Square
Codend (SSC), 28 hauls with the Fixed Square Codend (FSC), and 6 hauls
with the Fixed Diamond Codend 60° (FDC60). The mean haul time
varied between 15.0 and 30.9 min. The haul time varied between species
for the same codend due to the different number of hauls that were used
in the analysis. The mean catch weights varied between 21.0 and 239.9
kg. Further operational information related to the hauls can be found in
supplementary materials (Table S1). Fishing depths varied between 14

and 46 m, and the haul duration varied between 15 and 60 min. The
total number of hauls included in the analyses for each species is listed in
Table 3.

3.3. Codend selectivity analysis

The models in Eq. (1) were estimated for all species and codends. The
best model for each combination was chosen according to the lowest
AIC. The fit statistics for all the selected models (Table 4) showed that
the deviation between the experimental data and the modelled curves is
acceptable (p-value >0.05). In most cases, the best candidate model was
one of the contact models considered or the Dlogistic model (Eq. (1)).
This means that there is often a fraction of the individuals that either do
not contact the meshes or are subjected to a second selection process.
The primary selection (described by L50; and SR;) was in most cases the
dominating selection occurring (C; above 0.5). However, uncertainty in
the estimation of C-values is relatively high for some models (for plaice
SDC, FSC, for flounder FSC, and for dab SDC). The average L50s for
plaice varied from 20.69 cm to 24.97 cm (Fig. 3). For flounder and dab,
L50s varied from 18.86 cm to 24.28 cm (Fig. 4), and from 22.05 cm to
27.11 cm (Fig. 5), respectively. The CI for flounder is considerably
higher for the FSC than for the two other species, both in terms of L50
and SR. The SR for all species and codend configurations were below 5
cm.

The difference between the L50s estimated using Eq. (2) was sig-
nificant in the majority of the pairwise comparisons for all species
(Table 5). The pattern for the difference in L50 between the codends is
similar for all three species, with both square-mesh codends (SSC and
FSC) having significantly lower L50s than the SDC and FDC40. When
comparing FDC40 with FDC60 and FSC, the L50 was significantly higher
for FDC40 in almost all cases except for flounder when comparing
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Table 5

Differences in overall L50 values, estimated by the best candidate models (AL50
(cm)) for the multiple pairwise comparisons between the five different codend
configurations, and for all species. Values in parentheses represent 95% ClIs.
Numbers in bold denote significance.

AL50 (cm)
PLE
Baseline
SDC SSC FDC40 FDC60
Treatment  SDC
SsC —1.49
(-2.06: 0.86)
FDC40 0.46 1.95
(-0.56:1.30) (1.05:2.80)
FDC60 —1.13 0.36 —1.59
(-2.15: 0.28) (-0.59:1.16) (-2.69:
0.49)
FSC —3.82 —2.33 —4.28 —2.69
(-4.46:3.10)  (-2.87: (-5.13: (-3.51:
1.80) 3.34) 1.69)
FLE
Baseline
SDC SSC FDC40 FDC60
Treatment  SDC
SSC —2.09
(-3.26: 1.07)
FDC40  0.60 2.69
(—0.09:1.30)  (1.66:3.82)
FDC60  —0.38 1.70 —0.98
(-2.35:0.83) (-0.38:3.20) (-2.72:0.14)
FSC —4.82 —2.73 —5.42 —4.44
(-18.73: (-16.71: (-19.31: (-18.24:
2.44) 0.02) 2.99) 1.26)
DAB
Baseline
SDC SSC FDC40 FDC60
Treatment  SDC
SSC —1.85
(-2.46: 0.86)
FDC40 0.17 2.02
(-0.46:1.15) (1.56:2.55)
FDC60 —1.80 0.04 —1.97
(-2.66:0.75)  (-0.68:0.73) (-2.73:
1.22)
FSC —4.89 —3.04 —5.06 —3.09
(-5.50:3.89)  (-3.47: (-5.64: (-3.78:
2.64) 4.64) 2.47)

FDC40 to FDC60. The L50 for FSC was significantly lower compared to
SSC for all species (Table 5).
For comparison of SRs, the ASR was calculated according to Eq. 4.

For all species, no significant differences were found for most of the
codend comparisons in terms of SR (Table 6). However, there was a
significant difference between the FSC and SSC for plaice and dab, as
well as between FSC and FDC60 for plaice.

3.4. Potential effect of catch weight and towing time on size selection

Due to the differences between codends in mean CW and TT, the
potential effect of this on size selection was investigated following the
procedure described in section 2.5. The towing time varied between
tows, which might affect the escape opportunities and thereby the size
selectivity. Furthermore, the catch weight also vary between the hauls
and mean between codends. In most cases, the CW and TT showed no
effect on the L50 and SR (Table 7).

Aquaculture and Fisheries xxx (xxxx) xxx

In the cases where CW or TT were included in the model, further
analysis showed that either of these two parameters had less than a 2%
difference in size selectivity estimated between the five tested codends
for any of the three species (Table 8).

4. Discussion

Based on an experimental design that allows full control of the shape
of the codend meshes, this study provides a comprehensive and sys-
tematic testing of five research questions about the size selectivity of
flatfish species in relation to mesh geometry and its variability. To be
able to generalize the results regarding the size selection of flatfish
species, three flatfish species were included in this investigation. We
haven’t found previous proof-of-concept studies testing the selectivity
properties of SDC and/or SSC with 110 mm mesh size on these three
species. However, the meta-analysis in O'Neill et al. (2020) on size se-
lection of plaice in SDC, enables placing our results in the context of
previous research on codend selectivity for flatfish. The L50 was esti-
mated to be between 23 cm and 25 cm (O’ Neill et al., 2020), which is in
line with the L50 we found in all cases for the diamond-mesh
configurations.

The fixed codends raise questions about how the construction of the
codend may challenge the size selectivity compared to a standard
codend, for instance, the frame and the covered meshes in the rear end of
the codends. The small meshes in the rear end of the codend are assumed
not to have more influence than the catch buildup in a standard codend.
In a standard codend, the catch will likewise mask the netting in the rear
end of the codend as it builds up. During the fishing operation GoPro
cameras were attached to the fixed codends. The video in Supplemen-
tary Material shows the cover in the background with free passage for
the fish to escape the codend. One haul (Haul ID 13 in Table S1 in
Supplementary Material) was eliminated based on video material due to
doubt whether the cover had twisted and thereby masked part of the
codend. Obviously, the metal frame being used in the fixed mesh
codends is a construction not being part of the standard diamond and
square mesh codends. Whether this frame could have a visual effect
affecting the behavior of the flatfish making them less willing to seek
escape through the meshes is unknown. However, given the fact that the
size selectivity estimates do not show any sign of less contact for the
fixed frame codends compared to the two traditional codends we find it
unlikely that the frame itself should have had any negative effect on the
size selectivity.

Since mean towing time varied between codends (Table 3), this
could potentially have affected the difference in size selectivity esti-
mated between them. This, as well as the mean towing time, could have
affected the estimated difference in size selectivity between the codends.
To gain more insight into whether differences in towing time and/or
codend catch weight could have affected the difference size selectivity
between codends we did an additional analysis exploring this. The
analysis showed that it is unlikely that any of these two parameters had
any notable effect on the differences in size selectivity estimated be-
tween the five tested codends for any of the three species (less than 2%
in the most extreme cases; Table 8).

First, we inquired whether standard square-mesh codends have a
higher probability of retaining undersized fish than standard diamond-
mesh codends. Our results found that square-mesh codends risk retain-
ing more undersized flatfish than diamond-mesh codends. For all three
species significantly lower L50s were found for the square-mesh con-
figurations compared to all diamond-mesh configurations (Table 9).
This confirms the results found in earlier selectivity studies for scaldfish
(Arnoglossus laterna) (Sala et al., 2008) and four-spot megrim (Lepido-
rhombus boscii) (Guijarro & Massuti, 2006). Furthermore, this confirms
the need that when optimizing selectivity in mixed demersal fisheries,
all species of interest should be considered to avoid negatively impacting
some species when trying to improve others (Guijarro & Massuti, 2006;
Bak-Jensen et al., 2023).
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Table 6
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Differences in overall SR values estimated by the best candidate models (ASR (cm)) for the multiple pairwise comparisons between the five different codend con-
figurations, and for all species. Values in parentheses represent 95% ClIs. Numbers in bold denote significance.

ASR (cm)
PLE
Baseline
SDC SSC FDC40 FDC60
Treatment SDC
SSC 0.85(-0.37:1.55)
FDC40 0.04(-1.21:1.11) —0.81(-1.68:0.15)
FDC60 1.32(-0.37:3.04) 0.47(-0.85:2.18) 1.28(-0.11:3.15)
FSC —0.57(-1.71:0.04) —1.42(-1.92: 0.93) —0.61(-1.38:0.09) —1.89(-3.59: 0.62)
FLE
Baseline
SDC SSC FDC40 FDC60
Treatment SDC
SSC —0.52(-2.01:0.94)
FDC40 —0.69(-2.39:1.11) —0.17(-1.56:1.57)
FDC60 —0.98(-3.67:1.29) —0.47(-2.76:1.95) —0.30(-2.87:2.11)
FSC —1.53(-6.48:16.06) —1.01(-5.79:16.62) —0.84(-5.99:16.93) —0.54(-6.44:17.19)
DAB
Baseline
SDC SSC FDC40 FDC60
Treatment SDC
SSC 1.24(-1.06:2.32)
FDC40 0.07(-2.15:1.44) —1.17(-2.04:0.03)
FDC60 0.32(-2.02:1.53) —0.93(-1.79:0.03) 0.25(-0.99:1.25)
FSC 0.22(-2.06:1.33) —1.02(-1.93: 0.11) 0.15(-0.98:1.13) —0.10(-1.05:0.81)
Table 7
Outcome of the chosen model parameter. “N” has no significant effect. “Y” is a significant effect. “~“ notes where it was not possible to calculate an effect due to no

variation in the parameter between hauls.

SDC SSC FDC40 FDC60 FSC
cw TT cw TT cw TT cw TT cw TT
Plaice L50 N N N N N N N - N N
SR N Y N N N N N - N N
Flounder L50 Y N N N Y Y N - Y N
SR Y N N N N N N - N N
Dab L50 N N N N N N N - N N
SR N N N N N N N - Y Y
increases in the retention of undersized individuals. However, there was
Table 8 no significant difference for flounder when increasing the OA from 40°

The calculated effect on L50 or SR in percentage between changing the catch size
or towing time from the average for the codend (found in Table 3) to the total
average (Found in Table S1). The values are calculated for the significant pa-
rameters from Supplementary Material 4, Table S3.

Different in mean SR with
significant difference (%)

Different in mean L50 with
significant difference (%)

Plaice SDC - <0.1
Flounder 0.9 <0.1
SDC

Flounder 1.7 -
FDC40

Dab FSC - <0.1

The second question was whether the probability of retention of
undersized fish was greater with a wider OA in fixed diamond-mesh
compared to a narrower one. The FDC60 was observed to retain
significantly more undersized plaice and dab compared to the FDC40,
but no difference was observed for flounder where CIs were wide
(Table 9). For plaice and dab, the increase in OA led to significant

to 60°. One explanation for the different result obtained for flounder
could be morphological differences of flounder compared to plaice and
dab, such as width, spine placement, or skin roughness. For example, a
60° OA may result in the mesh being too narrow for broad-bodied
flatfish such as turbot (Scophthalmus maximus), whereas slim-bodied
flatfish like Dover Sole (Solea solea) could more easily escape. In addi-
tion, other species-specific characteristics, such as skin roughness and
anal spines, may affect the likelihood of escape. Despite inter-species
differences, our results imply that fixing the mesh with a wide OA is
likely to result in reduced escape possibilities for flatfish compared to
narrow OA.

The third question concerned whether using a codend with a wide
fixed OA (60°) would have a higher probability of retaining undersized
flatfish than the SDC. The FDC60 was observed to retain significantly
more undersized plaice and dab compared to the SDC, but no difference
was observed for flounder where the CIs were wide (Table 9). The SDC
codend would probably have narrower OA than 60° during fishing,
which would provide escape possibilities for larger sized flatfish. This
can explain the larger L50 found for the SDC compared to FC60. The
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Table 9

Overview of the answers to the research questions addressed in this study, using
the three flatfish species considered. “Y “is a confirmation of the question. “ns” is
not significant. And “N” is noted when the negative answer is significant. The
evaluation is based on the numbers in Table 5 and delta-figures in Supplemen-
tary (Figure S1 to Figure S3).

Research Question 1
Does a standard square-mesh codend (flexible meshes) have a higher probability of
retaining undersized flatfish than a standard diamond-mesh codend (flexible
meshes)?
PLE FLE DAB
SSC risk retaining more undersized flatfish than SDC Y Y Y

Research Question 2
Does a diamond-mesh codend with a wide and stable OA (fixed meshes) have a higher
probability of retaining undersized flatfish than one with a narrow and stable OA
(fixed meshes)?
PLE
FDC60 risk retaining more undersized flatfish than FDC40 Y

FLE DAB
ns Y

Research Question 3
Does a diamond-mesh codend with a wide and stable OA (fixed meshes) have a higher
probability of retaining undersized flatfish than a standard diamond-mesh codend
with variable OAs (flexible meshes)?
PLE
FDC60 risk retaining more undersized flatfish than SDC Y

FLE DAB
ns Y

Research Question 4
Does a codend with stable square-meshes (fixed meshes) have a higher probability of
retaining undersized flatfish than a standard square-mesh codend with variable OAs
(flexible meshes)?
PLE FLE DAB
FSC risk retaining more undersized flatfish than SSC Y Y Y

Research Question 5

Does a codend with stable mesh geometry (fixed meshes) have a lower variability in
size selection of flatfish than a codend with the same mesh shape but variable mesh
geometry (flexible meshes)?

PLE FLE DAB

SDC have higher variability in size selection than FDC40 ns ns ns
SDC have higher variability in size selection than FDC60 ns ns ns
SSC have higher variability in size selection than FSC Y ns Y
L]
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Fig. 6. Illustration of how the slack bars in a square-mesh codend can facilitate
escape for flatfish.

results for flounder again differed partially from the other species.

The fourth question asked if the probability of retention of under-
sized fish was greater for a fixed square-mesh than for the standard
square-mesh. The answer was significantly positive in all cases (Table 9).
The significant difference between the FSC and SSC strongly supports
the hypothesis that the SSC deforms toward a more rectangular shape,
which is more suitable for flatfish escape. The slackness in the bars
means that the meshes in the SSC are more suitable for flatfish pene-
tration, allowing larger flatfish to escape (Fig. 6). The significant dif-
ference in SR between the FSC and the SSC for plaice and dab also
indicates that the SSC is not as stable as Robertson and Stewart (1988)
believed it to be (Table 6). As Robertson and Stewart (1988) believed the
square-mesh would retain its shape under load and that the meshes

10

Aquaculture and Fisheries xxx (xxxx) xxx

would not be stretched and constricted.

The last question asked if a fixed mesh would have sharper size se-
lection compared to a standard mesh. In seven out of nine cases, the
answer was not significant (Table 9). For plaice and dab there were no
significant differences between the fixed diamond-meshes (FDC40 and
FDC60) and the SDC. However, for the SSC compared to the FSC, the SR
was found to be lower when the meshes were fixed, indicating that the
meshes in the SSC must deform during fishing. Results obtained in ex-
periments show that flatfish selection in codends is often related to
narrow SR (Sala et al., 2018) thus the sharpness of their size selection is
not a major issue.

The assumption that diamond-meshes are well-suited to flatfish
escape based on their shape depends on the angle at which the fish
approach the mesh opening (contact angle) and orientation of the fish
relative to the mesh. Cuende et al. (2020) and Krag et al. (2014) found
evidence that rotation and contact angle influence the ability of blue
whiting (Micromesistius poutassou) and Antarctic krill (Euphausia
superba) to penetrate mesh openings and escape. Making optimal contact
with the mesh appears to be highly dependent on the fish’s ability to
maneuver. For example, if fish are assumed to be swimming either
against or with the towing direction, for an individual to escape from a
diamond-mesh codends in the top or bottom panels, it would have to
perform a 90° yaw rotation followed by a 90° pitch rotation (Fig. 7b).
Therefore, the orientation of the mesh might have influenced the
selectivity to a larger degree, as the rigid construction with
diamond-meshes had the acute angle parallel to the length of the codend
and the bottom part, depending on where in the codend and the catch
volume, is likely to be larger than in a standard diamond-mesh codend.
In contrast, escaping through square-meshes in the top or bottom panels
requires a 45° body roll in addition to the 90° pitching movement
(Fig. 7b). Very little is known about flatfish’s ability to maneuver in the
water flow, as these species typically rely on maintaining proximity to
the seabed (Fox et al., 2018); some of these rotations may be unnatural
for these species or greatly destabilize them by exposing their body
surface to the flow. This may ultimately affect which panel or panels
most escapes occur, and thus it should be taken into consideration in
future studies.

When considering meshes in the side panels, only a 90° yaw would
be needed in the case of diamond-meshes, while an additional 45° body
roll is required for the square-meshes (Fig. 7c). If the side panels were to
offer the most suitable option for escapement, this may reflect nega-
tively on the overall selectivity, as according to Ryer (2008), flatfish
tend to keep close proximity to the bottom netting and seek escape
downwards. These mechanics might also be responsible for why the
models including the contact parameter C (Eq. (1)) were chosen by AIC
in most cases (Table 4). However, processes described by the Dlogistic
model could also be caused by a different selection process occurring
during haul-back.

Our results show that fixing meshes to a square shape (FSC) provides
a more well-defined size selection compared to a standard square-mesh.
From a practical point of view, a well-defined size selection means that
adjusting mesh size would result in more predictable changes in size
selection. Fixing the mesh openings to square-meshes in flatfish fisheries
would enable more precise control over catches of commercial and
undersized individuals. This is desirable from a fisheries management
point of view (better control on exploitation patterns), and for the
economical sustainability of the fishing activities (especially in fisheries
subjected to catch-restrictive rules). However, dealing with multiple
species with different minimum conservation refence sizes (MCRSs) or
commercially rentable sizes inevitably results in some losses of com-
mercial catch and retention of undersized individuals. Increasing the
mesh size in a square-mesh configuration could potentially contribute to
reducing bycatch of unwanted roundfish species and maybe also in-
vertebrates. A square-mesh codend with a mesh size aligned with the
MCRS for flatfish could provide escape possibilities that could reduce
the number of unwanted individuals caught while maintaining high
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C: Sideways

Fig. 7. A:Illustration of the possible need for rotation for escapement through a diamond-mesh with 40° OA. B: Sketching of the movement a flatfish needs to make
to escape downwards through a diamond-mesh and square-mesh respectively in the codend. C: Sketching of the movement a flatfish needs to make to escape

sideways in the codend.

catch efficiency for commercially sized individuals. As the L50 for dab
was significantly higher than for the other two species, there might be a
loss of commercially size dab in case with a square-mesh is fixed to fit
MCRS for plaice or flounder. In fisheries where there is a need to reduce
the capture of flatfish, either undersized individuals or in general, fixed
meshes could be a solution to improve escape probabilities. For
example, fixing diamond-meshes in a narrow OA and turning the
orientation of the meshes in the upper and lower panels 90° so the
widest part of the mesh opening is perpendicular to the towing direction
would be optimal for bottom and top escape for flatfish but would retain
larger roundfish.

To investigate the effect of mesh shape and OA on the selectivity of
flatfish species, in this study we applied an experiment specifically
designed to control the mesh shape during fishing operations. However,
it needs to be noted that the tested fixed-mesh codends (FDC40, FDC60,
and FSC) have been designed only for experimental purposes and they
are not directly applicable to commercial fisheries. To apply the
knowledge obtained in this study into commercial fisheries, several
technological challenges need to be addressed. For instance, fixed
meshes require some kind of rigidness, but rigidness is often associated
with handling, clogging, and storing issues. Rigidness has been previ-
ously pursued by coating the netting materials (e.g. Ultracross netting;
Madsen et al., 2002) but perhaps it is time for a more dramatic
rethinking of the codend design, moving away from standard netting
materials in favor of, for example, non-mesh codends (e.g. Millar et al.,
2023). The gain of a knife-edge size selection has high value, as this
could improve the catch efficiency and reduce unwanted bycatch of
undersized flatfish while improving escape possibilities of other
non-targeted marine organisms.
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