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Abstract: The hydrodynamic performance of one full-scale T0 (mesh size 90 mm) and three T90 (mesh
size 90, 100, and 110 mm) codends was investigated and compared using flume tank testing, with
and without a small-mesh cover. We evaluated how flow velocity, mesh circularity, and drag changed
in each codend at five different towing speeds (0.5–0.9 m/s). The results demonstrated that flow
velocity decreased along the length of a codend, and this effect was pronounced in the T0 codend.
Increasing the mesh size of T90 codends from 90 to 110 mm did not significantly affect flow velocity.
A novel parameter, termed mesh circularity, was developed and introduced to describe mesh opening.
Mesh circularity in the T0 codend decreased along the length of the codend, which contrasted with
the T90 codends. Results showed that the T90 codends maintained relatively open meshes (circularity
ranged from ~0.8 to 1.0 along the length of the codend) compared to the T0 (circularity ranged from
~0.6 to 0.4). Each T90 codend had a significantly (p < 0.05) higher drag than the T0 codend when
using the same simulated catch. For the covered codend comparisons, the flow velocity in the area
between codend and cover did not change for the T0 codend (p > 0.05), but was significantly different
for the T90 codend (p < 0.05). The results of this research provide fundamental knowledge useful for
understanding and improving selectivity of trawls in marine fisheries, especially for revealing the
masking effects of the cover net on the codend.

Keywords: hydrodynamic performance; flow; mesh opening; drag; flume tank; selectivity

1. Introduction

The codend is the terminal section of a trawl where the catch accumulates and is
retained. It is considered the most important trawl component in terms of the selection pro-
cess, where different mesh sizes can be applied to increase the sorting of unwanted animals
by species and size [1]. However, during this process, the unavoidable capture of juvenile,
undersized, or nonmarketable species also occurs (called bycatch), which is problematic for
fisheries management and population conservation [2,3]. Improving the selectivity of trawl
codends is one of the effective ways to reduce bycatch in trawling fisheries.

The covered codend method is commonly used for estimating selectivity of towed
fishing gears [4]. In order to retain the fish escaping through a codend, a small mesh cover
is often used in codend selectivity research [1]. Through analyzing the catch data from
the codend and the cover, the selectivity of the codend can be estimated. However, the
cover may affect fish escaping from the codend mesh and, therefore, affect the estimation
of codend selectivity [5]. When conducting a codend selectivity experiment with a cover, it
is important to consider the possible effects of the cover on the codend.

J. Mar. Sci. Eng. 2022, 10, 440. https://doi.org/10.3390/jmse10030440 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse10030440
https://doi.org/10.3390/jmse10030440
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-7223-7467
https://doi.org/10.3390/jmse10030440
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10030440?type=check_update&version=1


J. Mar. Sci. Eng. 2022, 10, 440 2 of 15

Many studies have been undertaken to improve the size selectivity of trawls focusing
on modifications to the codend. Over the last few decades, researchers have investigated
the effects of mesh size [6], twine thickness [7], codend circumference [8], mesh orienta-
tion [9], lastridge ropes [10], and knotless netting [11]. Methodologies have ranged from
computational fluid dynamics simulations [12–14] to morphological investigations of ani-
mal shape relative to the mesh [15] and at-sea observations of catch performance [16,17].
The field of science has expanded so quickly that several reviews are now available on the
topic [18–20].

One area which has received only modest investigation is full-scale empirical observa-
tions of codend hydrodynamics. Understanding how water moves through a trawl codend,
especially in response to bycatch reduction devices, is key to the effective development of
viable fishing technologies [21]. The hydrodynamic performance of a trawl codend will affect
its mesh shape and mesh opening [22]. Open meshes promote escapement of nontargeted
fish. Water velocity also affects the swimming behavior of fish, which affects codend mesh
selectivity [23]. Conducting these hydrodynamic observations at sea started with scientific
divers in underwater vehicles [24,25]. However, in recent years, the use of flume tanks has
increased remarkably, with several large modern facilities now available throughout the
world [26,27]. Measuring water velocity, flow field, mesh opening, and codend dynamics
is considerably easier in the controlled conditions of a laboratory setting. Bouhoubeiny
et al. [28] used particle image velocimetry (PIV) to document the fine-scale flow field of a
codend and its vortices. Madsen et al. [29] documented the behavior of T0, T90, and Bacoma
codends in a flume tank, which provided basic information for improving selectivity.

Changing the mesh orientation is a relatively simple and potential way to improve the
size selectivity of trawls. Rotating diamond netting 90◦ to the direction of tow (called T90)
was first proposed in the 1980s [30]. Since then, several studies have documented improved
size selectivity (i.e., reduction in bycatch and discards) for many species compared to
codends constructed of traditional diamond (T0) netting [13,31,32]. While several studies
have observed codends in a flume tank [4,33,34], to our knowledge, there is currently no
published literature on the relative performance of T0 versus T90 codends with empirical
data on flow velocity, mesh shape, and drag.

The purpose of this study was to compare the hydrodynamic performance of full-scale
T0 and T90 codends, with and without a cover, using a flume tank. Important parameters
that affect the performance of codends were quantified and compared between T0 and
T90 codends, including flow velocity, mesh circularity, and drag. We also investigated
the flow velocity between a codend and cover, for both T0 and T90 codends. The results
are discussed in relation to codend selectivity and past engineering studies. The study
provides fundamental knowledge useful for understanding the hydrodynamic performance
of T0 and T90 codends, with and without a cover, and is important to understanding and
improving the selectivity of trawl codends.

2. Materials and Methods
2.1. Gear Specifications

Four full-scale codends were used in this study (see descriptions in Table 1 and
Cheng et al. [35] for net plans). They were designed by Hampidjan Canada Ltd. (Spaniard’s
Bay, Newfoundland and Labrador, Canada), had four panels, and were constructed of
double-braided polyethylene netting (nominal 4.6 mm Ø). Each codend was attached to an
extension made of the same netting material. Only one of the codends was constructed with
diamond netting in the traditional direction (T0). It had a nominal 90 mm stretched inside
mesh opening and was typical for fisheries in eastern Canada. Three meshes constituted
the selvedges. The riblines were made of three-strand polypropylene rope (30 mm Ø)
and were 5% shorter in length than the selvedges. The remaining three codends were
constructed using diamond netting rotated 90◦ (T90) with stretched inside mesh openings
of 90 mm, 100 mm, and 110 mm (T90-90, T90-100, and T90-110, respectively). Two meshes
constituted the selvedges. The riblines were made of Quicklines (DynIce DuxTM, Dyneema,
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18/22 mm Ø) and were 5% shorter than the selvedges. The construction of the riblines was
based on the company’s industry standards. The stretched inside mesh size was measured
using an ICES OMEGA gauge following procedures described by Fonteyne [36]. Schematic
net plans of the codends are available in Cheng et al. [35].

Table 1. Design parameters of the four experimental codends and their extensions. Numbers in
brackets represent standard deviation.

Net Nominal Mesh
Size (mm) Twine

Length
(Number of

Meshes)

Circumference
(Number of

Meshes)

Measured
Mesh Size

(mm)

Codend
T0-90 90 Magnet Yellow 2 × 4.6 mm 99.5 116 95.0 (2.4)

T90-90 90 Magnet Yellow 2 × 4.6 mm 120 76 93.6 (2.5)
T90-100 100 Magnet Yellow 2 × 4.6 mm 109 76 104.6 (2.9)
T90-110 110 Magnet Yellow 2 × 4.6 mm 99 76 110.7 (2.1)

Extension
T0-90 110 Magnet Yellow 2 × 4.6 mm 72.5 96 112.3 (3.5)

T90-90 110 Magnet Yellow 2 × 4.6 mm 91 79.5 110.0 (3.2)
T90-100 110 Magnet Yellow 2 × 4.6 mm 91 85 114.2 (2.1)
T90-110 110 Magnet Yellow 2 × 4.6 mm 91 87.9 112.0 (1.9)

2.2. Flume Tank

Each codend was tested in the flume tank located at the Center for Sustainable Aquatic
Resources (CSAR), Fisheries and Marine Institute of Memorial University, St. John’s, NL,
Canada. The test section of the tank was 22.3 m long, 8.0 m wide, and 4 m deep. The side
observation window was 20 m long and 3 m high. Maximum water speed (towing speed)
was 1.0 m/s (see Winger et al. [26] and Kebede et al. [37] for details).

The codends were mounted on a steel ring (140 cm Ø) which was attached by four
bridles (2 m) to a towing mast in the flume tank (Figure 1). The diameter of the steel ring was
selected according to the mesh opening at this section of the trawl (H. DeLouche, Fisheries
and Marine Institute, St. John’s, Newfoundland and Labrador, Canada, pers. comm.).
Codend catch was simulated using perforated and flooded trawl floats (n = 80; 20 cm Ø;
Pescaflot N-90, Castro, Donostia, Gipuzkoa, Spain). Each float had six 2.6 cm diameter
holes drilled to balance its weight and buoyancy in water. Together, the 80 floats simulated
a catch of approximately 350 kg (estimated according to the total volume of the floats).

A total of 10 measurement points were identified along the length of the codends
(Figure 1). The distance between each position was 1.5 m. Measurement points were
selected and marked prior to deployment in the flume tank. The first measurement point
was set as a reference; no data were collected at this point. Measurement points 2 to 6
belonged to the extension piece, while measurement points 7 to 10 belonged to the codend
section. A downward looking underwater camera (Sony FCB-ER8300, Minato, Tokyo,
Japan) was used to determine the horizontal spread of the codend at each measurement
point. A side-looking camera (Panasonic MDV12885, Kadoma, Osaka, Japan) perpendicular
to the flume tank window was used to measure the vertical spread at each of the same
measurement points.

Flow velocity (m/s) was measured using a two-axis electromagnetic current meter
(Valeport Model 802, Valeport, St Peter’s Quay, Totnes, UK). At each measurement point,
the data were collected over a period of 1 min (96 Hz) and were then averaged to get the
velocity. The instrument was lowered vertically from the surface of the tank through an
open mesh until the desired depth was achieved. At some locations, especially near the end
of the codend, the vertical spread in the codend was often too small, limiting our ability to
collect measurements at the locations. The measuring accuracy was ±5 mm/s plus 1% of
averaged data.
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Figure 1. Schematic representation of the experimental setup in the flume tank. Black crosses indicate
the measurement points (1 to 10) through the center of the net for flow velocity and mesh opening.

2.3. Codend Hydrodynamics without a Cover

Our first experiment examined the hydrodynamics of the four codends without a
cover. Towing speeds ranged from 0.5 to 0.9 m/s at increments of 0.1 m/s. At each towing
speed, the mean flow velocity through the center of each codend was measured at the
different measurement points.

2.3.1. Mesh Opening

For the mesh opening analysis, meshes were selected along the midline of the top panel.
The downward-looking underwater camera recorded images at each of the measurement
points (Figure 1). At least five meshes were selected for image analysis using ImageJ
software following procedures described by Ferreira et al. [38]. Mesh shape was fitted with
an ellipse shape (Figure 2). The circularity (Circ, Equation (1)) of the fitted ellipse was used
to characterize the mesh opening, described by

Circ = (2 × a × b)/(a2 + b2), (1)

where a is the length of major axis of the fitted ellipse, and b is the minor axis. The value of
Circ cannot be smaller than 0.0 with a maximum value of 1.0. When Circ is equal to 0.0,
this indicates a totally closed mesh. Circ equal to 1.0 suggests a perfect circle shape fitting
the mesh.

2.3.2. Drag

An underwater load cell (Honeywell Sensotec Model 31, Honeywell International Inc.,
Charlotte, NC, USA) was inserted between the towing mast and bridles to measure the
total drag (kgF, kilogram force) of the codend systems (Figure 1). The drag at each towing
speed was recorded for all the codends with the same simulated catch size. Measurements
were collected over a period of 1 min (50 Hz) and were then averaged to get the drag.
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2.4. Codend Hydrodynamics with a Cover

Our second experiment examined the hydrodynamics of two codends with a cover
attached. We selected the T0 and T90 codends with the same inside stretched mesh size
(90 mm) for the experiment (T0-90 and T90-90, respectively).

The cover was a two-panel design constructed of single 2.5 mm Ø PE twine with a
nominal mesh size of 50 mm (Figure 3). A total of 29 flexible kites were mounted around the
circumference of the cover to expand the cover and avoid masking of the codend meshes,
similar to Madsen et al. [4], He [16], and Grimaldo et al. [39]. The cover was 1.5 times the
length of the T0 codend, the longest codend. To fit into the flume tank, the extension of
each codend was removed. The codend and the cover were mounted on two steel rings
(100 cm Ø). The ring with the codend was attached by four bridles (2 m in length) to the
towing mast of the flume tank. The ring with the cover was linked to the one with the
codend by four bridles (each 2 m in length).

Flow velocities were recorded using the current meter inserted at the location corre-
sponding to measurement point 8 (Figure 1). Measurements were collected at two vertical
locations: (1) between the cover and codend, equidistant between the netting panels, and
(2) inside the center of the codend. Towing speeds ranged from 0.7 to 0.9 m/s with 0.1 m/s
intervals. Measurements were collected over a period of 1 min (96 Hz) and then averaged
to get the velocity.
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St. John’s, NL, Canada.

2.5. Statistical Analysis

The flow velocity was fit with a multiple regression including codends, towing speeds,
and measurement points as independent variables. Regressions were performed using the
GLM function in MATLAB including all the variables (Equation (2)).

Mv = α + β1Cd + β2Ts + β3Mp + β4Mp2 + ε, (2)

where α is the intercept, β terms are regression coefficients, and ε is the error term. Mv
represents the measured flow velocity (m/s), Cd is the codend, Ts is the towing speed
(m/s), and Mp is the measurement point along the codend. Cd is a categorical variable; all
other variables are continuous.

A Pearson’s correlation was conducted to determine the relationship between the
circularity values and the measurement points. The Circ of each codend was fit using a
regression and the GLM function in MATLAB (Equation (3)).

Circ = α + β1Cd + β2Ts + β3Mp + ε, (3)

where α is the intercept, β terms are regression coefficients, and ε is the error term. Cd
represents the codend type, Ts is the towing speed (m/s), and Mp is the measurement
point along the codend. A p-value of <0.05 was considered to be statistically significant.
When terms were found to be nonsignificant, the highest p-value term was removed, and
the model was refitted until all terms were significant.

Analyses of variance (ANOVA) was used to examine differences between the flow
velocity through the center of the codends and the towing speed. A level of significance
(p < 0.05) was used to evaluate the null hypothesis in the ANOVA analyses. To compare
the flow velocity among the different codends, only data recorded at measurement points
7 to 10 were utilized.

A regression using the GLM function in MATLAB was used to analyze the difference
in the drag of the codends (Equation (4)).

Dr = α + β1Ts + β2Cd + ε, (4)

where α is the intercept, β terms are regression coefficients, and ε is the error term. Dr rep-
resents the drag of codend (kgF), Cd is the codend type, and Ts is the towing speed (m/s).

For the second experiment, the measured flow velocity was fit with a regression with
towing speeds and measurement areas (inside the codend and between the cover and the
codend) as independent variables. Regressions were performed using the GLM function in
MATLAB including all the variables (Equation (5)).

Mv = α + β1Ts + β2Ma + ε, (5)
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where α is the intercept, β terms are regression coefficients, and ε is the error term. Ts
represents the towing speed (m/s), and Ma is the measurement area. Ts is a continuous
variable, and Ma is a categorical variable.

3. Results
3.1. Gear Specifications

Design parameters for each of the four codends are listed in Table 1. The measured
mesh size was 95.0 mm (standard deviation (SD) = 2.4) for the T0-90 codend, 93.6 mm
(SD = 2.5) for T90-90, 104.6 mm (SD = 2.9) for T90-100, and 110.7 mm (SD = 2.1) for T90-110.

3.2. Codend Hydrodynamics without a Cover
3.2.1. Flow Velocity

The flow velocity observed at the different measurement points is shown in Figure 4.
All codends exhibited an early reduction in flow velocity (at location point 2) compared to
the test speed of the flume tank. Flow velocity generally decreased as the water traveled
down the length of the extension and codend, with the greatest reductions observed near
the terminal part of the codend (measurement point 10). The shape of the fitted regressions
was noticeably different between the T0 and T90 codends (Figure 4). The T0 codend showed
the greatest reductions in flow velocity. At a towing speed of 0.9 m/s, the flow velocity
of the T0 codend dropped more than 34% between points 2 and 10. By comparison, the
T90 codends exhibited less reduction in flow velocity along their length. The decrease
in flow velocity at the last measurement point was less than 14% with respect to the
beginning position.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 8 of 15 
 

 

 

Figure 4. The flow velocity through the center of each codend, where the line represents the fitted 

model and the marker is the mean of the recorded velocity in m/s. The codend starts at point 7. 

Table 2. The results of the GLM model explaining the variability in flow velocity (m/s). Ts indicates 

the towing speed (m/s), Mp is the measurement point, and Cd is the codend type. 

Variable Coefficient Standard Error t-Statistic p-Value 

Intercept −0.19 0.026 −7.49 <0.001 

Ts 1.02 0.023 43.46 <0.001 

Mp 0.043 0.007 6.2 <0.001 

Cd_T90-90 0.11 0.0094 12.2 <0.001 

Cd_T90-100 0.12 0.0094 12.62 <0.001 

Cd_T90-110 0.10 0.0094 11.11 <0.001 

Mp2 −0.0049 0.00057 −8.61 <0.001 

Number of observations: 180, error degrees of freedom: 173, root-mean-squared error: 0.045, R-

squared: 0.931, adjusted R-squared: 0.928, F-statistic vs. constant model: 388, p-value < 0.001. 

Differences in flow velocity between the T0 and T90 codends were interpreted with 

the coefficient of category variable (Cd). Holding the other variables constant, the flow 

velocity in the T90-90 codend was 0.11 m/s higher than that in the T0-90 codend, and this 

difference was statistically significant (p < 0.001). The other T90 codends also had signifi-

cantly higher mean flow (>0.1 m/s) than the T0 codend under the same experimental con-

ditions (Table 2). 

3.2.2. Mesh Circularity 

Figure 5 shows the change of mesh opening observed along the extension and codend 

at different towing speeds. The circularity of the T0 codend was 0.53 at measurement point 

2, decreasing to 0.39 at the last measurement point. According to this figure, the circularity 

of the T0 codend showed a decreasing trend from the front to the rear of the codend for 

all towing speeds. The coefficient was statistically significant (r = −0.73, p < 0.001), indicat-

ing a strong negative correlation between the two variables [40]. The results for the T0 

codend indicated that mesh circularity decreased as towing speed increased; however, 

while this difference was not significant, the p-value was close to being below the alpha 

of 0.05 (r = −0.25, p = 0.09). 

Figure 4. The flow velocity through the center of each codend, where the line represents the fitted
model and the marker is the mean of the recorded velocity in m/s. The codend starts at point 7.

The results of the regression (Table 2) describing flow velocity in the codends explained
93.1% of the variability in the response variable (R2). The most important factor affecting
the flow velocity inside a codend was towing speed (t = 43.46, p < 0.001). Holding the
other variables constant, a one-unit increase (by 1 m/s) in towing speed would significantly
increase the inside flow velocity by 1.02 m/s.
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Table 2. The results of the GLM model explaining the variability in flow velocity (m/s). Ts indicates
the towing speed (m/s), Mp is the measurement point, and Cd is the codend type.

Variable Coefficient Standard Error t-Statistic p-Value

Intercept −0.19 0.026 −7.49 <0.001
Ts 1.02 0.023 43.46 <0.001
Mp 0.043 0.007 6.2 <0.001
Cd_T90-90 0.11 0.0094 12.2 <0.001
Cd_T90-100 0.12 0.0094 12.62 <0.001
Cd_T90-110 0.10 0.0094 11.11 <0.001
Mp2 −0.0049 0.00057 −8.61 <0.001

Number of observations: 180, error degrees of freedom: 173, root-mean-squared error: 0.045, R-squared: 0.931,
adjusted R-squared: 0.928, F-statistic vs. constant model: 388, p-value < 0.001.

Differences in flow velocity between the T0 and T90 codends were interpreted with
the coefficient of category variable (Cd). Holding the other variables constant, the flow
velocity in the T90-90 codend was 0.11 m/s higher than that in the T0-90 codend, and
this difference was statistically significant (p < 0.001). The other T90 codends also had
significantly higher mean flow (>0.1 m/s) than the T0 codend under the same experimental
conditions (Table 2).

3.2.2. Mesh Circularity

Figure 5 shows the change of mesh opening observed along the extension and codend
at different towing speeds. The circularity of the T0 codend was 0.53 at measurement
point 2, decreasing to 0.39 at the last measurement point. According to this figure, the circu-
larity of the T0 codend showed a decreasing trend from the front to the rear of the codend
for all towing speeds. The coefficient was statistically significant (r = −0.73, p < 0.001),
indicating a strong negative correlation between the two variables [40]. The results for the
T0 codend indicated that mesh circularity decreased as towing speed increased; however,
while this difference was not significant, the p-value was close to being below the alpha of
0.05 (r = −0.25, p = 0.09).
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represents the fitted model and the marker is the mean of the measured value. Ts is towing speed in
m/s. The codend starts at point 7.

In comparison, mesh circularity in the T90 codends exhibited a slight increasing
tendency along the length of the extension and codends (points 2 to 10). At the leading
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edge (point 2), the mean circularity values were 0.80 (SD = 0.026), 0.83 (SD = 0.042), and
0.74 (SD = 0.054) for T90-90, T90-100, and T90-110, respectively. These increased to 0.92
(SD = 0.017), 0.91 (SD = 0.033), and 0.85 (SD = 0.040) at the end of the codend (point 10).

Results of the Pearson correlation coefficient showed that there was a strong positive
association between the mesh circularity and measurement points for the T90-90 codend
(r = 0.75, p < 0.001), as well as the T90-100 codend (r = 0.66, p < 0.001) and T90-110 codend
(r = 0.61, p < 0.001). The correlation between mesh circularity and towing speed was
negative, indicating that increasing the towing speed led to greater mesh closure.

The results of the regression (Table 3) showed that the three predictors (Cd, Ts, and
Mp) explained 91.7% of the variance observed (F (5, 188) = 413, p < 0.001). The coefficient
for towing speed was negative, indicating that mesh circularity decreased with increasing
towing speed. More specifically, for every additional 1 m/s increase in towing speed, mesh
circularity decreased by 13%. The circularity also changed along the length of the extension
and codend, as shown by the statistically significant coefficient for Mp (p < 0.001). Moving
the measurement point by one unit generated a 0.7% increase in mesh opening (Table 3).

Table 3. The results of the GLM model explaining the variability in mesh circularity. Ts indicates the
towing speed (m/s), Mp is the measurement point, and Cd is the codend type.

Variable Coefficient Standard Error t-Statistic p-Value

Intercept 0.499 0.022 22.45 <0.001
Ts −0.13 0.027 −4.65 <0.001
Mp 0.007 0.001 5.23 <0.001
Cd_T90-90 0.417 0.011 37.85 <0.001
Cd_T90-100 0.426 0.011 38.82 <0.001
Cd_T90-110 0.383 0.011 34.93 <0.001

Number of observations: 194, error degrees of freedom: 188, root-mean-squared error: 0.0533, R-squared: 0.917,
adjusted R-squared: 0.914, F-statistic vs. constant model: 413, p-value < 0.001.

Comparing the T0-90 and T90-90 codends, which have the same mesh size, the results
revealed that the T9090 codend had higher overall circularity (mean = 0.4) compared with
the T0. Changing the mesh orientation from T0 to T90 significantly increased the mesh
opening (p < 0.001). T90-100 and T90-110 also had a significantly higher mesh opening than
did the T0 (p < 0.001) (Table 3; Figure 5).

3.2.3. Drag

The total drag of each codend (with the simulated catch) at different towing speeds is
shown in Figure 6. The drag of each codend increased with increasing towing speed, as
expected. At a towing speed of 0.5 m/s, the difference in drag between the T0 and T90
codends was approximately 25.3 kgF. This difference increased to 75.0 kgF when the towing
speed increased to 0.9 m/s. The curve for the T0 codend was noticeably lower than that for
the T90 codends (Figure 6). The regression analysis showed that the drag of T90 codends
was significantly higher than that of the T0 codend (p < 0.001; Table 4).

Table 4. The results of the GLM model explaining the variability in drag (kgF). Ts indicates the
towing speed (m/s), and Cd is the codend type.

GLM

Variable Coefficient Standard Error t-Statistic p-Value

Intercept −123.67 11.5 −10.75 <0.001
Ts 262.76 15.23 17.25 <0.001
Cd_T90-90 46.6 6.09 7.65 <0.001
Cd_T90-100 54.82 6.09 9.00 <0.001
Cd_T90-110 48.83 6.09 8.01 <0.001

Number of observations: 20, error degrees of freedom: 15, root-mean-squared error: 9.63, R-squared: 0.964,
adjusted R-squared: 0.954, F-statistic vs. constant model: 100, p-value < 0.001.
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3.3. Codend Hydrodynamics with a Cover

Flow velocities measured inside the codend and between the cover and the codend,
are shown in Figure 7. Flow velocity showed an increasing trend as Ts increased from
0.7 to 0.9 m/s. The coefficient for Ts was positive and statistically significant for both
codends (Table 5). For the T0 codend, measurements of flow were not statistically different
inside the codend versus between the cover and the codend (t = −0.501; p > 0.05; Table 5).
Conversely, flow velocity between the cover and T90 codend was noticeably and statistically
lower than the flow velocity recorded inside the codend (p < 0.001; Table 5).

Table 5. The results of the GLM model for explaining the variability in flow velocity inside the
T0-90 and T90-90 codends with a cover. Ts indicates the towing speed (m/s), and Ma_B is the
measurement area.

GLM-T0-90

Variable Coefficient Standard Error t-Statistic p-Value

Intercept −0.213 0.246 −0.865 0.451
Ts 0.993 0.304 3.264 0.047
Ma_B −0.025 0.050 −0.501 0.651

Number of observations: 6, error degrees of freedom: 3, root-mean-squared error: 0.0608,
R-squared: 0.784, adjusted R-squared: 0.64, F-statistic vs. constant model: 5.45, p-value = 0.1.

GLM-T90-90

Variable Coefficient Standard Error t-Statistic p-Value

Intercept 0.095 0.073 1.303 0.284
Ts 0.733 0.089 8.159 0.004
Ma_B −0.245 0.015 −16.679 <0.001

Number of observations: 6, error degrees of freedom: 3, root-mean-squared error: 0.018,
R-squared: 0.991, adjusted R-squared: 0.986, F-statistic vs. constant model: 172, p-value < 0.001.
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4. Discussion

This study investigated the hydrodynamic performance of full-scale T0 and T90
codends using a flume tank in St. John’s, Newfoundland and Labrador, Canada. These
results join previously published codend experiments conducted in flume tanks located in
Australia [41], England [42], Denmark [4,33], and France [34]. Our results demonstrated
that flow velocity decreased along the length of the extension and codend. This finding
is consistent with Hansen [33] and Wakeford [41]. Whether model or full-scale codends,
all three studies documented that filtration efficiency is hindered due to blockage from
the netting. Depending on the design of the codend, water will always be entrained and
carried along. We found that the T90 codends, regardless of their mesh size, all exhibited a
relatively high flow velocity along their length. Hansen [33] made a similar observation
for one of his T90 codend designs, but not the other. Thus, the extent of entrainment
and resulting flow reduction can vary depending on a trawl designer’s choice of netting,
codend design, and towing speed. In many cases, this may not be known at the design
stage, justifying the need for controlled flume experiments prior to sea trials [26].

To our knowledge, this is the first study to compare the relative performance of
full-scale T0 and T90 codends of similar design under controlled flume tank conditions.
Our results demonstrate that T90 codends are fundamentally different from T0 codends
in their flow profile, mesh circularity, and drag. These results are helpful in explaining
size selectivity differences between T0 and T90 codends and provide some insight into
the background mechanisms affecting size selectivity. T90 codends have been shown to
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improve size selectivity for many round-body fish species compared to T0 codends made of
the same netting [17,35] The T0 and T90 codends used in this study were recently evaluated
at sea for their size-selectivity performance in an experimental redfish (Sebastes spp.) fishery
in the Gulf of St. Lawrence, Canada [35]. The results showed that the T90 codends had
improved size selectivity compared to T0 at releasing undersized individuals (<25 cm).
Changing the mesh orientation alone (T0-90 to T90-90) significantly affected the selection
properties of the codend [35]. This is due to T0 meshes closing when tension acts on the
netting in the tow direction of the trawl, whereas T90 meshes remain open, as demonstrated
in this flume tank study. Independent of the mesh size, it would be difficult for fish to
escape from totally closed meshes where there is no gap between the mesh bars [43]. Thus,
we conclude that the increased mesh opening for T90 observed in this flume tank study
was responsible for the increased escapement of small fish and improved size-selectivity
reported by Cheng et al. [35].

To investigate mesh opening, many studies have used the parameter known as opening
angle (e.g., [44–46]). In this study, we elected to develop and use a novel parameter, which
we call mesh circularity. This is because the bar of T90 mesh is distorted and shows a
curvilinear shape (Figure 2). Thus, the two sides of the triangle defining the opening
angle are not straight, making the estimation of an opening angle difficult. Given that
measurements of opening angle at sea are generally based on image analysis (e.g., [46]),
measurement error can result from the situation that the underwater camera and netting
are not parallel. However, describing mesh opening with circularity avoids this error. The
circularity value is a ratio without units; measurement errors from the numerator and
denominator of the function are canceled out (Equation (1)). Using circularity is, therefore,
a reliable and accurate method to describe mesh opening and mesh shape.

Mesh circularity also corresponds well with general fish morphology, especially the
cross-sectional body shape and body height to width ratio [45,47]. Previous studies have
shown that associating fish morphology with mesh opening can be helpful for understand-
ing the selectivity of netting [48,49]. When circularity is equal to one, the mesh promotes
the escapement of small individuals with round-body shape (e.g., body height-to-width
ratio of one). As circularity approaches zero, the mesh shape may be good for undersized
flatfish to escape. Therefore, the circularity combined with species morphology data could
be applied to design selective fishing gears.

This study reports novel data on the hydrodynamics of attaching a cover over a
codend. While our data are limited to a single location (point 8) for only a few towing
speeds, to our knowledge, no other scientific literature exists on flow velocities between a
codend and cover. We speculate that the lower flow velocities observed in the T90 codend
may be attributed to greater frontal area (projection area). O’Neill et al. [42] found that the
maximum frontal area of a codend was a good predictor of its total drag in a flume tank.
Given that the T90-90 codend had greater drag than the T0-90 codend, we speculate that this
may have been related to differences in frontal area between the codends. Unfortunately,
frontal area was not quantified in this study. We recommend additional experiments be
conducted to fully elucidate this phenomenon, perhaps using a combination of numerical
simulations using desktop computers and physical modelling in flume tanks.

Although full-scale codends were tested in this study, we recognize that the experimen-
tal conditions of a flume tank are different from conditions at sea. The towing speeds we
used are significantly lower than those expected at sea. This limitation has been previously
discussed [37,50]. During sea trials, towing speeds are typically closer to 1.3 m/s, and
catch sizes can be several thousand kilograms. Under these conditions, we expect that the
drag of the codend would increase with increasing towing speed and catch weight, and the
flow velocity inside the codend and mesh opening may be affected accordingly. We also
recognize that using perforated floats to simulate catch may not necessarily reflect actual
fish in a codend. Nevertheless, our research methods can be used to investigate and com-
pare the hydrodynamic performance of different codends under controlled experimental
conditions and may prove helpful in interpreting codend selectivity. Coupling this kind
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of knowledge on the engineering performance of codends with underwater observations
of fish behavior in response to trawl netting is key to understanding the mechanisms of
codend selectivity [51].
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