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Abstract — Using experimental data and a model to predict size selection based on morphological data, we investigated
size selection of redfish (Sebastes spp.) in the grid-based selection systems used in Northeast Atlantic trawls. We
found that not all redfish make physical contact with the spacing between the bars in the sorting grids while they pass
in the direction of the codend, and therefore the escapement of some undersized redfish depends on size selection
in the codend. We estimate that most of the escapement in the combined selection system (consisting of a 55-mm
grid and a diamond mesh codend) happens through the grid. We demonstrated that for one of the two grid systems
investigated the increase in size selection obtained experimentally by increasing grid-bar spacing is well in line with
what could be expected based on the morphology of redfish. However, the size selection observed experimentally was
significantly lower than the size-selective potential of the grids estimated based on the morphology of redfish. By
computer simulations, we show that a possible explanation for this difference could be that not all redfish that attempt
to escape through the grid make their attempt with an optimal angle of attack.
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1 Introduction

Redfish (Sebastes spp., Scorpaeniformes) are important
commercial species in the North Atlantic. Three species
are exploited commercially in this area: Sebastes marinus,
Sebastes mentella and Sebastes fasciatus. Although each
species has distinguishing features, they are so similar in
shape and appearance that it is often difficult to differentiate
them unless they are carefully examined (Power and Ni 1985;
Pampoulie and Danielsdottir 2008). In the International Coun-
cil for the Exploration of the Sea (ICES) subareas I and II
(Norwegian Sea and Barents Sea), S. marinus and S. mentella
are the two most important commercial species. These species
have been widely exploited in these areas in recent decades,
but the situation for some stocks calls for stricter manage-
ment regimes in the near future. For example, for S. marinus in
2013, ICES advised “that there should be no fishery, given the
very low spawning stock biomass (below any possible refer-
ence points) and poor recruitment” (ICES 2012). The situation
for S. mentella, however, seems better. Based on the maxi-
mum sustainable yield approach, ICES advised that a commer-
cial fishery for S. mentella in subareas I and II can take place
if catches (including bycatches and discards) do not exceed
47000 tonnes.

* Corresponding author: bent.herrmann@sintef.no

In the North Atlantic, most redfish is captured by pelagic
and bottom trawls in relatively deep waters (most of-
ten >200 m) (ICES 2011). Aiming at improving the selective
properties of trawls, Norwegian researchers developed a sort-
ing grid called Sort-X, which was installed as the section pre-
ceding the diamond mesh codend (Fig. 1a,b) (Sistiaga 2010).
This grid became mandatory for trawlers in 1997. The Sort-X
grid consists of two stainless steel grid sections (areas: 1.35
and 1.07 m?) and a third canvas-covered steel frame section.
Although most fish are expected to contact at least one of the
two grids, some fish swimming along the lower panel in the
trawl would be able to pass through the grid section without
contacting either of the two grids on their way towards the
codend. Due to the difference in angle and position of the two
grids, the angle of attack for fish attempting to pass through the
two grids may differ. Based on the working principles of the
Sort-X grid system, Russian researchers developed the Sort-V
grid system (Fig. 1a,c). This grid structure is also constructed
of stainless steel but has only one grid piece (area: 1.42 m?).
In contrast to the Sort-X, the Sort-V includes a lifting panel
to guide the fish towards the grid as they pass towards the co-
dend. The Sort-V was made legal for use in Norwegian waters
in 2000. Shortly after this, a new plastic and rubber grid con-
struction called Flexigrid, intended to be more user friendly,
was designed in Norway. This grid offers the advantage of
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Fig. 1. (a) Legal grids for the Northeast Atlantic bottom trawl fishery. (b) Details of the Sort-X system (Grid 1: 1.35 m?, angle 18-22°; Grid
2: 1.07 m?, angle 5-8°; Opening heights at X, Y and Z are estimated to be 1000-1200 mm, 300-400 mm and 100-150 mm, respectively;
200-mm PL floats are used). (c) Details of the Sort-V systems (Grid: 1.42 m?, angle 20-23°; Opening heights at X and Y are estimated to
be 1100-1300 mm and 150-250 mm, respectively; Both the guiding panel and the lifting panel are constructed in 60-mm netting; 200-mm PL

floats are used).

being light and flexible and, due to its neutral buoyancy, it does
not require floats or chains (Angell 1999) (Fig. 1a). The use of
this system in the Barents Sea was permitted in 2002.

Today, all three grid systems are permitted in the Barents
Sea, provided that the grid-bar spacing is at least 55 mm. In ad-
dition to the compulsory grid, the regulations in the area state
that all codends used must have a minimum diamond mesh
size of 130 mm. The combination of a sorting grid and a size-
selective diamond mesh codend is also used in other areas in
the North Atlantic, such as in Icelandic waters. Here, grids are
used with a bar spacing of 55 mm in the cod fishery, where red-
fish is an important bycatch species (Haraldur Einarsson IMR,
Iceland, pers. comm.). The cod fishery is one of the most im-
portant fisheries in Iceland, and the bycatch of redfish can at
times be considerable. Therefore, it is highly relevant to quan-
tify the size-selective properties of these grid-based selective
devices with respect to redfish.

While the size selection of redfish in diamond mesh
codends is well understood and quantified (Herrmann
et al. 2012), the performance of grid-based selection systems
in terms of redfish selection is not well documented. Therefore,
the aim of this study was to investigate the size-selective prop-
erties of two grid-based selection systems (Sort-X and Sort-V)

with respect to size selection of redfish. Specifically, we ad-
dressed the following questions:

e Do all redfish that encounter attempt to escape through the
grid and how good are they at contacting the grid with an
optimal angle of attack?

e How do the size-selective properties of the grid depend on
the bar spacing?

e How much of the total escapement in the combined selec-
tive system is attributable to the grid and what is the bal-
ance between the release potentials of the currently used
grid and codend?

e Can the size-selective potential of different grid-bar spac-
ing be understood based on fish morphology?

To investigate these questions, we used experimental fishing
data from two different cruises, as well as morphology-based
experimental data.

2 Materials and methods
2.1 Collection of experimental selectivity data

The redfish selectivity data included in this study was col-
lected off the Norwegian coast during two cruises, one in 1992
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Fig. 2. Experimental setups (both illustrated with the Sort-V grid). (a) Grid + codend setup where a cover (GC) collects the fish escaping
through the grid and the codend (C) is blinded with an inner net. (b) Grid + codend setup where a first cover (GC) collects the fish escaping
through the grid and a second cover (CC) collects the fish escaping through the codend meshes (C).

and another in 2009. Two different experimental designs were
used to collect the selectivity data (Fig. 2).

2.1.1 Cruise onboard the M/V Prestfjord

The cruise onboard the M/V Prestfjord (57 m total length,
and 3000 HP) took place in March 1992, with the third author
of this study in charge of data collection. The data were col-
lected using an Alfredo no 4 trawl, which had an 18.9-m fish-
ing line and was entirely constructed of 135-mm meshes. Dur-
ing the trials, the selectivity of 40-mm, 45-mm, and 50-mm bar
spacing grids inserted in the Sort-X sorting grid system (Fig. 1)
was measured for redfish using the experimental design in
Figure 2a. A cover retained the fish escaping through the grid,
whereas the fish that did not manage to escape through the
grid were collected in a 52-mm diamond mesh codend (52-mm
codend was considered non-selective for the size ranges of
interest). Two, three, and twelve hauls were conducted for
the 40-mm, 45-mm, and 50-mm grids, respectively. The red-
fish collected in the cover and codend were measured to the
nearest centimetre, and in some cases the catch was subsam-
pled. The redfish measured during this cruise were classified
as Sebastes spp. because they were a mixture of S. mentella
and S. marinus.

2.1.2 Cruise onboard the R/V Jan Mayen

Data collection onboard the R/V Jan Mayen (64 m length
overall, and 4080 HP) was done in March 2009, with the sec-
ond author of this study in charge of data collection. The trawl
used in this trial was an Alfredo no 5 trawl, constructed of
155-mm meshes (the top front panel and the wings were built

of 200-mm meshes). The selection system installed in the trawl
was a Sort-V grid combined with either a 135-mm codend
(setup 1) or a 140-mm codend (setup 2). Both the grid and the
codend were covered with a sampling net that collected the
fish escaping from the grid and the codend (experimental de-
sign in Fig. 2b). This setup enabled an evaluation of a possible
dual selection process in the grid and codend system. The cov-
ers used over the grid and the codend are described in Sistiaga
et al. (2009). Eleven hauls were carried out with setup 1, and
six with setup 2.

2.2 Modelling size selection for individual hauls
with the Sort-X grid

The data used to assess the size selectivity of the Sort-X
grids with different bar spacing were collected using the de-
sign shown in Figure 2a. For individual hauls separately, we
had information on the number of redfish ng counted in the
grid cover GC and the number n¢ counted in the non-selective
codend C for each length class /. In addition, we had informa-
tion for each individual haul on the length-independent sub-
sampling fractions g,. and g for the redfish in the grid cover
and in the non-selective codend, respectively. The available
size selection r, (1, v) (Millar and Fryer 1999) for the grid sys-
tem in individual hauls can be estimated by minimizing the
negative log likelihood function (1) with respect to the param-
eter v describing the function r, (1, v):

_Z n Xh’l( qc X ra(l,v)
=T T ge Xl 0) + gge X (1= 1L w)

Ggc X (1 = ra(L,v) 1)
Cchra(l’U)"'CIgcx(l_ra(l’v)) )

+ Ngel X ln(
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The summation (Eq. (1)) is performed over length classes. An
appropriate model for the size selection r,(/, v) must be found.
An inspection of the Sort-X design (Fig. 1) reveals some fish
could actually swim underneath the two grid sections without
coming into contact with any of the grids. The redfish that did
not contact the grid would all be collected in the codend (due
to the inner net). A redfish that contacts at least one of the
two grid sections, has a length-dependent probability of be-
ing able to pass through the grid and end up being collected
in the grid cover (Fig. 2a). This probability will depend on
its size and shape compared with the grid-bar spacing and on
the lateral orientation of its body relative to the bars of the
grid. For the redfish that contact the grid, we assume that the
length-dependent retention probability can be sufficiently well
modelled by a logit function (Wileman et al. 1996) defined
by the parameters L50yiq and SRyi¢. Because some fish might
not come into contact with the grid, we propose the following
model, called clogit, which estimates the available size selec-
tion for the Sort-X system:

ra(l,v) = clogit(l, L50gid, SRgrid> Cgrid)
=1 — Cgrg X (1 = logit(l, L50gig, SRgria)).  (2)

In the clogit function, Cgig represents the probability that fish
entering the grid zone will contact at least one of the two grid
sections of the Sort-X grid system. Thus, 0 < Cgig < 1,
if Cgig = 1, every fish entering the grid area will contact at
least one grid section, and equation (2) simplifies to the logit
function.

L5044 is the L50 value for the proportion of fish that con-
tacts the grid, whereas the available L50 (L50,) is the value
for the fish entering the grid area, including the fish that do
not contact the grid. Similarly, we distinguish between the se-
lection range for those fish contacting the grid (SRgiq) and
those fish entering the grid area but not necessarily contact-
ing the grid (SR,). Since redfish individuals of different size
are expected to differ in terms of swimming ability, reaction
time and other behavioural factors that could affect grid con-
tact probability, it seems likely that the value for Cgiq would be
length dependent. However, we initially assumed that consid-
ering Cyiq length independent is a reasonable approximation
and only considered a more flexible model if the length-
independent assumption led to a model that was unable to ad-
equately describe the experimental data.

Equation (2) was used to model the size selectivity for the
individual hauls conducted with the Sort-X grids. For compari-
son, we tested whether the standard logit function modelled the
data better. This comparison was based on fit statistics (p-value
and model deviance vs. the degrees of freedom for the two
models (see Wileman et al. 1996). In addition, we calculated
the Akaike information criterion (AIC) value (Akaike 1974)
for each model and determined whether the increased com-
plexity introduced by the additional parameter in equation (2)
could be justified considering the simplicity of the logit model.
Thus, if equation (2) produced a lower AIC value than the logit
model for more than a few hauls, then equation (2) should be
selected, because the logit model can be regarded as a special
case of equation (2) (when Cgg = 1).

Based on L50gid, SRgrid, and Cgrig, the available selection
parameters L50, and SR, can be calculated using formula (2)

and the definitions for L50 and SR (see Wileman et al. 1996).
To calculate L50,, r, (I, v) is set to 0.5 and [ to L50,, and then
L50, is isolated in equation (2). The approach is similar to cal-
culating L7s, and Lys, (SR, is then calculated as the difference
between these). L50, and SR, can, based on the above proce-
dure, be expressed by:

SRgrid X 111(2 X Cgrid -1

a n(9) end
3X(Cria—0.25)
SRgia x In (o)
SR, = : )

In(9)

Here, SR, becomes undefined if Cyig < 0.75 because the re-
tention probability cannot then reach a value as low as 0.25.

The model used (Eq. (2)) is similar in structure to the one
applied by Zuur et al. (2001) and O’Neill et al. (2006) for es-
timation of the available size selection for square mesh panels
inserted in a trawl.

The analysis was conducted using the software tool
SELNET (Herrmann et al. 2012).

The estimation of the 3 x 3 covariance matrix for L5044,
SRgrig, and Cgig for individual hauls was based on applying
a bootstrap technique similar to the method described for in-
dividual hauls in Millar (1993). Applying the standard para-
metric method based on the calculation of the Fisher Infor-
mation Matrix (Wileman et al. 1996) would not be valid for
hauls where Cgq is estimated to have a value close to one of
the boundaries (0 or 1), after Collins and Lanza (2010). The
estimation of confidence limits for L50giq, SRgrids Cerid, L50,
and SR, was therefore also based on the bootstrap method de-
scribed by Millar (1993) using the “Efron percentile 95%”
confidence limits (Efron 1982; Chernick 2007), and 10000
bootstrap repetitions were carried out for each haul.

2.3 Modelling the effect of the Sort-X grid-bar spacing
on size selection

Based on equation (2), the size selection in the individ-
ual hauls is described by three parameters: L50giq, SRgrid,
and Cgiq. Besides being affected by the grid-bar spacing used
in the individual hauls, the size-selection process is expected to
be subjected to between-haul variation (Fryer 1991). To model
the between-haul variation in the size-selection process while
accounting for grid-bar spacing as a fixed effect, we applied
the method developed by Fryer (1991). In addition to values
for the three selection parameters from individual hauls, the
method requires the 3 X 3 covariance matrix for the selection
parameters from the individual hauls as input. To account for
grid-bar spacing as a fixed effect, Fryer’s method (1991) also
requires a model for the effect of bar spacing on the three se-
lection parameters. The starting point for model (4) was the
assumption that L50giq, SRgrig, and Cgig can potentially be lin-
early dependent on the grid-bar spacing b:

L50gi4(b) = po1 + p11 X b
SRyria(b) = poa + pr2 X b
Cgria(b) = po3 + p13 X b. 4)
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The parameters po;, po2 and po3 represent the intercept terms
in the model and pi1, p1» and p;3 represent the slopes for the
effect of bar spacing (see Fryer 1991). Besides model 4, we
also considered all the simpler models that can be derived by
eliminating either one or more of the terms at a time. Among
all the potential models, the one that produced the lowest AIC
value was selected. The resulting model was used to predict
the effect of grid-bar spacing on L5044, SRgiid, and Cgrig. The
resulting model’s ability to describe the results from individ-
ual hauls was checked by plotting the results from individual
hauls with confidence limits against the values predicted by the
resulting model while accounting for the predicted between-
haul variation in the size-selection process. The lower and up-
per 95% confidence limits for the estimated between-haul vari-
ation in the selection parameters (lim L50gq, lim SRgrig, and
lim Cgy;q) for grid-bar spacing b are calculated by:

lim LSOgrid(b) = LSOgrid(b) +1.96 x \/Dll
lim SRgrid(b) = SRgrid(b) +1.96 X \/Dzz
lim Cgrid(b) = Cgrid(b) +1.96 X /Ds3 5)

where Dy, Dy, and D33 are the diagonal elements in the es-
timated between-haul variation matrix for the selected model,
see Fryer (1991) for details.

The size-selection parameters L50giq, SRgrid, and Cgrig
were predicted for grid-bar spacing between 30 mm
and 70 mm by using model 4. Based on equation (3), we calcu-
lated the mean available selection parameters L50, and SR, for
different bar spacing from the corresponding values of L5044,
SRgrid, and Cgrid-

The analysis described in this section was conducted using
the analysis tool SELNET described in the previous section.
Further information on how to apply SELNET for the type
analysis described in this section can be found in Wienbeck
et al. (2011).

2.4 Modelling the dual selection
in the system: a Sort-V grid and a subsequent
size-selective codend

The design in Figure 2b was applied to collect the data to
assess the size selectivity of the Sort-V grid (55 mm) com-
bined with the diamond mesh codend (135 and 140 mm, re-
spectively). During the trials with the Sort-V grid, every fish
was counted in all three compartments. Thus, for each individ-
ual haul separately we had information on the number of red-
fish ng contained in the grid cover GC, the number 7. con-
tained in the codend C, and the number n., contained in the
codend cover CC. An initial inspection of the data collected
with setup 1 and setup 2 showed that the number of redfish
collected in the individual hauls was too sparse to enable haul
by haul analysis. Therefore, we employed another approach to
estimate the size selection in the combined systems. Our ap-
proach involved pooling the data and estimating the average
size selection for each system separately. Bootstrapping was
used to estimate the confidence limits for the average selec-
tion parameters. This approach avoids underestimation of the

confidence limits of the average selection parameters by ac-
counting for both within- and between-haul variation in the
selection processes.

We assumed that the available size selection for the Sort-V
grid can be modelled by the clogit function (Eq. (2)) for the
average data. This takes into account that some fish may not
contact the Sort-V grid. For the size selection in the subse-
quent codends (either the 135 mm or the 140 mm codend), we
assumed that it was sufficient to use a standard logit function
to model the retention probability.

Based on the above procedure, the negative log likelihood
function was minimized with respect to the parameters v and w
to estimate the dual selection (averaged over hauls) in the sys-
tem consisting of the Sort-V grid and a size-selective codend:

hauls

- Z Z {ngcil X ln(egrid(l, v) + Necil X In(ecodend(, v, w))
l i

+ ncit X In(reompined (1, v, w))} (6)

Here, i denotes summation over hauls in which the spe-
cific codend was applied together with the Sort-V grid; / de-
notes summation over length classes; egia(/, v), €codend(/, v, W),
and 7combined (1, v, W), respectively, denote the length-dependent
probabilities for a fish escaping through the grid, escap-
ing through the codend, or being retained in the codend
given that it enters the combined selective system. egig (1, v),
€codend (1, v, w), and rcombined (, v, w) are modelled by:

€grid (l,v) = 1.0 — clogit (l, LSOgﬂd, SRgrid, Cgrid)
€codend (l, v, lU) = (1 .0- logit (l’ LSOcodend, SRcodend))

X clogit (l, L50gid, SRgrids Cgrid)

Feombined (1, v, w) = clogit (l, Lsogrid, SRgrid, Cgrid)

x logit (1, L50codend, SRcodend) - @)

Thus, the parameters being estimated are L50griq, SRgrid, Crid,
L50codend, and SRcodend- We were unable to derive analytical
expressions for the combined selection parameters L50¢ombined
and SRcombined Dased on reompined, and therefore we used a nu-
merical method identical to the one applied by Sistiaga et al.
(2010) to estimate these parameters. We used the definition
for L50 as the length at which 7(I) = 0.5 (50% likelihood for
being retained). We used the values for Cgig, L50giq, SRgid,
L50¢0dend, and SRcodena estimated from (Eq. (7)) and numer-
ically solved r(/) = 0.5. The length / fulfilling this condi-
tion then was set equal to L50combined- USINg SRcombined =
L75¢0mbined — L25¢ombineds We estimated SRcompined Using the
same approach as for L50¢ombined-

Besides quantifying the observed codend escapement
probability, as described by ecodgend(/, v, w), when the codend
is installed after a grid, it is also of interest to estimate codend
escapement probability ecodend_con(/, w) for the fish actually en-
tering the codend (codend escapement conditional on having
been retained by the grid).

Escapement probability ecodend_con(/, w) is relevant in situa-
tions where the grid escapement fails.

€codend_con(l, w) = 1 — 10git(l, L50c0dend> SReodend) (8)
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The estimation of the 95% confidence limits for the length-
dependent average grid escapement, codend escapement, and
combined retention likelihood followed the procedure de-
scribed in Sistiaga et al. (2010), Herrmann et al. (2012) and
Eigaard et al. (2011), based on the applied bootstrapping
technique.

2.5 Predicting grid size selection for redfish using
the FISHSELECT method

FISHSELECT is a fish morphology data- and simulation-
based methodology that can be applied to investigate the ba-
sic size-selective properties of meshes of different shape and
size for individual fish species (Herrmann et al. 2009). It has
been applied to study codend size selection for species such
as cod (Herrmann et al. 2009; Sistiaga et al. 2011), haddock
(Krag et al. 2011; Sistiaga et al. 2011), Nephrops norvegicus
(Frandsen et al. 2010), and redfish (Herrmann et al. 2012). The
FISHSELECT models for redfish established by Herrmann
et al. (2012) were applied to predict the selective potential
of grids with different bar spacing. This was done with the
so called “penetration model” for redfish and a virtual redfish
population from Herrmann et al. (2012), using a new “mesh
list file” consisting of “rectangular meshes”. These “rectangu-
lar meshes” emulate the openings between the bars of grids
with different bar spacing. The aim is to simulate the potential
size selection for each of the “meshes” in the mesh list file (see
Herrmann et al. 2009; 2012 for further details on the procedure
and for FISHSELECT terms). Using this approach, we simu-
lated the size-selective potential for redfish for grids with bar
spacing of 30 to 70 mm in steps of 5 mm.

When using FISHSELECT to predict size selection
through codend meshes, it is assumed that a fish has multiple
chances to escape, especially when it swims just ahead of the
catch bulk in the codend. Therefore, the traditional FISHSE-
LECT analysis has assumed that fish seek escapement through
the meshes with optimal orientation. However, this assumption
is not necessarily valid when estimating escapement through a
grid positioned ahead of the codend. In grid + codend systems,
it might be that some of the redfish will have few opportunities
to contact the grid due to high fish densities in the grid zone or
short time in the grid zone. Thus, some fish might have limited
number of opportunities to escape through the grid and lim-
ited chances to orientate themselves optimally for doing so. If
some fish are sub-optimally orientated at the point when they
come into contact with the grid, the standard FISHSELECT
approach would overestimate the size selection of the grid, as
it assumes optimal orientation of all fish. Redfish are flattest
along the plane symmetry that extends through the midpoints
between the pectoral fins and the dorsal fin. Hence, a fish’s
chances of escapement are maximized when it orients its plane
of symmetry parallel to the bars of the grid (Fig. 3). The angle
between this plane and the grid bars will be referred to from
here on as “the angle of attack” or “orientation angle” (&).

To investigate the potential effect of sub-optimal @, we
applied a recent development in the FISHSELECT software
package that enables simulation of the size selectivity for dif-
ferent fixed @ values. We used this facility to predict the size

Angle of attack (@)
& W

Fish cross-
section

Grid bar spacing

< »

Fig. 3. lllustration of a situation with a redfish contacting a grid space
with a grid attack angle @ different from the optimal angle (0 degree),
after Herrmann et al. (2012).

selection for @ between 0 and 90 degrees, in steps of 5 de-
grees for grids with bar spacing between 30 and 70 mm in
steps of 5 mm.

If most redfish which contacted the grid did so with opti-
mal @, then we would expect that the experiment-based values
for L50gq for the Sort-X and for the Sort-V would be close
to those obtained with FISHSELECT with @ = 0 for the same
grid-bar spacing. For the Sort-X grid we could make this com-
parison for a range of bar spacing by using the results based on
the approach described in Section 2.3. For the Sort-V, we could
only make this comparison for the 55-mm bar spacing tested
during the Jan Mayen cruise (Sect. 2.1.2). If the experiment-
based L50,iq values are significantly smaller than the values
obtained with FISHSELECT (for @ = 0) this might be due
to that not all of the redfish contacting the grid did it with
an optimal @. To investigate if a mixture of different angles
of attack can explain the experimental results obtained from
the sea trials, we tested if it was possible to achieve the L50
values obtained from the sea trial data by combining FISHS-
ELECT size-selection data for different @ values. If a given
mixture of @ values (from 0° to 90° in steps by 5°) over a
range of different bar spacing closely reproduces the sea trial
based results, the combination of different attack angles can be
identified as a mechanism that may contribute to explain size
selection of redfish in grids. Accordingly, we combined sim-
ulated FISHSELECT size-selection data for different @ val-
ues and investigated if it was possible to find a mixture that
led to simulated size-selection data with L50 values that re-
semble the experiment-based results. The mixture of @ values
was automatically selected using an algorithm in the FISHSE-
LECT software package. This algorithm, which is based on the
same principles as the one described in Frandsen et al. (2010),
compares the entire simulated selection curve (from 5% reten-
tion probability to 95% retention probability in steps of 5%)
with the one estimated based on the experimental fishing data
to select the mixture of @ values that makes the curves as
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Table 1. Results for individual hauls collected using the Sort-X grid. Results are based on the Clogit model. Values in brackets are 95%
confidence limits.

Haul Grid L50, SR, L504iq SRgria Coria p-Value Deviance df AIC AIC
(mm) (cm) (cm) (cm) (cm) Clogit Logit
1 40 28.8(27.7-29.6) 5.5(4.7-6.5) 289 (27.7-29.6) 5.5(4.7-6.5) 1 0.986 2524 43 392 390
2 40 28.2(26.0-29.6) 7.3 (*~11.0) 29.3 (26.8-30.8) 4.9 (3.9-6.5) 0.82 (0.61-1)  0.994 21.85 41 358 362
3 45 26.9 (23.9-28.1) * 29.6 (26.3-32.9) 7.9 (5.3-10.1)  0.73 (0.51-1)  0.685 3429 39 744 747
4 45  27.1(25.8-28.3) 8.4(6.9-9.8) 27.1 (25.8-28.3) 8.4(6.9-9.8) 1 0.721 3438 40 454 452
5 45 23.0(19.4-25.2) 124 (*-20.4) 24.6(21.4-26.9) 9.2(7.2-11.9) 0.84 (0.64-1) 0.934 2746 40 381 380
6 50 36.8(34.7-39.0) 13.8(*~16.9) 38.8(35.0-41.6) 7.1 (3.9-11.0) 0.77 (0.61-1)  0.986 28.32 47 325 331
7 50 30.8 (*-33.2) * 38.5 (34.7-40.3) 7.2(4.7-11.6) 0.55(0.46-0.78) 0.204 36.14 30 1196 1201
8 50 34.4(334-353) 12.6(*~19.4) 36.1(33.7-37.8) 8.8(6.9-11.4) 0.82(0.70-1)  0.882 33.24 44 1471 1474
9 50 38.1(37.4-38.8) 9.5(8.1-11.2) 39.0(37.7-40.1) 7.9(6.0-10.1) 0.88 (0.80-1)  0.925 23.78 35 1239 1244
10 50 42.7 (42.1-43.6) 9.3 (7.2-11.5) 43.2(42.3-44.1) 8.7(6.2-11.4)  0.95(0.89-1)  0.791 31.68 39 1165 1167
11 50 35.7(34.7-36.4) 9.1 (7.9-11.4) 36.8(34.9-37.8) 7.1(6.1-8.8) 0.86 (0.79-1)  0.711 36.49 42 1064 1073
12 50 24.7(14.5-27.3) 20.3(*-23.6) 27.2(23.1-30.1) 8.4(7.0-11.0)  0.76 (0.51-1)  0.461 34.13 34 1122 1121
13 50 34.8(329-36.2) 11.2(*~18.9) 36.2(34.4-38.8) 8.4(6.0-10.6) 0.84 (0.65-0.94) 0.186  46.69 39 570 572
14 50 33.8(32.9-34.8) 12.3(10.9-13.8) 34.4 (33.1-35.8) 11.5(9.7-13.4) 0.95(0.90-1)  0.405 43.56 42 1071 1071
15 50 33.5(32.0-34.6) * 37.5(35.5-38.6) 7.2(5.7-9.9) 0.65(0.58-0.76) 0.273 41.72 37 1396 1424
16 50 27.9(26.3-29.2) 14.2(*-24.2) 29.7(27.0-32.6) 10.8 (8.2-13.6)  0.85 (0.64-1)  0.125 4246 33 1211 1210
17 50 31.9(31.1-32.7) 13.8 (12.1-15.7) 31.9 (31.1-32.7) 13.8 (12.1-15.7) 1 0.397 37.58 36 1451 1449
*: not defined, df: degrees of freedom.
Table 2. Results of the Fryer model applied to the Sort-X grid data.
Parameter Multiplier Value SE 95% CI p-value
L504riq Pu b 0.695 0.022 0.652-0.739 <0.0001
SR P12 b 0.176 0.010 0.156-0.197 <0.0001
Ciria Po3 none 0.850 0.034 0.781-0.920 <0.0001
Between-haul variation
Dy 17.564 Dy, -3.573 Dy -0.054
Dy, 2.901 Dy 0.092 Ds; 0.015

similar as possible. The mixture of @s was estimated based
on results for grid-bar spacing 55 mm.

3 Results
3.1 Experimental results for the Sort-X grid

We conducted 17 valid hauls with the Sort-X grid on the
cruise carried out aboard the M/V Prestfjord. The haul data
were analysed individually according to the procedure outlined
in Section 2.2.

The clogit model with a length-independent Cgiq revealed
that p > 0.05 for all hauls, i.e., the deviations observed be-
tween the data and the clogit model could well be a coinci-
dence (Table 1). Thus, the experimental data was sufficiently
well modelled based on a model with a length-independent
value for Cyiq. We also calculated the AIC values for the clogit
model and the logit model (Table 1). For 11 out of the 17 hauls,
the AIC value estimated for the clogit model was lower than
for the logit model. Further the sum of the AIC values for the
clogit model was found to be 57 smaller than for the logit
model. Thus, the clogit model is preferable to the standard

logit model for describing size selection for the Sort-X grid.
This result demonstrates the relevance of applying a model
like clogit, which explicitly considers the grid-contact likeli-
hood. This premise is further supported by the estimated val-
ues for the grid-contact likelihood (Cgig) for individual hauls.
For several hauls, Cgig was considerably below 1.0 (Table 1).
Thus, many of the redfish entering the Sort-X grid section do
not contact any of the two grids (Fig. 1). For three hauls, the
estimated Cgig value was significantly lower than 1.00. Fur-
ther for three hauls, Cgiq Was less than 0.75, which makes SR,
undefined. Due to the values of Cgg, the estimated L50, val-
ues are at least 1 cm below the corresponding L504iq’s in more
than half of the hauls (Table 1).

To estimate the effect of grid bar spacing on the size selec-
tion of the Sort-X grid, the results from the 17 individual hauls
conducted (Table 1) were analysed together following the pro-
cedure described in Section 2.3. Table 2 summarizes the re-
sults from the resulting model (more information on how to
interpret this type of information can be found in Fryer 1991).

Both mean L504i¢ and mean SRgiq are predicted to in-
crease with increase in grid-bar spacing since the slope param-
eters py; and pj, are both significantly bigger than 0 (Table 2).
The analysis showed that both intercept parameters po; and po,
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were non-significant and therefore not present in the selected
model 9. According to the model, mean Cyiq does not depend
on the slope parameter pis3, but it has a significant intercept
term. Thus, model 4 can be reduced to:

L50giq(b) = p11 X b
SRyia(b) = p1a X b
Cgia(D) = po2. 9)

The absence of intercept terms in model 9 for both L5044
and SRgiq makes sense from a structural point of view, as it
is expected that the size of a fish that would be able to escape
through the grid would progress towards O for bar spacing pro-
gressing towards 0. This should also be the case for L50giq
and SRyi¢. Model 9 complies with this structural expectation
and it makes more permissible to use it for predictions outside
the range of the bar spacing, after Fryer and Sheppard (1996).
Mean Cyq is estimated to be approximately 0.85, i.e. 85% of
redfish individuals in a typical haul will come into contact with
the Sort-X grid and thereby have a length-dependent chance to
escape through it. The confidence limits for the mean value
of Cgig show that the upper limit (20.92) is considerably be-
low 1, which demonstrates the importance of explicitly con-
sidering grid-contact likelihood when modelling size selection
of redfish in Sort-X systems.

Figure 4 plots the selection parameters for individ-
val haul results (diamonds) against the predicted mean
value for different bar spacing grids (solid line) and the
confidence limits for the predicted between-haul variation
(stippled line). No individual haul contradicts the model
as there is overlap in confidence limits between the re-
sults from single hauls and the model predictions for all
three parameters (Fig. 4). L504iq is predicted to increase
by 7.0 cm (CI: 6.5-7.4 cm) and SRg;q is predicted to in-
crease by 1.8 cm (CI: 1.6-2.0 cm) for an increase in grid-
bar spacing of 1 cm (Table 2). For the current legal bar spac-
ing of 5.5 cm, our model predicts a mean L50g;q of 38.2 cm
(CI: 35.8-40.7 cm), while mean SRgiq is predicted to be 9.7 cm
(CIL: 6.4-10.8 cm). With Cgiq = 0.85, the corresponding pa-
rameters 150, and SR, are 36.7 cm (CI: 34.2-39.1 cm)
and 12.7 cm (CI: 10.5-15.0 cm), respectively.

3.2 Experimental results for the Sort-V grid combined
with a selective codend

Analysis of the size-selection processes in the combined
selection system consisting of a 55-mm bar spacing Sort-V
grid, followed by a size-selective diamond mesh codend with
mesh sizes of 135 mm (setup 1) or 140 mm (setup 2) provided
the results shown in Table 3 and Figure 5 (methods described
in Sect. 2.4).

The grid accounts for most of the redfish escapement
(Fig. 5, panels a-b vs. panels c-d). However, a small portion of
the fish entering the combined system is estimated to escape
through the codend meshes (panels ¢ and d). The low escape-
ment probability of the codends is mostly due to that they are
placed after the grids, and not due to lack of escapement po-
tential (Fig. 5: panels e-f vs. panels c-d). The fit statistics for
the model (Eqgs. (6) and (7)) are acceptable (p > 0.05), and
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Fig. 4. Results for individual hauls using Sort-X grids (diamonds)
plotted on the result predicted from applying the model 9 (black line).
The stippled lines are the predicted 95% confidence bands for the
between-haul variation. (a) Grid L50, (b) grid SR, and (c) grid contact
probability.

the model deviances do not exceed the degrees of freedom.
Therefore, we are confident in applying the model to the two
datasets.

The estimated Cgiq values (Table 3) were high (1.00
and 0.95, respectively) but with a lower limit CI (0.46
and 0.52). Because of the width of the confidence intervals,
we cannot draw any conclusion regarding Cgrig for Sort-V grid
systems based on these data.

3.3 FISHSELECT prediction and comparison
with experimental results

Following the procedure described in Section 2.5, The
morphological limits for grid size selection were estimated for
grids with different bar spacing (30—70 mm) and for different
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Fig. 5. Escapement pattern from trials conducted with the Sort-V grid followed by a size selective codend (135-mm codend for panels a, c, e,
and g; 140-mm codend for panels b, d, f, and h). (a)—(b) Grid escapement probability. (c)—(d) Codend escapement probability. (e)—(f) Codend
escapement probability conditional on being retained by the grid. (g)—(h) Probability of being retained in the codend. Experimental results are
shown (diamonds) vs. results based on fitting the model 6-8 (black lines) to the experimental data. The stippled lines are the predicted 95%

confidence bands for the fitted model.

fixed @ values (0-90 degrees). The size-selective potential for
the grid decreases with increasing @ (Fig. 6).

We plotted FISHSELECT grid L50 value predictions
for different grid-bar spacing and two different scenarios
(Fig. 7): I) where all fish contacting the grid are assumed to
do it with an optimal angle of attack (@ = 0; grey curve); II)
where fish are assumed to contact the grid with a mixture of
different @ values (black curve). The black curve was found
to be able to replicate the model predictions for the Sort-X
grid (model 9). The same mixture of @ values was applied for
all bar spacings. The diamond marks in Figure 7 represent the

mean values predicted for L50giq by model 9 for the Sort-X
grid while the squares represent the experimental L5044 val-
ues for the Sort-V grid (setups 1 and 2). The error bars are
the 95% confidence limits for these estimates. Figure 7b shows
the mixture of @ applied for scenario I (grey bars) and sce-
nario II (black bars). For scenario II, more than 50% of the
redfish individuals are assumed to attack the grid with an an-
gle that does not differ more than 5 degrees from the optimal.

For the Sort-X grid, the experimentally obtained L50g;g
is significantly lower than the size-selective potential of the
grid based on the morphology of redfish (Fig. 7: diamond
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Table 3. Pooled results for the cruise with the 55-mm Sort-V
grid + selective codends (135 and 140 mm).Values in brackets
are 95% confidence limits.

Grid + 135-mm Grid + 140-mm

codend codend

No. hauls 11 6
No. in grid cover 111 102
No. in codend cover 24 10
No. in codend 158 99
L50combinea (cm) 44.5 (42.0-48.9) 45.6 (42.8-49.4)
SRcombined (€M) 8.1 (5.5-11.1) 8.4 (4.4-14.3)
Coria 1 (0.46-1) 0.95 (0.52-1)
L5044 (cm) 42.6 (40.6-50.6) 45.4 (42.3-50.3)
SRrig (cm) 10.8 (0.1-14.6) 9.5 (0.1-16.0)
L50¢0gena (cm) 39.5 (34.2-42.7) 38.8 (0.1-42.6)
SRcodena (cm) 6.7 (3.8-11.5) 5.6 (0.1-33.1)
p-value 0.99 0.61
Degrees of freedom 55 45
Deviance 32.98 41.70
60 -
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Fig. 6. FISHSELECT-predicted grid L50 values for different grid-bar
spacing (b values) and different grid attack angle values for redfish.
Stippled curves are for b values at 35, 45, 55 and 65 mm respectively.

marks vs. grey curve). The results seem to have a fairly
constant offset compared to the FISHSELECT morphologi-
cal limit (all fish with @ = 0). A linear regression on the
FISHSELECT @ = 0 supports the interpretation of a con-
stant relationship and shows an increase in L50 of 7.3 cm
for each cm increase in grid-bar spacing. This slope value
is within the confidence limits (6.5-7.4 cm) obtained based
on the experimental results (model 9, Table 2). Thus, the
morphologically-based predictions of an increase in L50 val-
ues for any given increase in grid-bar spacing seem to agree
well with the corresponding experimentally-based predictions.
Further, differences between the FISHSELECT predictions
and the experiment-based results could be that not all redfish
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Fig. 7. (a) FISHSELECT-predicted grid L50 for different grid-bar
spacing for two different scenarios: (I) where all fish contacting the
grid are assumed to have an optimal angle of attack (@ = 0; grey
curve); (II) where the fish contacting the grid are assumed to have
a mixture of different attack angles (black curve). The same mixture
of attack angles were applied for all bar spacing. The diamonds rep-
resent the mean values predicted for L5044 by the model 9, for the
Sort-X grid while the squares represent the experimental L50gq val-
ues for the Sort-V grid (setup 1 and 2). The error bars are the 95%
confidence limits for these predictions. (b) Mixture of attack angles
applied for scenario I (grey bar) and scenario II (black bars).

that attempt to escape through the grid make their attempt with
an optimal angle of attack (diamonds vs. black curve).

In contrast to the results for the Sort-X grids, the Sort-V re-
sults overlap with the morphological limits for L50 (grey curve
in Fig. 7a). This result could indicate that redfish may man-
age to orientate themselves more optimally towards the Sort-V
grid than towards the Sort-X grid. However, we cannot rule
out other explanations related to differences between the two
cruises (such as differences in fish densities).

4 Discussion

Using experimental data from fishing and morphological
data collected on redfish, we investigated the size-selective
properties of the Sort-X and the Sort-V grids. For the Sort-X
system, the analysis showed that not all redfish entering the
grid zone come into contact with the grid; we estimated
that ~85% do (Table 2). The fact that 15% of the fish do not
contact the Sort-X grid demonstrates the importance of using
this grid in combination with a subsequent size-selective co-
dend. The codend gives the undersized redfish that did not
contact the grid an additional chance to escape through the
meshes of the codend. From a management point of view, it is
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important that the codends used in combination with the grids
have size-selective properties that are similar to those of the
grid. Our results indicate that Cgq could be higher for the Sort-
V system compared to the Sort-X. A reason for that could be
the presence of the lifting panel in the Sort-V system, which
guides the fish towards the grid. However, our results are only
indicative due to very broad confidence limits for Cgyq for the
Sort-V data. A further study on this subject could focus on in-
vestigating the effect on Cyig by the lifting panel in the Sort-V
system. In future experimental sea trials, some hauls could be
conducted with the lifting panel installed and others without
it. Then, by using the models presented in this paper, with the
presence of the lifting panel as fixed effect in an analysis based
on the method by Fryer (1991), the effect of the lifting panel on
Cgrig could be quantified. In general, the models presented in
this paper could be applied to study the size selection of other
species in grid-based selection systems. The results from such
work may help optimizing future grid-based selection systems.

Factors like densities of fish in the grid zone and water
temperature could potentially influence both Cyig and the abil-
ity of fish to orientate themselves optimally for grid escape-
ment. In this study, we have not been able to consider such
factors, and any extrapolation of our results to situations where
these factors are considerably different from the conditions of
the reported fishing experiments may therefore not be fully
valid. Since redfish individuals of different sizes are expected
to differ in terms of swimming abilities, speed, reaction times
and other behavioural factors which could affect grid contact
probability, it seems likely that the value for Cgiq would be
length dependent. However, since the assumption of a length-
independent Cyig led to a model which was able to describe
the experimental data included in this study sufficiently well,
we did not find any indication of a need to consider length de-
pendent effects for Cig.

For the redfish contacting the grids of the Sort-X system,
we found that the increase in L50 values would be around 7 cm
for each cm increase in grid-bar spacing. This is what would
be expected based on our study of the morphology of red-
fish by means of the FISHSELECT method. However, the
experiment-based results are significantly below the expected
values based on the morphology of redfish. Computer simu-
lations demonstrated that this difference may be explained if
some of the redfish contacting the grid are not able to do this
with an optimal angle of attack. Assuming such a mechanism,
we obtained simulated results over a range of grid-bar spac-
ing that closely resembled the experiment-based results. How-
ever, this explanation is speculative and lacks support from,
for example, underwater recordings. Underwater observations
(by R.B. Larsen, the third author of this study) on behaviour
of other species in the Sort-X grid system have shown that fish
often have difficulties in orientating themselves optimally for
escapement through the second and horizontal grid. This is a
consequence of the narrow space between this grid and the
lower panel in the grid section (down to about 20 cm during
fishing; Fig. 1). The distribution of angles of attack (Fig. 7b)
seem to comprise two separate distributions, for the two dif-
ferent grids in the Sort-X system (Fig. 1b). Thus, the first
distribution (attack angles between 0° and 5°) for approxi-
mately 50% of the fish contacting one of the grids could be the

contact with the first grid. In turn, the remaining attack angles
(from 15° to 40°) could represent the contact with the second,
less well positioned, grid. Our results illustrate how models
based on fish morphology may contribute to the understanding
of size selection of redfish in sorting grids.

We raised the question of how much of the total release
of redfish in the combined grid and codend system happens
through the grid. Thus, for the Sort-V grids, most of the redfish
escape through the grid (Fig. 5), and this is mainly due to the
fact that the grid is placed ahead of the codend, and not due to
lack of selective potential in the codend.
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