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Abstract

The Nordmere grid is regarded as an efficient bycatch reducing device and is used in various
shrimp trawl fisheries globally. However, in some shrimp fisheries bycatch remains a problem
that seriously impacts commercial trawl activities. This study tested and compared the
performance of two versions of the Nordmere grid in the Northeast Arctic Deepwater Shrimp
(Pandalus borealis) fishery; a standard version with an operating angle of ca. 45° and a longer
version of the grid (40% longer) with an operating angle of ca. 30°. The grid passage
probability for the bycatch of juvenile Cod, Haddock, American Plaice and Redfish increased
significantly for certain size ranges of fish when using the longer grid. The longer grid also
resulted in a significant increase in grid passage probability for large shrimp. Previous studies
have reported that a reduced operating angle can lead to a lower grid passage probability for
bycatch fish species and shrimp, however the results of the current study demonstrate that a

longer Nordmere grid more than compensates for the reduced operational angle.

Keywords: Shrimp trawl, bycatch reduction, grid angle, grid length, size selectivity

1. Introduction
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Bycatch of juvenile fish in shrimp trawl fisheries has been investigated globally and has been
widely reported in the literature (e.g. Broadhurst 2000; Eayrs 2007). The introduction of the
Nordmere grid in 1991 (Isaksen et al. 1992) marked a significant breakthrough in reducing
the incidental capture of juvenile fish in shrimp fisheries. The device was not only adopted in
Scandinavia and the Northeast Atlantic fisheries, where it was originally introduced, but also
in countries such as Canada, Iceland, Australia and the USA (Hickey et al. 1993;
Thorsteinsson 1995; Broadhurst and Kennelly 1996; He and Balzano 2007). While the
introduction of the Nordmere grid and other types of sorting grids have considerably reduced
juvenile fish bycatch in shrimp fisheries (He and Balzano 2012), bycatch remains a problem
that can impact fishery activity. In Norway, if numbers of juvenile fish bycatch exceeds a
given limit, the fishing grounds are closed, which can have serious consequences for
fishermen with regard to the areas they can operate in and sailing distances to fishing grounds
(Gullestad et al. 2015). In addition, high numbers of juvenile fish in the catch can result in
additional sorting work onboard and a reduction in shrimp quality, due to longer catch
manipulation time. High levels of juvenile mortality can also have serious consequences for

fish stocks, in addition to the environmental and ethical implications of bycatch.

In the Northeast Arctic fishery for Deepwater Shrimp (Pandalus borealis), a Nordmere grid
with a maximum bar spacing of 19 mm and a diamond mesh codend with a minimum mesh
size of 35 mm is compulsory selectivity gear (Larsen et al. 2017). The working principle of
the Nordmere grid was first described by Isaksen et al. (1992). In this system all catch is
directed towards the grid by a guiding funnel and sorted by a sorting grid installed at an angle
of ca. 45°. The sorting grid covers the whole cross-section area of the grid section and the
distance between the guiding funnel (or guiding panel) and the grid is at least 50 cm. The

shrimp and bycatch that pass between the bars of the grid continue to move towards the
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codend, while the fish and shrimp that are not able to pass through the grid are diverted

towards the bycatch outlet on the upper panel and subsequently escape (Fig. 1).

Fig 1.

There have been numerous attempts to improve the release efficiency of juvenile fish with the
Nordmere grid by changing its design or by adding additional devices (e.g. Fonseca et al.
2005; He and Balzano 2011). One of the most obvious ways of modifying the selective
properties of the grid without making any design changes to the grid itself, is the manipulation
of its operating angle. Broadhurst et al. (2004) compared a conventional Nordmere grid to a
longer grid and found no significant differences in neither prawns nor fish bycatch in an
Australian penaeid trawl fishery. A study by Grimaldo (2006) in the Norwegian shrimp-trawl
fishery showed that reducing the grid angle increases the percentage of bycatch escaping
through the bycatch outlet. However, the study also showed that reducing the angle resulted in
a higher loss of the target species (shrimp) through the bycatch outlet. Currently, Norwegian
inshore and coastal shrimp trawlers fish with a small grid (1.3—1.5 m length) at an operating
angle of ca. 45°. The majority of offshore shrimp trawlers use larger grids (2.0-2.5 m) at
similar grid angles, but some fishermen prefer using grid angles of 35°-40°. Decreasing the
operational angle of the sorting grid results in a reduced distance to the outlet, which may be
the reason for the greater loss of shrimp. However, a lower grid angle may also enable fish to
avoid the grid and increase the number directed towards the outlet. In the current study
experimental fishing was carried out using a longer version of the Nordmere grid. This longer
version facilitated a reduced grid angle without having to reduce the vertical distance in the
grid section. It was hypothesized that as the vertical distance in the section was kept equal,
any potential increase in shrimp loss would be minimized, and that due to the reduced angle,
fish could escape more easily through the bycatch outlet (Grimaldo 2006), without contacting

the grid. In this manner, the lower grid angle would minimize the risk of fish passing through
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the grid and entering the codend. Furthermore, it is possible that this grid design could result
in improved shrimp catches, due to the increased area and time for shrimp to contact the grid

(Sistiaga et al. 2010).
The following research questions were examined in this study:

e Does a longer Nordmere grid with a reduced angle facilitate increased escape of
juvenile fish through the outlet?

o I[s the effect of using a longer grid similar for all fish bycatch species?

e Does a longer Nordmere grid prevent the loss of commercial sizes of Deepwater
shrimp?

2. Material and methods

2.1 Experimental design

Fishing trials were carried out onboard the Research Vessel (R/V) "Helmer Hanssen" (63.8 m
total length and 4,080 HP) between the 16™ and 28™ of February 2017, in the northern part of
the Barents Sea (i.e. east of Hopen Island, N 76°00°, E 32°00°). Two identical Campelen
1800# trawls built entirely of 40-80 mm diamond mesh (2 mm polyethylene [PE] twine) were
alternated during trials. The ground gear of each of the trawls was 19.2 m long and was built
of three sections with 46 cm rubber discs. Thyborén T2 trawl doors (6.5 m? and 2,200 kg)
were used. Independent of the towing depth, the door distance was kept constant at 48—52 m
at a towing speed of 1.5-1.6 m s™. The door distance was kept constant by means of a 20 m
long restrictor rope that was linked between the warps 80 m in front of the doors to minimize
geometrical changes of the ground gear and trawl opening. The geometry of the trawl was

monitored with Scanmar instruments (http://www.scanmar.no) via a set of door sensors and a

height sensor. The bridles between the doors and the trawl were 40 m long.
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Each trawl was equipped with a four-panel grid section as illustrated in Fig. 2. The grid
section and transition sections were built from 50 mm mesh (2 mm, polyamide [PA]) netting.
The only differences between the two grid sections were that the Nordmere grids were of
different sizes and installed at different operating angles. The first grid, which is the standard
grid used by the Norwegian coastal fleet targeting shrimp, was 1500 mm long and 750 mm
wide (short grid). This grid was mounted so that it would be maintained at an angle of 45.0 +
2.5° while fishing. The second grid was 2100 mm long and 750 mm wide (long grid) and was
mounted so that it would be maintained at an angle of 30.0 = 2.5° while fishing. Both grids
were made of aluminum and had almost identical bar spacing of 18.8 £ 0.4 mm (mean + SD)
and 18.9 = 1.2 mm for the short grid and long grid, respectively. The bar spacing was
measured with a caliper following the guidelines described in Wileman et al. (1996). The
escape opening was cut out of the top panel of the grid section and formed a 35-mesh long

and 70-mesh wide triangle, i.e. 0.75 m wide and ca. 1.60 m long.

Fig 2.

The fish and shrimp exiting through the escape outlet in each of the sections were collected by
similar covers made of 48 mm (2.1 mm PE twine) and 35 mm (1.8 mm PA twine) diamond
meshes (Fig. 3). Both covers were blinded by small mesh netting (liners) with an average
mesh size of 16.4 + 0.5 mm in the short grid cover, and 16.0 = 1.0 mm in the long grid cover.
The codends attached to the grid sections in both trawls were built of ca. 35 mm meshes (2

mm PA twine) and were blinded by small mesh liner of diamond netting (18.5 £ 0.5 mm).

Fig 3.

The catch from the different compartments in the gear was kept separate at all times. The
catch in each compartment was sorted by species and all fish bycatch species were measured

to the nearest centimeter. No subsampling was carried out for any of the fish species, except
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for American plaice in haul 12 and redfish in haul 18. Due to the high volume of shrimp, it
was not possible to measure the entire catch and a subsample was randomly taken from each
compartment for all hauls. Each subsample weighed ca. 1 kg, which was determined to
adequately represent the size distribution of shrimp in that specific compartment. The
carapace of the shrimp was measured to the nearest millimeter using a caliper.

To study shrimp and fish behavior with respect to the two grids tested, a camera system
comprised of a stainless-steel frame, a GoPro Hero 4 Black Edition camera (San Mateo,
California, USA) protected by a stainless-steel housing (iQsub Technologies, Czech
Republic), and two red light emitting diode (LED) lamps with batteries (Brinyte®, DIVO1C-
V and type CREE XPE RS, Shenzhen Yeguang Technology Co., Ltd, China) was used. Red
LEDs were selected as previous studies (e.g. Anthony and Hawkins 1983) have shown that
red light affects fish behavior less than the more-traditionally used white lights. Recently
Nguyen et al. (2017) found similar effects with red LED lamps in a study on crustaceans, i.e.
snow crab (Chionoecetes opilio). The camera was attached to the upper panel ca. 1.7 m ahead
of the grid, above the end of the guiding panel and facing the grid in all cases.

2.2 Size selection models

Larsen et al. (2017) used the following model to describe the size dependent probability of a

shrimp or fish passing through the Nordmere grid and entering the codend (p(1)):

p(l' Cgrid: V) = Cgrid x (10 - T'C(l, V))(l)

Since the experimental design of the current study is similar to that in Larsen et al. (2017), we
will use the same structure for model (1) to describe the size dependent probability of fish
bycatch species and shrimp passing through the Nordmere grid. In (1) / represents the length
of the fish or carapace length of shrimp. The probability of contacting the grid is modeled by

the length independent parameter C.; which has a value ranging from 0.0 to 1.0. An
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estimated Cg¢ value of 1.0 for a species means that every individual of that species contacts
the grid in a way that gives them a length dependent chance of passing through the grid. In the
case of an individual fish or shrimp not contacting the grid, or being poorly oriented during
contact, it will be reflected in the Cg.4 value. For fish or shrimp contacting the grid, the size
selectivity function rc(l,v) models the length dependent probability of passing through the
Nordmere grid conditioned contact. The vector v represents the parameters of this selectivity
model. Larsen et al. (2017) applied the standard logit size selection model (Wileman et al.
1996) for rc(l,v). In this case v contains two parameters: L50,,, which denotes the length of
the species with a 50% probability of being prevented from passing through the grid, and
SR which describes the difference in length between individuals with a 75% and 25%
probability of being prevented from passing through the grid. Further details on model (1) and
the parameters of this model are provided in Larsen et al. (2017). In addition to the Logit
model, three other size selection models Probit, Gompertz and Richard (Wileman et al. 1996)
were applied as candidates for rc(l,v) because this collection of S-shaped size selection
models has been found to be well-suited for modelling basic size selection processes in trawls
in several studies (Wileman et al. 1996; Brci¢ et al. 2016; Santos et al. 2016a; Sistiaga et al.
2016; Stepputtis et al. 2016). For the Probit and Gompertz models the parameters are the
same as the Logit model, while the Richard model requires an additional parameter //0 that
models asymmetry (Appendix; Wileman et al. 1996). In addition, to allow the contact
parameter Cyig take a value below 1.0, the case where this is fixed to 1.0 was also considered,
meaning that it is assumed all fish or shrimp will make contact with the Nordmere grid.
Therefore, eight different models were considered for p(l, Cyriar v).

As species differ in morphology and behavior, values of the parameters Cg.¢ and v will be
species specific, for the same selective system. Therefore, model (1) needs to be applied

separately for Deepwater shrimp and individual bycatch species, in addition to being applied

https://mc06.manuscriptcentral.com/cjfas-pubs
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separately for the long and short Nordmere grid. To determine how each of the Nordmere
grid configurations performed on average, analysis was carried out for data summed over all
hauls. The analysis was conducted separately for each Nordmere grid configuration based on
the data from the hauls with the specific configuration and separately for each species. Thus,
function (2) was minimized, which is equivalent to maximizing the likelihood for the
observed data in form of the length dependent number of individuals measured as retained in

the codend (nC)) versus collected in the Nordmere grid cover (nG)).
nc il nG il
_3mL Y {q—cf] x In (p(l, Coria v)) tadxin (1.0 — (L, Cpria v))} )

where ¢C; and ¢G; represent the sampling factors for the fraction of individuals measured in
the blinded codend and grid cover for each haul j. The sampling factors can take a value
ranging from 0.0 to 1.0 (1.0 if all individuals are length measured). The outer summation in
(2) is for the hauls conducted with the specific Nordmere grid configuration and the inner
summation is for length classes in the data (Larsen et al. 2017).

Each of the eight candidate models for p(l, Cyriar v) were fitted to the experimental data using
expression (2). The model resulting in the lowest Akaike information criterion (AIC) value
(Akaike 1974) was selected separately for each species and each grid to model the grid
passage probability.

The ability of the selected model for p(l, Cyriar v) to describe the data sufficiently, was based
on calculating the corresponding p-value. In the case of poor fit statistics (p-value < 0.05), the
residuals were inspected to determine whether the poor result was due to structural problems
when modelling the experimental data (model [1]), or if it was due to over-dispersion in the
data (Wileman et al. 1996).

Efron 95% percentile confidence bands (Efron 1982) for the grid passage probability curve

(model (1)), and the parameters in it (Cyig, V), wWere obtained using a double bootstrap method

https://mc06.manuscriptcentral.com/cjfas-pubs
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implemented in the software tool SELNET (Herrmann et al. 2012) which was applied for the
analysis. For each species and grid configuration analyzed, 1000 bootstrap repetitions were
conducted to estimate the 95% confidence limits (Efron percentile) (further details are given
in Larsen et al. 2017).

To infer the effect of changing from a short to a long Nordmere grid on grid passage
probability, the change in the length dependent grid passage probability Ap(l) was estimated:
Ap(D) = Piong (D) = Dshore (D(3)

where pspore (1) is the grid passage probably obtained for the short Nordmere grid and

Piong (D) is the grid passage probably obtained for the long Nordmere grid. Efron 95 %
percentile confidence limits for Ap(l) were obtained based on the two bootstrap populations
of results (1000 bootstrap repetitions in each) for both pgpore (1) and pjong (). As they are

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

Ap(D); = plong(l)i — Psnore(D; 1§ € [1...1000](4)

where i denotes the bootstrap repetition index. As the bootstrap resampling was random and
independent for the two groups of results, it is valid to generate the bootstrap population of

results for the difference based on (4) using the two independently generated bootstrap files

(Moore et al. 2003). Based on the bootstrap population, Efron 95 % percentile confidence

limits can be obtained for Ap(l) as described above.

2.3 Catching efficiency indicators

The former section described how the performance of the two grids is quantified in terms of
the length-dependent grid passage probability. The benefit of this approach is that ideally it
provides an estimate that is independent on the specific population structures fished on, which
allows extrapolation of the results to other fishing scenarios. However, the approach also has

a limitation as it does not provide a direct quantification of the consequences of using the
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grids in the specific fishing situation. This would require a measure that is dependent on the
population structures fished on. Therefore, to supplement the evaluation of the grids based on
length-dependent grid passage probability, we also estimated the catch efficiency indicator
nP. directly from the catching data:

> jZl>MLS{%}

ek (9)
}

. Lt L3
Xj Zl>MLs{ ac; + 46,

nP, = 100 X

Where the outer summation of j is over hauls with the specific grid, and / is over length
classes. nP. quantifies the grid passage efficiency of the population encountered during the
trials for the sizes above MLS (Minimum Landing Size) of the species investigated. Equation
(5) was applied separately for each species and each grid. For deep-water shrimp we used a
MLS at 15 mm carapace length because this is the minimum size allowed. For each of the
bycatch species we used total length above zero cm as all sizes are unintended catch. For a
grid to perform well in the specific fishery, accounting explicitly for the population structures
fished on, nP+ should be close to 100% for target species and as low as possible for
unintended species (close to 0 %). This concept of supplementing the size selectivity curve
based evaluation with catch efficiency indicators like nP,, was first described and used by
Wienbeck et al. (2014) and later used in other studies (Sala et al. 2015; Brci¢ et al. 2015;

Santos et al. 2016b; Lovgren et al. 2016).

We used the bootstrapping methods and software tool described in the previous section to
estimate the Efron 95% percentile confidence bands for nP.. The confidence bands were
estimated for each species and for respectively the short and long grid as well as for their

difference in value (AnP+= nP+jong - NP sgpor ).

3 Results

https://mc06.manuscriptcentral.com/cjfas-pubs
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A total of 20 hauls were carried out during the experimental period, 10 with the short grid and
10 with the long grid. Of all the relevant bycatch species in the Northeast Atlantic Deepwater
shrimp fishery, cod (Gadus morhua), haddock (Melanogramus aeglefinnus), American plaice
(Hippoglossoides platessoides) and redfish (Sebastes spp.) were captured in sufficient
numbers to be included in the analyses. Length measurements were taken for 5386 shrimp,
6536 redfish, 10175 American plaice, 2057 cod and 6278 haddock from the grid cover (ng)
and codend (nc). An overview of the hauls and the number of shrimp and bycatch fish species

measured from each of the compartments is given in Table 1.

Table 1

In some cases, the deep-water shrimp catches were subsampled even if the catch in the
specific compartment was small (less than 1 kg) because some of the shrimps were damaged

and did not allow a reliable measurement of their carapace length (Table 1).

The Gompertz model with fixed Cg.iq best described the shrimp data for both the long and
short grids (Table 2). For redfish, the Probit model with estimated Cg,.s best described data
collected with the short grid, while the Logit model with estimated Cy,;s provided lowest AIC
value for the long grid. For American plaice, the Gompertz model with estimated Cyiq
resulted in the lowest AIC value for both the short and the long grid data. Regarding cod, the
Probit model with estimated Cyz and the Richard model with fixed Cg,.s resulted in the
models with the lowest AIC value for the short grid and long grid, respectively. For haddock,
the Richard model with fixed Cg.is was also resulted in the lowest AIC for the long grid.
However, for the short grid the model with the best fit was the Richard model with estimated
Cgria. Note that for each case analyzed, there were alternative models with AIC values within
+2.0, which means that the support for these other models was also strong. However, based

on an explorative analysis (not presented here), we could see that these alternative models
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always led to a nearly identical estimate of grid passage probability as the model with lowest
AIC. This was observed at least for the length range where the estimation was supported by
the experimental data. Therefore, as long as we avoid extrapolations when making
conclusions, we are confident in modelling the grid passage probability alone based on the

models with lowest AIC values.

Table 2.

The fit statistics show that the models chosen described the data well in most cases (Table 3).
The p-value was >0.05 for all bycatch fish species, which means that the discrepancy between
the data and the model could be due to coincidence. This is corroborated by comparing the
deviance and degrees of freedom, which were of the same magnitude in all cases. For the
shrimp, the p-value was <0.05 for both the short and long grids. However, this low p-value is
probably a consequence of subsampling the shrimp catch, as the model represented the length
dependent trend in the data well (Fig. 4). Further inspection of deviance residuals showed

only few values outside the +2.0 limit, and these showed no clear pattern (Appendix).

The selectivity parameters obtained from the models are presented in Table 3. The average
L5044 and SR,,4 values obtained for shrimp are far above any biological size range for
shrimp, and should therefore only be seen as parameter values that allow the model to

describe the grid passage probability for the sizes of shrimp available.

Table 3.

It can be seen from Figure 4 that there is a difference between the grid passage probability
with the short grid and the long grid for shrimp. The grid passage probability is higher with
the long grid for all sizes of shrimp. Figure 4a and 4b show the size distribution and the
passage probability for shrimp with the short (a) and long (b) grid. The difference between the

grids increases with increasing shrimp size, and is significantly higher than 0.0 for shrimp
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with a carapace length greater than 20 mm (Fig. 4c). Therefore, the results demonstrate that
the long grid produces a higher grid passage probability for the largest shrimp. Significance is
obtained although all three plots in Figure 4 show an increase in confidence bands with
increase in shrimp size. This increase reflects the relative low occurrence for bigger shrimp

(carapace length > 25 mm) in the catch data.

Fig 4.

For the smallest sizes of all four bycatch species, the estimated grid passage probability was
significantly higher for the long grid compared with the short grid. Further, the grid passage
probability significantly was for no length classes higher for the short grid. Figure 5 shows the
size distribution and the passage probability for bycatch species of fish with the short (a;d;g;j)
and long (b;e;h;k) grid. Grid passage probability was significantly higher for the long grid for
redfish between 5 and 13 cm (Fig. 5¢) and cod between 5 and 15 cm (Fig. 5f). For haddock,
the delta plot shows that the grid passage probability for the long grid is on average always
higher for the long grid and this difference is significant for fish 10-16 cm and 19-25 cm
(Fig. 51). American plaice between 5 and 15 cm were also found to have a significantly higher

grid passage probability (Fig. 51).

Fig 5.

In general, the results from the data analysis show that using a longer grid at a lower angle
significantly increases the grid passage probability for shrimp, in particular large shrimp.
Therefore, it is beneficial to use a long grid with a lower operating angle to promote the catch
efficiency of the target species. However, the long grid also results in a higher grid passage
probability for all bycatch species, meaning that using a longer grid at a lower angle does not

promote juvenile bycatch avoidance.
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The evaluation based on the nP. (catch efficiency indicator) values confirmed that for the
specific fishery situation in the trials, the long grid would be more efficient at catching the
targeted sizes of deep-water shrimp (Table 4). Specifically, 97% and 99% of the shrimp with
carapace length above 15 mm passed through respectively the short and long grid. This
increase by 2% for the long grid was found to be statistically significant as AnP+ was
significant above 0.0. For the bycatch species cod and haddock and the long grid, the results
showed a significant increase in catch efficiency with estimated AnP, values of respectively
10.5 and 18%. For redfish and American plaice, the results were non-significant, which could
potentially be due to variations in the population structures entering the gear between hauls,
which contrary to the evaluation based on length-dependent grid passage probability, affects

the evaluation based on AnP. values.

Table 4

The underwater recordings showed that the short grid with the higher angle got blocked by
fish entering the section more easily than the longer grid with the lower angle. Fish are forced
towards the lower grid-face due to the water flow, and the steep angle of the grid makes it
difficult for fish to slide towards the bycatch outlet on top. American plaice could at some
instances also cover considerable parts of the surface of the long grid. The two images shown
in Fig. 6 were taken approximately 30 min after fishing had started, and show redfish
covering a large area of both sides of the short grid (Fig. 6a), while there are less fish present
on the long grid (Fig. 6b). The main consequence of this is that the difference in effective
selective surface between the two grids, which is already ca. 40% bigger for the long grid,
becomes even bigger and can have direct consequences for the selective performance of the

different grids.

Fig 6.
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The recordings also showed that due to the guiding funnel, both shrimp and fish entered the
grid area in the section close to the lower panel. In both grid sections, most shrimp and fish
made physical contact with the lowest part of the grid, and slid along the grid for a few
seconds. In some cases, the fish and/or shrimp orientated themselves correctly and were
subjected to the selective properties of the grid (either passed through or not, depending on
their body shape). In other cases, they just slid all the way along the grid (e.g. sideways) or
swam upwards towards the bycatch outlet (this behaviour was most frequently observed for
small haddock). A typical example of what was observed in the recordings is illustrated in
Fig. 7. As a fish enters the grid area through the guiding funnel it makes physical contact with
the lowest part of the grid (Fig. 7a). The fish then moves along the entire grid face (Fig. 7b—d)
until it finally orientates itself correctly towards the grid and passes through it (Fig. 7e—f). In
the long grid there is an increased likelihood that an individual fish or shrimp will be able to
orientate itself correctly towards the grid, due to the larger sorting area in comparison to the
short grid. As presented in the introduction, one could hypothesize that due to the lower angle
more shrimp and fish would escape through the bycatch outlet without contacting the grid at
all when using the longer grid, but this was not supported by the underwater recordings or the

trawl data collected during this study.

Fig 7.

4 Discussion

The aim of this study was to test whether a longer version of the Nordmere grid with an
increased selective surface and lower operating angle could improve the selective properties
of the standard Nordmere grid used by the Norwegian coastal shrimp vessels. It was expected
that the longer grid with a lower grid angle would enable a larger fraction of juvenile fish to
avoid contact with the grid (lower Cy.), leading to a lower grid passage probability.

However, the results obtained in this study showed the opposite effect, as using the longer
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grid led to significant increase in the grid passage probability for juvenile fish. This
unexpected result is likely due to the fact that small fish are unable to avoid physical contact
with the grid, and so the fish "slide" over a longer area of the grid than would be the case with
the shorter grid. This results in a higher probability of the fish being orientated in a way that
facilitates grid passage, ultimately producing a higher grid passage probability for the long
grid. A higher grid passage probability was also found for Deepwater shrimp when using the
long grid. The values for the catch efficiency indicator nP., which account for the specific
population fished on during the trials, showed a significant increase for the long grid.
Specifically, the results showed that catch efficiency for the targeted sizes of deep-water
shrimp would increase by 2%. However, for two of the bycatch species investigated the use of
the long grid would also lead to an increase in entry to the codend, which would not be
beneficial as it would lead to an increase in unintended fish mortality and in catch sorting

work.

In this study, the angle of the long grid was reduced to 30° so that the long grid would cover
the same vertical area as the short grid, and could be fitted to the same netting section size, i.e.
with equal vertical height in the two grid sections. The literature on the effect of grid angle
change and changes in grid dimensions is limited, but Grimaldo (2006) studied the eftect of
decreasing and increasing the angle of a cosmos grid on an offshore commercial vessel in the
Barents Sea. The results showed that when the grid was installed at a lower angle (33° as
opposed to 39°), there was an increase in escaping shrimp (i.e. loss of the target species) and
the amount of fish released through the escape outlet of 3.4% and 9.1%, respectively. These
results agreed with the expectation that lowering the grid angle reduces the vertical projected
area of the grid, allowing more shrimp and fish bycatch to escape through the bycatch outlet
without contacting the grid at all. In the present study, the long grid had a lower angle than the

short grid, but unlike in Grimaldo (2006), the vertical area of both grids was identical. This
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meant that the results obtained in the current study regarding grid angle differed from those
obtained by Grimaldo (2006), with a reduced grid angle increasing the amount shrimp and
bycatch fish that contacted the grid and passed through it. Grid passage probability increased
significantly for shrimp and four bycatch fish species, when a longer grid installed at a lower
angle was used. This increase was length dependent and followed a similar pattern for all four

bycatch fish species studied, however the difference diminished with fish size.

To be able to maintain the identical projected vertical area of the grid between the short and
the long grid, the operational angle of the longer grid needs to be reduced, which confounds
the variables "grid angle" and "grid length". This means that in the current study it is not
possible to discern to what extent each of these two variables contributes to the results

obtained.

Larsen et al. (2017) showed that a shorter guiding panel with a longer distance to the grid
surface increased the escape of juvenile haddock. However, 80% to 100% of four bycatch
species up to a species-specific size passed through the grid and were retained by the gear
irrespective the length of the guiding panel, i.e. 50 cm or 100 cm distance between the guiding
panel and the grid surface. Broadhurst et al. 2004 discussed that their finding of no difference
in bycatch reduction between the standard Nordmere grid (600 mm long) and two longer (900
mm and 1200 mm long) Nordmere grids installed at an operating angle of 28° could be a
result of guiding panel design. In their experiment they used guiding panels that extended to
the surface of the grid and the panel was weighted with chain links in the aft part, thus sorting

all specimen immediately irrespective the grid length or angle.

According to Grimaldo (2006) a lower grid angle should contribute to a lowered grid passage
probability, however, the results obtained in the current study prove that despite the reduced
operating angle, longer grids can significantly increase the grid passage probability for shrimp

and juvenile fish. Thus, it can be concluded that although previous studies have shown that
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reducing the grid angle has the potential to increase the release of juvenile fish, increasing
grid length more than compensates for reducing the angle and significantly increases grid
passage probability of bycatch fish species through the grid. Regarding shrimp, the result was
similar to that obtained for fish. The increase in grid length compensates for lowering the
operational angle, which according to earlier studies (e.g. Larsen 1996; Grimaldo 2006)
contributes to a lower grid passage probability and higher shrimp loss by weight. As for fish,
the difference in passage probability for shrimp was also found to be length dependent. For
fish, the largest differences between grids exhibited for the smallest sizes, while the highest

difference between grids exhibited for the largest shrimp.

The Atlantic shrimp trawl fisheries in USA are today performed with a double sorting grid
system with the aim to reduce the amount of juvenile fish and small shrimp (ASMFC 2017).
A similar double grid system was tested in the Norwegian shrimp trawl fisheries in the end of
the 1990’ties. The extra 10 mm grid in front of the 19 mm Nordmere grid was not accepted by
the industry because they claimed it stopped functioning due to clogging of the grid face
shortly after tow start (Larsen pers. comm.). The Norwegian shrimp fishers have experience
with longer Nordmere grids and they find them more convenient to operate than a double grid

system.

Observations from the underwater recordings in our trials corroborated the results obtained
from the data analysis. Despite its lower angle, fish and shrimp were observed to physically
contact the long grid at the outlet of the guiding funnel, i.e. at the lowest part of the long grid.
In addition, in most cases fish and shrimp remained close to, or in physical contact with, the
grid along its full extent. This explains the results obtained from the data analysis as the larger
sorting area of the long grid gives fish and shrimp more time and a larger area to orientate
themselves properly towards the grid and pass through it. Furthermore, the longer grid had a

lower probability of being blocked by fish, further increasing the area difference between the
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two grids. This difference between the grids and the probability of fish and shrimp to
orientating themselves correctly towards the grid was also observed in the results obtained for
the parameter Cg.4, Wwhich was on average as high or higher for the long grid with the lower
angle in every case. Plastic bags and similar manmade garbage, seaweed, stones, etc. can also
block areas of the sorting grid. When C,,4 is reduced, shrimp loss increases. The reduced
angle of the sorting grid enables faster and easier removal of debris and garbage, and so has

practical benefits.

The results obtained in this study also show that the size difference between the grids used by
the Norwegian inshore, coastal and offshore shrimp vessels probably explains why the two
fisheries use different operating grid angles. If the offshore vessels were using the same angle
as the coastal vessels, the grid passage probability for bycatch species would most likely be

too high due to the increased grid length.
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Figure 2: Side view of the aft section of the trawl and the two sorting grid designs (short grid

and long grid) tested during the experiments.
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Figure 5: Size distribution and grid passage probability for redfish (a—c), cod (d—f), haddock
(g—1) and American plaice (j—1) with the short grid (Ieft column), long grid (middle column)
and the difference (Delta) (right column) between both grids. The circles represent the
experimental data collected during the cruise. The solid black line shows the estimated grid
passage probability and the dashed black lines represent the confidence intervals for the
estimated curves. The dotted grey lines show the population structure for the four bycatch

species collected with the short grid (left column) and the long grid (middle column).
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Figure 6: Stills from underwater video recordings showing blockage by fish of the short (a)
and long (b) sorting grids tested during the trials. The stills were taken approximately 30 min
into the haul.

Figure 7: Images a—f showing a juvenile haddock entering the lower part of the grid area (a)
and gliding along the grid (b—d), until it finally orientates itself correctly towards the grid and
passes through (e—f). The sequence of images was taken from a recording made on the long
grid at an angle of ca. 30°.
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Table 1: Summary data of the number of individuals that were length measured from
individual hauls conducted with the short and long grid, respectively. Values in parentheses
are subsampling ratios shown as percentages (weight ratio for shrimp and number ratio for
fish) provided only when subsampling took place. S: short grid, L: long grid. ng: Numbers in

grid cover. nc: Numbers in codend.

D. shrimp Redfish A. plaice Cod Haddock
Haul  Grid ng nc ng nc ng nc ng nc ng nc
1 S 60(83.6) 162(3.1) 8 18 182 278 6 7 37 12
2 L 0 144(5.8) 187 108 67 76 3 8 22 25
3 L 4 204(6.6) 149 61 80 88 2 8 27 19
4 S 121(51.3) 195(4.7) 103 82 299 200 20 5 118 26
5 S 165(75.1) 201(2.1) 104 103 175 281 15 12 117 59
6 L 8 211(1.9) 66 155 243 176 3 5 79 100
7 L 18 220(1.3) 110 407 203 309 26 33 175 402
8 S 127(27.9) 187(1.0) 167 320 238 297 87 88 340 348
9 S 193(73.2) 222(1.4) 75 214 230 403 57 45 81 89
10 L 222(33.5) 198(1.3) 140 417 284 264 72 94 105 172
11 L 9(58.5)  239(1.5) 29 72 132 218 16 24 11 29
12 S 54(80.1) 174(2.3) 30 15 218 271(34.2) 55 9 7 7
13 S 16(82.3) 179(5.0) 80 18 91 226 16 3 25 19
14 L 10(86.2) 172(3.9) 169 33 200 264 13 6 49 56
15 L 8(83.0) 174(3.4) 215 53 141 310 15 8 44 43
16 S 96(73.5) 217(1.9) 71 31 234 423 37 3 61 23
17 S 181(23.7) 198(1.4) 186 28 387 610 85 14 191 52
18 L 13(71.6) 168(1.7) 312(63.9) 528 246 295 138 143 764 521
19 L 29(68.1) 202(1.5) 370 524 305 359 165 182 276 540
20 S 148(19.3) 237(1.1) 358 420 341 531 253 276 794 413
sum 1482 3904 2929 3607 4296 5879 1084 973 3323 2955
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Table 2: Akaike's information criterion (AIC) values for the eight models tested on the data

collected for shrimp and four bycatch fish species with the short and long grids. The lowest

AIC values for each of the cases are shown in bold.

Corid Fixed at 100% Estimated
Model for rc(l, v) Logit Probit Gompertz Richard Logit Probit Gompertz Richard

Deep- Short 26768.78 26751.74 26738.52 26746.68 26770.78 26753.74 26740.52 26748.68

water Long 9096.03 9093.26 9091.07 9094.26 9098.03 9095.26 9093.07 9096.26

shrimp

Redfish Short 1789.01 1788.08 1913.14 1669.20 1639.14 1638.15 1646.91 1638.50
Long 1481.04 1545.39 1858.79 1400.23 1355.75 1369.67 1370.39 1357.62

American  Short 4744.43 4745.83 4812.62 4742.44 4746.43 474495 4727.39 4729.36

plaice Long 3111.33 3099.73 3085.31 3073.98 3113.33 3101.73 3067.64 3069.64

Cod Short 674.84 672.71 712.12 647.82 647.29 645.82 650.64 647.10
Long 419.92 423.20 460.37 411.29 412.80 414.11 421.57 412.65

haddock Short 3551.68 3547.18 3558.43 3527.06 3532.39 3531.09 3538.18 3526.01
Long 4314.55 4311.37 433431 4300.37 4303.31 4300.52 4306.26 4302.37

https://mc06.manuscriptcentral.com/cjfas-pubs

Page 30 of 36



Page 31 of 36

Canadian Journal of Fisheries and Aquatic Sciences

Table 3: Parameter values and fit statistics for selected models. Values in parentheses are 95
% confidence limits. Note that L50,,,s and SRy, are provided in millimetres (carapace length)

for Deep-water shrimp and in centimetres (total length) for the bycatch fish species.

Deep-water shrimp Redfish American plaice Cod Haddock

Grid Short Long Short Long Short Long Short Long Short Long

Model for Gompertz ~ Gompertz Probit Logit Gompertz ~ Gompertz Probit Richard Richard Richard

re(l,v)

Caria (%) Fixed to 100 Fixed to 100 81.7 96.2 96.1 99.4 82.8 Fixed to 100 59.0 Fixed to 100

(75.8-87.6) (94.8-97.6) (93.3-98.8) (98.3-100.0) (77.4-91.3) (35.1-100.0)

L5044 57.3 116.6 14.9 154 19.1 19.6 19.0 19.5 17.0 16.6

(mm/cm) (50.2-75.1) (82.5-165.9) (14.2-15.8) (14.8-15.8) (18.0-20.3) (19.0-20.4) (17.8-20.7) (18.7-21.5) (12.7-18.4) (15.5-17.8)

SRerid 34.5 78.1 23 2.3 8.1 7.3 3.1 3.7 39 5.6

(mm/cm) (27.8-49.4) (45.4-100.0) (0.9-3.1) (1.7-2.8) (7.3-8.8) (6.6-8.1) (0.24.1) (3.0-5.6) (0.6-11.2)  (3.8-7.3)

1/0 - - - - - - - 0.35 0.008 0.008
(0.01-0.80) (0.003-1.41) (0.005-0.47)

p-value <0.001 0.005 0.570 0.232 0.119 0.198 0.999 0.996 0.892 0.425

Deviance 68.83 38.34 35.83 41.84 53.01 50.63 11.48 12.67 8.72 17.44

DOF 19 19 38 36 42 43 29 29 15 17
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Table 4: Catch efficiency indicator values according to equation (5). For Deepwater shrimp
only individuals above 15 mm carapace length are included. For bycatch species all sizes are
included. Values in parentheses represents 95% confidence limits.

1P short 1P ong AnP. = nP.ong - NP-shont
Deep-water shrimp 97.04(95.88-98.15) 99.10(97.68-99.89) 2.06(0.36-3.62)
Redfish 51.38(34.69-60.69) 55.07(42.47-66.68) 3.69(-13.10-24.75)
American plaice 62.79(55.71-69.00) 55.38(50.70-60.10) -7.41(-15.31-0.86)
Cod 42.27(21.45-49.64) 52.80(49.69-56.78) 10.53(2.47-31.67)
Haddock 37.18(26.54-45.86) 55.13(43.99-66.13) 17.95(3.76-33.93)
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Appendix

Size selection models

The basic size selection models used in the present study are presented below (Wileman et

al.,1996).

The Logistic (Logif) size selection curve is the cumulative distribution function of a logistic

random variable:

exp(a + bl)
1+ exp(a + bl)

Logit(l) =

Where a and b are the parameters of the model. Logit(l) quantifies the length-dependent
retention probability with / being the length of the fish or shrimp. The above equation can be
rewritten in terms of the parameters L50 and SR, where:

_2xIn(3)  In(9)

L50= — 9%/, , SR 5 ;

Leading to:

exp (h}g(g) x (I — LSO))

1+exp <h;(1?) x (1 — LSO))

Logit(l) =

The Probit size selection curve (Normal probability ogive) is the cumulative distribution of a

normal random variable,

Probit(l) = ®(a + bl)
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Where @ is the cumulative distribution function of a standard normal random variable, and a

and b are the parameters of the model. The Probit can be rewritten in terms of parameters L50

and SR, where:

2 x Probit(0.75 — 0.25)  1.349

Leading to:

( exp (% = LSO))
Probit(l) =
\1 + exp (—1?;;9 (1 - LSO))/

The Gompertz size selection curve is expressed by the following equation:
Gompertz(l) = exp(— exp(—(a + bl)))

It can be rewritten in terms of the parameters L50 and SR, where:

I (In(0:25)
150 - —In(-In(0.5) —a 0.3665—a _ ™m(075)) 1573
B b - b ’ - b T b
Leading to:

1.573
Gompertz(l) = exp| —exp| — (0.3665 + W(l - L50)>

The last of the four basic size selection curves considered here is the Richard curve, which
has an extra parameter, named //5. This parameter controls the degree of asymmetry of the

curve. When § = 1 the curve is identical to the Logit curve. The equation for a Richard size

selection curve is the following:
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1/6

Richard(l) = ( exp(a + bl) )

1+ exp(a + bl)
25  Rewritten in terms of the parameters L50 and SR with:

_ Logit(O.S‘s) —a

L50
b

R Logit(0.75%) — Logit(0.25°%)
- b

26 Leading to:

SR
. 5y : [
Logit(0.75%) — Logit(0.25 )) (- L50>

- 5 _ ; 5
exp <Logit(0.55) N (Loglt(0.75 ) — Logit(0.25 )> (- LSO)

Richard(l) =

1+ exp (Logit(0.55) + ( <R

27

https://mc06.manuscriptcentral.com/cjfas-pubs



28

29

30

31

32

33

34

Canadian Journal of Fisheries and Aquatic Sciences

Deviance residual plots

Figure A1 provides (in accordance to Wileman et al. (1996)) deviance residual plots for the
modelling of the length grid passage probability for shrimp, for respectively the short and

long grid.

Shrimp: shortgrid

Deviance residual
o
L

-2 4
-4 -
9.5 11.5 13.5 15.5 17.5 19.5 21.5 23.5 25.5 27.5 29.5
Carapace length (mm)
Shrimp:long grid
4 -

Deviance residual
o
L

9.5 11.5 13.5 15.5 17.5 19.5 21.5 23.5 25.5 27.5 29.5
Carapace length (mm)

Figure A1: Deviance residual plots for modelling of length-dependent grid passage

probability for shrimp and for respectively short (top) and long grid (bottom).
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