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Abstract Fish behavior is important to consider
when developing selective fishing gear. In studies
designed to investigate the size selective properties
of towed fishing gears such as trawls, fish behavior is
mainly documented by underwater video recordings.
Because fishing gear can be operated at great depths
or in other low light environments, artificial light is
often required for underwater recordings. However,
artificial light can influence fish behavior, which
casts doubt on the validity of behavioral observations
obtained in the presence of artificial light. However,
removing artificial light disables video recordings
and the possibility to study fish behavior in relation
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to selectivity devices towed fishing gears in low
light environments. To date, little is known about the
extent to which artificial light used for video obser-
vations affects fish behavior with respect to fish-
ing gear. Therefore, we conducted fishing trials in
the Barents Sea demersal trawl fishery to assess the
effect of light sources on fish behavior by using size
selectivity results in towed fishing gears. We found
that the behavior of cod (Gadus morhua) was unaf-
fected by the light sources, whereas the behavior of
haddock (Melanogrammus aeglefinus), saithe (Pol-
lachius virens) and redfish (Sebastes spp.) signifi-
cantly changed when red light and white light were
employed. Our results also demonstrated significant
differences in fish behavior between white and red
light.

Keywords Fish behavior - Bottom trawl - Artificial
light

Introduction

Size and species selectivity in towed fishing gear
have been studied for decades to address the issue of
unwanted by-catch (Kennelly and Broadhurst 2021).
Size selectivity studies normally provide information
about the probability that a given fish species will be
retained or escape depending on its length, which is
estimated based on length measurements of retained
and escaped fish collected during sea trials (Wileman
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et al. 1996). However, size selectivity estimation does
not provide any direct information about the behavior
of fish, which can be decisive for the fate of fish in
the gear (i.e., retention or escape). Information about
fish behavior in relation to selectivity is important
because in many cases it can explain patterns in size
selectivity curves that quantify the length-dependent
retention probability (Wileman et al. 1996). Addition-
ally, the knowledge obtained can be applied to the
development of selective fishing gear.

Fish behavior has been observed using a variety
of direct methods, including observation by humans
(Hemmings 1973), with video cameras and hydro-
acoustics (Urquhart and Stewart 1993; Graham et al.
2004). Video cameras are the most common direct
method to study animal behavior in relation to fishing
gear. However, many towed fishing gears are operated
in light environments that are below the sensitivity
of optical cameras (e.g., at great depths or at night)
(Karlsen et al. 2021). In such circumstances, artificial
light is required to illuminate the field of view.

Many studies have demonstrated that artificial light
can affect fish behavior (Weinberg and Munro 1999;
Gordon et al. 2002; Marchesan et al. 2005). In selec-
tivity studies, researchers have used artificial light to
purposely affect fish behavior and reduce unwanted
by-catch (Hannah et al. 2015; Grimaldo et al. 2018;
Lomeli et al. 2018a, b, 2019; Lomeli and Wakefield
2019; Yochum et al. 2022). Even mechanically stimu-
lated bioluminescence can affect the behavior of fish
in front of a trawl (Jamieson et al. 2006). The influ-
ence of artificial light is highly dependent on the spe-
cies (Grimaldo et al. 2018; Geraci et al. 2022), the
characteristics of the light (especially wavelength and
light intensity) (Marchesan et al. 2005; Mueller et al.
2006; Yochum et al. 2022), and the context in which
the light is deployed (Hannah et al. 2015). Thus,
when artificial light is used to observe fish behavior,
gear selectivity may be affected. However, it would
not be possible to observe fish behavior in relation to
fishing gear in deep waters using optic cameras with-
out artificial light.

In the Barents Sea demersal trawl fishery that tar-
gets gadoids, selectivity studies have been conducted
for several decades (Kennelly and Broadhurst 2021),
especially since the introduction of the sorting grid
in 1997 (Isaksen et al. 1992; Larsen and Isaksen
1993). In this fishery a grid with a 55 mm bar spac-
ing is mandatory. Cod (Gadus morhua), haddock
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(Melanogrammus aeglefinus), and saithe (Polla-
chius virens) are the main target species, and redfish
(Sebastes spp.) are among the main bycatch spe-
cies. The size selectivity of these species, especially
cod and haddock, has been studied extensively (e.g.,
Sistiaga et al. 2016; 2022; Grimaldo et al. 2018;
Brinkhof et al. 2020; 2022). Fishing depths are rang-
ing between 80 and 400 m, and the main fishery is
conducted during winter when there is no sunlight.
Red light has been used in some studies based on the
assumption that red light does not affect fish behav-
ior (Grimaldo et al. 2018; Underwood et al. 2021)
because it is believed to be outside the wavelength
sensitivity range of many species of fish (Goldsmith
and Fernandez 1968; Meyer-Rochow and Tiang 1984;
Douglas, et al. 1995). However, the potential for mak-
ing biased conclusions about fish behavior when
exposed to red light has not been investigated. As
the visual sensitivity of many commercial species is
poorly known and many sources of red light are not
monochromatic (i.e., they contain a range of wave-
lengths), a response to red light in the fishery cannot
be excluded.

Based on this lack of knowledge, the aim of this
study was to investigate if, and to what extent, differ-
ent wavelengths of artificial light used for underwa-
ter recordings unintentionally affect fish behavior in
towed fishing gear such as bottom trawls. Specifically,
the following research questions were addressed.

(1) Does artificial light used for underwater obser-
vations in a sorting grid section affect the
behavior of cod, haddock, saithe, and redfish?

@ii)) Do fish exhibit differences in behavior when
subjected to red or white light in a sorting grid
section?

(iii) Is the effect of artificial light different for cod,
haddock, saithe, and redfish?

Materials and methods
Assessment method

The effect of a treatment is often evaluated by com-
paring the results of samples to which the treatment
is applied with the results of untreated samples (con-
trol), keeping the rest of the experimental condi-
tions equal. The aim of this study was to investigate
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whether artificial light used for underwater record-
ings unintentionally affected fish behavior in trawls
and thus biased potential behavioral analyses based
on video observations. Acoustic methods, which are
often used to observe fish in low light or turbid envi-
ronments, could be an alternative, but they do not pro-
vide the necessary resolution to carry out such a com-
parison. Fish behavior and fish morphology are the
two fish-specific factors that can affect selectivity in
fishing gear. A straightforward experimental design to
test the effect of artificial light on fish behavior would
be to directly observe and compare fish behavior in
the trawl with and without light. However, the effect
of light increases its relevance in darkness beyond the
sensitivity of the optic camera deployed, and in the
dark fish can only be observed in detail using lights.
It is reasonable to assume that light cannot change
fish morphology or the physical properties of a gear.
Consequently, any potential change in the size selective
properties of the gear resulting from the application of

Fig. 1 Schematic overview

light would originate from the potential effect of light
on fish behavior. Therefore, we applied an indirect
method to assess the impact of artificial light on fish
behavior (Fig. 1). We used a sorting grid that is manda-
tory in the bottom trawl fishery for gadoids in the Bar-
ents Sea and assessed its size selective properties with
and without artificial light (i.e., the treatment). The
data were then to determine if there were significant
differences in size selectivity, which would prove that
the specific lights used for fish observation in this study
affected the behavior of fish and vice versa (Fig. 1).

Sea trials

The experimental fishing trials were conducted
onboard the R/V “Helmer Hanssen” (63.8 m length
and 4,080 HP engine power) in the southern Barents
Sea off the coast of Norway from February 26 to
March 5, 2022. A single Alfredo No. 3 bottom trawl
was used during the trials. The otter boards (Injector
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Scorpion, 3,100 kg, and 8 m? each) were followed by
3 m long backstraps and 7 m long connector chains,
which were connected to the 60 m long sweeps. To
avoid abrasion of the sweeps, a @53 cm steel bobbin
was placed mid-way between the connector chain and
the attachment to the ground gear. The ground gear
was 46 m long and consisted of an 18.9 m long rock-
hopper gear (@ 53 cm) in the middle and a 14 m long
chain (@19 mm) with three equally spaced steel bob-
bins (@ 53 cm) on each side. The rockhopper gear was
attached to the 19.2 m long fishing line of the trawl.
The Alfredo No. 3 trawl is a two-panel trawl with 420
meshes in circumference, and it was built entirely out
of polyethylene with a mesh size of 155 mm.

After the trawl belly, a Sort-V grid section contain-
ing a 1,750 mmX 1,234 mm steel grid with a bar spac-
ing of 55.05+0.84 mm (mean +SD) was mounted in
the trawl. To retain the escapees the grid outlet was
fitted with a cover, which had an inner mesh size of
44.324+1.06 mm (Fig. 2). A 10 m long extension
piece was inserted between the grid section and the
codend. The 12 m long codend was constructed of two
panels. It had 60 meshes of single braided @8 mm pol-
yethylene twine in the circumference. The codend was
blinded with a small-meshed liner with a mesh size of
49.70+4.99 mm to stop fish from escaping from it.
The meshes in the codend, cover, small-meshed liner,
and grid bar spacing were measured using an OMEGA
gauge following the procedure described in Wileman
et al. (1996). For the hauls in which artificial light
was used, either a white or red dive torch (Brinyte

DIVO01V, 120° light beam angle) was mounted in front
of the grid. The light beam was directed towards the
grid, and it illuminated the entire grid surface (Fig. 2).

The scalar irradiance spectrum of the two lights
was measured in air for each 3.3 nm (Karlsen et al.
2021). The measurements were conducted in a dark
room using a hyperspectral radiometer (Ramses ASC
VIS, TriOS GmbH, Rastede, Germany) placed 30 cm
away from the light source. The sensitivity of the
sensor was 6x 10 mW m™ nm™" at 500 nm (corre-
sponding to 2.5x 107® pmol m2 s71).

During towing, the trawl performance and geom-
etry were continuously monitored by a set of Scanmar
sensors. Parameters measured were the otter board
spread, trawl height, and catch volume. When the
trawl was hauled on board the vessel, the catch from
the codend and the grid cover were kept in separate
holding bins. The length of all cod, haddock, saithe,
and redfish above 20 cm were measured to the nearest
centimeter below.

Statistical analysis
Analysis of grid size selection data

The analysis of the data collected for each species was
performed separately and independently for the control
(no light) and the two different treatments (red light or
white light). In the experimental design applied, fish
were either retained by the grid cover or by the blinded
codend, so the collected catch data were binominal.

Sort-V grid

Grid cover (GC)

Video camera,
and light beam

Codend (C)

Fig. 2 Trawl rigging showing the experimental configuration with the Sort-V grid, grid cover (GC), blinded codend with a small-
meshed liner (C), and the positioning and direction of the video camera and lights (when used)
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The retention probability for fish of length [ in the
blinded codend in haul j is expressed by a function r(l).
The purpose of the analysis was to estimate the values of
this function for all relevant sizes of the species investi-
gated individually. Between hauls with the same treat-
ment, the value of rj( 1) is expected to vary (Fryer 1991).
We were interested in the length-dependent values of
r(l) averaged over hauls to provide information about
the average consequences for the size selection process
of applying the specific treatment (or the control). The
estimation of the average size selection r,,(, v) involved
pooling data from the hauls conducted with a specific
treatment (Herrmann et al. 2012). The v is a vector con-
sisting of the parameters of the model. Four different
models (Logistic, Probit, Gompertz, and Richards) were
chosen as basic candidates to describe r,,(/,v) for the
baseline/control, the two treatments, and the species indi-
vidually. The first three models were fully described by
the selection parameters length at 50% retention probabil-
ity (L50) and selection range (SR), whereas the Richards
model required an additional parameter (6). The formu-
las for the four selection models, together with additional
information, can be found in Wileman et al. (1996).
These four classical size-selection models assume that all
individual fish entering the grid section can contact the
grid in a way that provides a size-dependent probability
of escape into the cover. In addition, four corresponding
models, which accounted for the potential fraction of fish
that could not contact the grid to provide a size-depend-
ent chance of escape, were also considered. In total, eight
models were tested for each of the data series r,,,,(/, v):

[ Logistic(l, L50, SR)
Probit(l, L50, SR)
Gompertz(l, L50, SR)

Ri L R, 1
o lv) =1 ichards(l, L50, SR, 1/6)

CLogistic(l, C,L50,, SR,) = 1.0 — C + C X Logistic(I, L50,., SR,)
CProbit(1,C,L50,, SR,) = 1.0 — C + C X Probit(1, L50,, SR, )
CGompertz(l, C,L50,,SR,) = 1.0 — C + C X Gompertz(l, L50,, SR, )
CRichards (I, L50,, SR,,1/8,) = 1.0 = C + C X Richards(I,L50,, SR,, 1/5,)

In contrast, if only 75% of fish were able to make suf-
ficient contact with the grid, C would be 0.75 (see Her-
rmann et al. (2013) for further details about this type of
size selection model). The subscript g on the selection
parameters (L50, SR, 1/5) in the last four models in (1)
indicates that these are values of the parameters for the
fraction of the fish that contact the grid. In those mod-
els, the overall L50 and SR also consider the fraction
of fish not making sufficient contact with the grid, and
they are estimated based on the value of the subscribed
parameters and the estimated value of C obtained by the
approach described in Sistiaga et al. (2010). The reason
we included the last four models in (1) as candidates to
describe the size selection in a grid section of a bottom
fishery is that several studies have shown that often a sig-
nificant fraction of the fish entering such a section do not
make contact with the grid in a way that provides them
with a length-dependent chance to escape (Sistiaga et al.
2010; Herrmann et al. 2019; Brinkhof et al. 2022).

The selection curves described by the formulas
in (1) and the associated selectivity parameters were
estimated using the maximum likelihood method
and by minimizing the negative of the log-likelihood
function derived from the binomial probability mass
function (Wileman et al. 1996):

Log Lik = — Z Z {ncﬂ X In(r, (L, v))
j=1 1

+ng; X In(1.0 — r,(Lv)) }

@
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For the four last models in (1), C represents the
assumed length-independent contact probability with the
grid that provides fish with a length-dependent chance of
escape. Thus, C is a number between 0.0 and 1.0. If all
fish were able to contact the grid sufficiently to obtain a
length-dependent chance of escape, C would be 1.0 and
the last four models in (1) would simplify to the first four.

The log-likelihood function (2) includes a summa-
tion over hauls {j=1,...,m} for the specific treatment
or the control, with nc; and ng;, being the number of
fish of the specific species caught in the codend and
grid, respectively, in haul j belonging to length class /.

Our evaluation of the ability of a model to describe
the data sufficiently was based on a calculation of

@ Springer



Rev Fish Biol Fisheries

the corresponding p-value, which expresses the
likelihood of obtaining at least as big a discrepancy
between the fitted model and the observed experi-
mental data by coincidence. Therefore, for the fitted
model to be a candidate to model the size selection
data, this p-value should not be < 0.05 (Wileman et al.
1996). The best model among the eight considered in
(1) was selected based on Akaike’s Information Crite-
rion (AIC); the model with the lowest AIC value was
selected (Akaike 1974).

Often, once the specific selection model is identi-
fied for a particular species and treatment (or control),
bootstrapping is applied to estimate the confidence
limits for the average size selection keeping the model
fixed to the one selected based on the data collected.
However, this procedure does not account for uncer-
tainty in model selection due to data fluctuations (col-
lected data being a random sample) (Burnham and
Anderson 2002; Efron 2014; Preacher and Merkle
2012). Therefore, to account for this additional uncer-
tainty for the size selection curves we adapted the
bootstrap model selection (BMS) approach described
by Jacques et al. (2024). Specially, this implied con-
ducting model selection among the eight size selec-
tion models in (1) in each of the 1000 bootstrap itera-
tions carried out. Specially, in each bootstrap iteration
independently the model having the lowest AIC value
for the specific resampled data was selected to model
that data. The resampling procedure in this bootstrap-
ping approach was identical to the one described in
Millar (1993) and took both within-haul and between-
haul variation into consideration. The hauls for the
control and two treatments were used to define a
group of hauls. To account for between-haul varia-
tion, an outer bootstrap resample with replacement
from the group of hauls was included in the proce-
dure. Within each resampled haul, the data for each
length class were bootstrapped in an inner bootstrap
to account for within-haul variation. Each bootstrap
iteration resulted in a “pooled” set of data, which then
was analysed performing the model selection among
the eight candidates in (1). Thus, each bootstrap run
resulted in an average selection curve. For each case
analysed (specific species for specific treatment or
control), 1,000 bootstrap repetitions were conducted
to estimate the Efron percentile 95% confidence inter-
vals (CIs) (Herrmann et al. 2012). We used the soft-
ware tool SELNET (Herrmann et al. 2012) for the
size selection analysis (version date 31 May 2024).

@ Springer

Inference of the effect of treatment on fish behavior

To investigate the extent to which artificial light
affects behavior and thereby the size selection in the
grid section, changes in the length-dependent reten-
tion probability were quantified (delta). Specifically,
the difference in r,,(/, v) between treatment (¢) or con-
trol (g) was obtained species-wise by estimating the
difference in the length-dependent retention probabil-
ity (Ary, () =1y, (Lv,) = Ta, (L¥,)), Where 1, (1,v)
and rm,l(l, v) represent r,,(/,v) obtained using (1) in
(2) for control and treatment, respectively. The 95%
CIs for (Aravq/(l) were obtained based on the two
bootstrap populations for both r,,, (1, v,) and ay, (Lv,)
using the method described in Larsen et al. (2018). In
cases of length classes for which the 95% ClIs did not
contain the value 0.0, we concluded that there was a
difference in fish behavior between a treatment ¢ and
the control g or between two treatments. In contrast,
if the 95% CIs for all fish sizes included the value 0.0,
we concluded that the treatment had no effect on fish
behavior.

Results
Light source measurements

The energy of the emitted white light peaked
at 443 nm (full-with-half-max, FWHM, range:
430-453 nm) and 547 nm (FWHM range:
503-627 nm), while that of the emitted red light
peaked at 630 nm (FWHM range: 620-640 nm)
(Fig. 3).

Results from sea trials

During the cruise, we conducted 39 valid hauls
consisting of 14 hauls without artificial light, 14
hauls with white light, and 11 hauls with red light
(Table 1). The towing depth ranged between 236
and 315 m, and towing time ranged from 35 min to
1 h 45 min. The total length of 13,153 cod, 7497
haddock, 2830 saithe, and 1218 redfish were meas-
ured during the cruise. If fewer than 15 individu-
als of one species were caught during a haul, it was
eliminated from the statistical analysis for that spe-
cies (Table 1).
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Fig. 3 Light spectra of the white (left) and red (right) light
sources measured as scalar irradiance at 30 cm with the center
of the light beam pointing directly at the light sensor (0°, dot-

Each of the models in Eq. (1) where fitted to the
experimental data model for each species and light
case (without artificial light, white light, red light)
separately to conduct model selection for each case
according to lowest AIC value (Table 2). The models
chosen to quantify the retention probability for cod,
haddock, saithe, and redfish without the use of arti-
ficial light or when exposed to white or red light fit-
ted the experimental data points well (p-value > 0.05)
(Fig. 4, Table 2.) The distribution curves in Fig. 4
showed that few cod were retained in the cover, prob-
ably because there were few individuals in the area
that were small enough to pass through the grid bars.
For haddock, saithe, and redfish, however, a consider-
able proportion managed to escape and was retained
in the grid cover.

When comparing the effect of no light, white
light, and red light for the four species, no signifi-
cant effect of light was detected for cod (Fig. 5).
However, red and white light caused a significantly
higher retention probability of haddock in the
codend compared to the control without light for a
large span of length groups (Fig. 5). The same pat-
terns were detected for saithe, but only for a few
length groups of the largest individuals. For red-
fish, significantly more of the largest length groups
(> 48 cm) were retained in the white light treatment
compared to the hauls conducted without light or
with red light (Fig. 5).

The delta plots comparing the hauls conducted
without light to the hauls conducted with white
light demonstrated no significant effect for cod,

e e~
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o O O O O O O o
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o
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ted line), tilted 45° relative to the sensor (45°, broken line), or
perpendicular to the sensor (90°, solid line)

whereas white light resulted in a significantly
higher retention of haddock, saithe, and redfish
(Fig. 6). Comparing the hauls conducted without
light to the hauls conducted with red light revealed
similar results. For redfish, a significant difference
was only detected for a few length groups, with the
hauls conducted with red light having a slightly
higher retention efficiency compared to the hauls
conducted without light (Fig. 6). The delta plots
comparing the hauls conducted with white light to
those conducted with red light demonstrated no sig-
nificant difference for cod and haddock. For saithe
and redfish, however, the hauls with white light
retained significantly more of the largest fish com-
pared to the hauls with red light (Fig. 6).

For the selectivity parameters L50 and SR, no
significant difference was detected for cod, saithe,
and redfish for no light vs. white light, no light vs.
red light, or white light vs. red light (Table 2). For
haddock, however, a significant reduction in the L50
and increase in the SR was estimated between the
hauls conducted with no light compared to those
conducted with either white or red light (Table 2).
No significant difference was detected between the
hauls conducted with white or red light for haddock.

Discussion

In selectivity studies, fish behavior is often an impor-
tant explanatory factor. Therefore, besides the regular
catch measurements necessary to evaluate the selec-
tive performance of fishing gear, video recordings
are often conducted to investigate the relationship

@ Springer
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Table 1 Overview showing the order of hauls according to the treatment, depth, towing time, position, and number of fish caught
for each species in the grid cover (nGC) and codend (nC)

Haul nr  Treatment  Depth (m) Towing Latitude  Longitude No. Cod No. No. saithe  No. redfish
time haddock
(hh:mm)

nGC nC nGC nC nGC nC nGC nC
1 White light 236 01:02 71°22 N 26°54'E 15 228 81 87 138 729 15 18
2 No light 269 01:00 71°23 N 25°39'E 39 87 200 28 - - 19 16
3 No light 263 01:00 71°22N  25°15'E 25 180 120 9 - - - -
4 White light 302 01:39 71°21 N 25°00'E 12 128 81 66 - - 9 7
5 White light 296 01:30 71°19N  24°53'E 32 947 125 174 18 51 12 22
6 No light 291 01:00 71°21'N  25°18'E 41 942 125 62 7 52 12 36
7 No light 286 00:45 71°21'N  25°22'E 16 140 53 19 - - 6 10
8 White light 296 01:02 71°21'N  25°07"E 9 120 23 20 - - - -
9 White light 293 01:29 71°19° N 24°5T"E 13 326 46 57 - - - -
10 No light 302 01:30 71°21’ N 25°02’E 35 369 89 36 - - 7 28
11 No light 295 01:30 71°18 N 24°44°E 14 543 212 82 86 340 15 36
12 White light 300 01:00 71°18 N 24°29°E 12 1127 150 150 58 674 13 107
13 White light 294 00:35 71°19° N 24°55’E 6 1406 56 40 16 91 5 21
14 No light 302 00:45 71°23°' N 24°54E 13 152 36 32 10 18 9 11
15 No light 307 01:00 71°23° N 24°48°E 14 221 91 47 7 14 6 18
16 White light 300 01:00 71°23° N 24°58E 9 68 38 7 - - - -
17 White light 300 00:52 71°20° N 24°38"E 5 63 54 15 - - 5 16
18 No light 293 01:30 71°18' N 24°41'E 11 521 166 88 21 68 25 38
19 No light 298 01:30 71°19'N  24°57T"E 8 219 121 60 13 19 23 49
20 White light 295 01:30 71°18' N 24°40'E 10 281 92 102 10 30 17 43
21 White light 293 01:30 71°18' N 24°54'E 16 248 80 53 5 14 25
22 No light 299 01:33 71°20' N 24°35'E 22 404 80 40 - - 10
23 No light 311 01:30 71°23' N 24°43'E 13 101 78 16 - - - -
24 White light 305 01:27 71°21'N  04°40'E 7 130 80 36 - - - -
25 White light 304 01:30 71°20' N 24°45'E 14 166 152 97 - - 9 18
26 No light 316 01:30 71°23' N 24°34'E 17 267 75 34 - - 7 9
27 No light 305 01:30 71°20' N 24°27'E 14 377 136 100 15 60 24 43
28 White light 294 01:30 71°18' N 24°42'E 10 1070 71 108 13 98 10 39
29 Red light 309 01:30 71°24'N  24°49'E 5 119 114 78 10 22 9 24
30 Red light 314 01:32 71°24'N  24°41'E 11 112 243 97 20 69 13 25
31 Red light 311 01:20 71°28' N 24°27'E 10 238 121 72 - -
32 Red light 296 01:30 71°31'N  24°38'E 24 231 160 85 - - 8 18
33 Red light 315 01:30 71°26' N 24°26'E 18 167 160 104 - - 19 45
34 Red light 306 01:32 71°21'N  24°28'E 17 257 154 130 3 13 4 26
35 Red light 306 01:33 71°22' N 24°41'E 10 121 72 72 - - - -
36 Red light 314 01:29 T1°21'N  24°22'E 5 89 69 81 - - - -
37 Red light 298 01:30 71°20'N  24°40'E 5 102 182 152 - - 15 14
38 Red light 295 01:30 71°17"N  24°32'E 11 172 209 260 4 14 8 19
39 Red light 294 01:43 71°18' N 24°46'E 14 132 279 227 - - 38 49
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Table 2 Estimated overall selectivity parameters (L50 and SR) with 95% Cls in (), and fit statistics (model, p-value, degrees of free-

dom (DOF), and deviance)

Treatment Species L50 (cm) SR (cm) Model p value DOF Deviance
No light Cod 48.25 (46.09-50.59) 11.62 (7.75-15.73) Richards 1.00 90 46.37
Haddock 50.38 (49.54-51.13) 9.04 (7.39-9.94) Richards 0.975 50 3232
Saithe 51.79 (50.12-53.42) 6.11 (4.65-8.43) Gompertz 0.963 32 20.79
Redfish 38.86 (36.83-41.22) 11.10 (0.00-19.83) Probit 0.754 36 29.89
White light Cod 46.53 (44.48-49.02) 12.29 (0.00-18.48) Richards 1.00 92 43.99
Haddock 46.75 (45.53-48.18) 14.31 (11.98-16.92) CProbit 0.192 46 54.12
Saithe 49.61 (0.00-51.64) * CRichards 0.971 34 20.16
Redfish 31.32 (0.00-38.48) 27.31 (0.00-37.84) Richards 0.969 34 20.29
Red light Cod 50.49 (46.72-52.48) * CLogistic 1.00 85 45.60
Haddock 47.89 (46.85-48.59) 12.22 (9.74-15.49) CRichards 0.669 46 41.31
Saithe 53.34 (47.52-58.50) * CLogistic 0.768 24 18.69
Redfish 35.23 (29.94-39.93) 15.87 (0.00-25.98) Probit 0.640 35 31.45
*not possible to estimate SR
No light White light Red light
© 250
200
P F150
100

o

oAttt .
T T

Retention probability

ys Jo Jequiny

Fig. 4 Retention probability curves for cod, haddock, saithe,
and redfish (black solid curves) with 95% CIs (blue, yellow
and red shaded areas). The black dots denote the experimental

Length (cm)

data points, and the grey and black distribution curves denote
the number of fish caught in each length class in the codend
and grid cover, respectively
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Effect of artificial light on size selectivity
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Fig. 5 Comparison of the retention probability curves for cod, haddock, saithe, and redfish when caught with no light (solid black

curves), white light (dashed black curves), and red light (dotted black curves), with 95% ClIs (colored areas)

between fish behavior and gear performance (e.g.,
Sistiaga et al. 2016; Grimaldo et al. 2018; Brink-
hof et al. 2020; Santos et al. 2020). In many cases,
such video recordings are conducted in environments
where the light conditions are below the sensitiv-
ity levels of optical cameras (e.g., at great depths or
at night) (Karlsen et al. 2021) and require the use of
artificial light to illuminate the field of view. Whether
and to what extent different types of artificial light
affect the behavior of fish has been a long and ongo-
ing debate, because this potential effect could affect
the size selectivity performance of fishing gear. It is
also commonly claimed in the literature that the effect
of red light on fish behavior is limited (Sistiaga et al.
2017; Grimaldo et al. 2018). Therefore, the purpose
of this study was to assess whether artificial light used
for underwater observations in towed fishing gears
affects fish behavior and therefore risks providing
biased information about the behavior of fish. Spe-
cifically, we tested whether there is a potential effect

@ Springer

on fish behavior when exposed to different sources of
light, and whether the effects differ among cod, had-
dock, saithe, and redfish.

The results of this study demonstrated that artifi-
cial light used for underwater observations affected
fish behavior and consequently the selective perfor-
mance of fishing gear. They also demonstrated that
the impact of light depended on both the light color
used and the traits of the species exposed to light.
Melli et al. (2018) and O’Neill et al. (2022) previ-
ously documented the effect of artificial light on the
behavior of cod. Other studies (Anthony and Hawk-
ins 1983; Larsen et al. 2017; Grimaldo et al. 2018),
including the present one, found that cod was not
affected by artificial light. We also discovered that
haddock, saithe, and redfish were each affected by
both white and red light. For saithe and redfish, sig-
nificant differences between the hauls conducted with
white or red light were detected, with hauls with red
light retaining more fish. Cod, contrary to the other
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No lightvs. white light
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Fig. 6 Delta curves (black curves) represent the differences in
selection properties for cod, haddock, saithe, and redfish when
caught with no light, white light, and red light, with 95% ClIs

species, seem less reactive to the light treatments,
which fits with well with the general knowledge
regarding differences in fish behaviour between these
species (Larsen et al. 2017; Grimaldo et al. 2018).

In some studies, hauls for which artificial light
was applied for underwater observations have been
omitted from the selectivity analysis as a precaution-
ary approach (Brinkhof et al. 2017; Grimaldo et al.
2018). Other studies included hauls that used artifi-
cial light for underwater observations (Sistiaga et al.
2017; Underwood et al. 2021) based on the assump-
tion that red light is outside the visible wavelengths of
the species of interest and therefore would not affect
fish behavior and potentially the selectivity results
(Goldsmith and Fernandez 1968; Meyer-Rochow
and Tiang 1984; Douglas et al. 1995). However, our

50 60 70 8 20 30 40 50 60 70 80

Length (cm)

(grey shaded areas). Horizontal dashed lines denote the line of
no difference in selectivity

results demonstrated that even the use of red light for
underwater observations affected fish behavior and
therefore support omitting such hauls from size selec-
tivity analysis.

On the other hand, the number of selectivity stud-
ies that used artificial light to deliberately affect the
behavior of fish and crustaceans, and subsequently
the selectivity results, has increased substantially
(Hannah et al. 2015; Grimaldo et al. 2018; Cuende
et al. 2020; Ing6lfsson et al. 2021). In some of these
studies, artificial light was used to reduce the reten-
tion of unwanted by-catch species (Hannah et al.,
2015; Lomeli et al. 2018a,b) or sizes (Grimaldo et al.
2018; Ing6lfsson et al. 2021). Other studies have doc-
umented increased retention of target species (Han-
nah et al. 2015) or unwanted by-catch species (Larsen
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et al. 2017; 2018; Lomeli et al. 2018a; Cuende et al.
2020). The different results obtained in studies look-
ing at catch separation (Melli et al. 2018; Karlsen
et al. 2021; O’Neill et al. 2022) and effects of light
characteristics in the laboratory (Yochum et al. 2022)
demonstrate that artificial light impacts behavior and
therefore can influence selectivity. The studies also
demonstrate that the impact is both species and size
dependent, and also that the type of artificial light
(wavelength and intensity) and the location of the
light in the gear is important. Our study confirmed
that even the use of light for underwater observations
affected fish behavior and therefore could be used to
manipulate size selectivity in fishing gears.

An alternate method that can be used to observe
fish behavior is high resolution hydroacoustic sonar,
such as the DIDSON (Belcher et al. 2002). The draw-
back of hydroacoustic devices for behavioral observa-
tions is that it can be difficult to interpret the picture
and differentiate between similar species. Another
possibility is to use indirect methods in which the
researcher conducts the evaluation by linking the out-
come of a process in order to say something about
the internal processes using so-called structural mod-
els (Santos et al. 2016) and therefore do not depend
on direct observing the internal processes. However,
the challenge of how to study fish behavior in fishing
gear under low light level conditions remains open,
as we demonstrated the risk of biased fish behavior
data caused by the light sources required to make
observations.
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