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We examined how catches of ocean shrimp (Pandalus jordani), eulachon (Thaleichthys pacificus), and juvenile groundfish could be affected by
altering the level of artificial illumination along the fishing line of an ocean shrimp trawl. In the ocean shrimp trawl fishery, catches of eula-
chon are of special concern, as the species’ southern Distinct Population Segment is listed as “threatened” under the US Endangered Species
Act. Using a double-rigged trawl vessel, with one trawl illuminated and the other unilluminated, we compared the catch efficiencies for ocean
shrimp, eulachon, and juvenile groundfish between an unilluminated trawl and trawls illuminated with 5, 10, and 20 LED fishing lights along
their fishing line. The addition of artificial illumination along the trawl fishing line significantly affected the average catch efficiency for eula-
chon, rockfish (Sebastes spp.), and flatfish, with the three LED configurations each catching significantly fewer individuals than the unillumi-
nated trawl without impacting ocean shrimp catches. For Pacific hake (Merluccius productus), the ten LED-configured trawl caught
significantly more fish than the unilluminated trawl. For the five and 20 LED configurations, mean Pacific hake catches did not differ from the
unilluminated trawl. This study contributes new data on how artificial illumination can affect eulachon catches (and other fish) and contrib-
ute to their conservation.
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Introduction
The ocean shrimp (Pandalus jordani) trawl fishery is an economi-

cally important fishery along the US west coast. From 2010 to

2017, annual landings of ocean shrimp averaged 28 635 tonnes

resulting in an average annual ex-vessel value of $35.5 million

(PacFIN, 2018). This fishery is managed by the states of

Washington, Oregon, and California, with each state having

jurisdiction of fishing operations for catches delivered to their

ports. The mandatory use of rigid sorting grid bycatch reduction

devices (BRDs), similar to the Nordmøre grate, with 19.1-mm

maximum bar spacings are required off Washington and Oregon

to minimize fish bycatch (WDFW, 2017; ODFW, 2018). Off

California, fishers are required to use either a rigid sorting grid

BRD with 50.8-mm maximum bar spacings, a soft-panel BRD
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made of netting no >15.2 cm, or a fisheye excluder (CDFW,

2017).

Fish bycatch in the ocean shrimp trawl fishery has been signifi-

cantly reduced by using sorting grid BRDs (Hannah and Jones,

2007; Hannah et al., 2011). However, bycatch of juvenile ground-

fish, such as Pacific hake (Merluccius productus), rockfish

(Sebastes spp.), and flatfish, and eulachon (Thaleichthys pacificus)

and whitebait smelt (Allosmerus elongatus) can still occur at con-

siderable levels as these fish can pass through the bar spacings of

the BRDs. For eulachon, an anadromous smelt species endemic

to the eastern North Pacific, bycatch is of special concern, as the

species’ southern Distinct Population Segment (DPS) is listed as

“threatened” under the US Endangered Species Act (ESA; DOC,

2011; Gustafson et al., 2012). An ESA recovery plan has been

implemented to protect and recover the southern DPS of eula-

chon; however, there are many uncertainties in forecasting their

recovery (NMFS, 2017). As ocean distributions of eulachon and

ocean shrimp often overlap, interactions between ocean shrimp

trawl gear and eulachon are likely to continue to be an issue fac-

ing the fishery and the conservation of eulachon.

A typical ocean shrimp trawl consists of a bottom-tending

groundline (steel cable covered with rubber discs) connected by

drop chains to a fishing line (the leading edge of the trawl) that

operates 30–70 cm off bottom (Hannah et al., 2013). Hannah et

al. (2015) tested if placing ten green LED fishing lights along an

ocean shrimp trawl fishing line could enhance the ability of eula-

chon and other fish to perceive the space between the groundline

and the fishing line (that they may not see as readily under nor-

mal seabed light levels) and allow them an opportunity to pass

through the gap and avoid trawl entrainment. Findings showed

that catches (by weight) of eulachon, juvenile rockfish, such as

darkblotched rockfish (Sebasres crameri), and flatfish, such as

slender sole (Lyopsetta exillis) were substantially reduced, while

not affecting ocean shrimp catches. When testing whether adding

illumination around the sorting grid could achieve the same ef-

fect, the opposite result was observed, as bycatch of eulachon and

slender sole significantly increased. The authors speculated that

the presence of illumination influenced fish to dive in a threat-

ened response and pass through the spaces between the sorting

grid bars and the groundline and fishing line at rates higher than

would occur in the absence of artificial illumination. Following

the Hannah et al. (2015) study, fisheries managers for the state of

Oregon considered implementing the required use of LED fishing

lights along ocean shrimp trawl fishing lines to minimize the fish-

eries impact on eulachon, groundfish, and other fish. However,

further research examining the number of LEDs necessary to

achieve optimal bycatch reduction was recognized as data needed

before implementing the required use of footrope lighting

(ODFW, Marine Resources Shellfish Program, pers. comm.).

Our study objectives were to (i) compare how catches of ocean

shrimp, eulachon, and juvenile groundfish are affected by testing

various configurations (quantity and spacing) of LED fishing

lights along an ocean shrimp trawl fishing line compared to a si-

multaneous, identically configured, but unilluminated trawl, (ii)

examine if the catch efficiencies between the three LED configura-

tions differ from each other, (iii) provide fisheries managers

quantitative information for making decisions when developing

and implementing the required use of footrope lighting, and (iv)

enhance our knowledge about the use of LED fishing lights as a

technique to improve trawl selectivity in the ocean shrimp

trawl fishery and contribute to the conservation of ESA-listed

eulachon.

Material and methods
Sea trials and sampling
Sea trials occurred aboard the double-rigged ocean shrimp

trawler FV “Miss Yvonne,” an 18.6-m, 350-HP vessel. Tows were

conducted off Oregon between 43�180N and 45�290N and be-

tween 124�130W and 124�340W during July and September 2017

(Figure 1). Towing occurred over the continental shelf during

daylight hours at bottom fishing depths averaging 124 m. Towing

speed ranged from 3.3 to 3.9 km h�1 (1.8–2.1 knots). Tow dura-

tions averaged 66 min and ranged from 60 to 105 min.

We used the trawl gear components of the FV “Miss Yvonne”

for this study. The port and starboard gear components were

identical in material and design. Wood and steel combination

doors, 1.8� 2.1 m (length� height), were used to spread each

trawl. The trawl sweeps and bridles were 19-mm steel cable and

4.5 m in length. The headropes and fishing lines were 22 m in

length. Drop chains measuring 39 cm in length attached the fish-

ing line to the groundline at 1.2-m separations. The groundlines

were 22 m in length, with the centre 7.3-m section covered with

7.6-cm diameter rubber disks. Rigid sorting-grid BRDs with 19.1-

mm bar spacing were used in each trawl. Both trawls had a

codend mesh size of 35 mm.

Lindgren-Pitman Electralume
VR

green LED fishing lights, cen-

tred on 519 nm (Nguyen et al., 2017), were used to illuminate the

trawl groundgear components (e.g. fishing line, drop chains,

groundline). While the spectral sensitivity has not been empiri-

cally determined for all the species examined in this study, the

species that have been examined possess maximal sensitivity to

blue-green light, the predominant spectral component of coastal

waters (Bowmaker, 1990; Britt, 2009). Therefore, we selected

green LEDs for two reasons: (i) to allow for a comparison of

results with the Hannah et al. (2015) study, and (ii) this colour

somewhat matches the ambient light environment encountered

in our study area and transmits well through coastal and conti-

nental shelf waters. For this study, when we refer to an LED, we

are referring to a single Lindgren-Pitman fishing light. For the il-

luminated trawl, quantities of 5, 10, and 20 LEDs were fished in

an alternate tow randomized design, with each LED configuration

fished for two or three tows per day. Under the 5- and 10-LED

configurations, the LEDs were placed 1.2 m apart from the centre

section of the fishing line and moving outward (Figure 2). In the

20-LED configuration, the LEDs were placed 0.6 m apart. The

LEDs were attached to the trawl fishing line using zip ties, with

the light-emitting end pointing progressively forward moving to-

wards the wing tips. The LED configurations were switched be-

tween the port and starboard sides throughout the study, with

one trawl serving as the illuminated and the other as the

unilluminated.

After each tow, the catch from the illuminated and unillumi-

nated trawls were dumped into a divided hopper where fish

catches were then separately sorted to species as they came

across the hopper conveyor belt, weighed, and then selected

species were measured. Eulachon, whitebait smelt, and rockfish

were measured to fork length (FL), whereas Pacific hake and

flatfish were measured to total length (TL). For ocean shrimp,

catches were collected in baskets as they came off the conveyor
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belt and set aside until sorting was completed. Following, a bas-

ket(s) of ocean shrimp was randomly selected to obtain length

samples. From the selected basket(s), a 9.5-l plastic bag was

filled with ocean shrimp and frozen for measurement at a labo-

ratory. From this subsample, 100 individuals per net per tow

were randomly selected for measurement (carapace length, CL).

Given the small length class structure of ocean shrimp encoun-

tered (mainly 14–20 mm CL) and our random collection of

ocean shrimp samples, measuring 100 individuals per net per

tow was considered an adequate representation of the trawl

catch. Further, this sampling rate has been found to accurately

characterize mean sizes by age, used in distinguishing growth

patterns by month and area, which is used in the ocean shrimp

virtual population estimate (ODFW, Marine Resources

Shellfish Program, pers. comm.).

Fishing line height was measured using Star-Oddi DST tilt sen-

sors (0.05� tilt resolution, 63� tilt accuracy) attached to the cen-

tre of the fishing line of each trawl to ensure uniformity between

the trawls. Each tag was placed in a customized aluminium

bracket outfitted with a rod that extended from the fishing line to

the seabed (Supplementary Figure S1). The mean tilt angle for the

x-axis was converted to height using the following formula:

Fishing line height ¼ y � SIN½Radiansðx�Þ� (1)

where y is the length of the aluminium bracket (86.4 cm,

Supplementary Figure S1) and x� is the tilt x-axis degree angle.

The vessel was not equipped to measure wing spread or door

spread, but we assumed any differences that may occur in these

measurements would be minimal and not affect our results as

identical trawl components were used.

In each net, a Wildlife Computers TDR-MK9 archival tag was

used (attached to the belly of the net directly behind the centre of

the fishing line and facing upward) to measure the amount of

light available. The MK9 tags were calibrated using an

International Light IL1700 light meter and PAR sensor. Both

MK9 tags had similar responses to the calibration. Therefore, the

tag values were pooled and one calibration function was

Figure 1. Map of the area off the Oregon coast where sea trials were conducted. Symbols represent trawl locations by LED configuration.
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generated. The calibration function used to convert the MK9 rela-

tive light units to irradiance units was:

y ¼ 1� 10�9e0:1476x (2)

where x is the relative light unit from the MK9 and y is the corre-

sponding irradiance unit in mmol photons m�2 s�1. The r2 value

from our calibration curve was 0.9867.

Method for estimating relative catch efficiency between
illuminated and unilluminated trawls
We used the statistical analysis software SELNET (SELection in trawl

NETting) to analyse the catch data (Sistiaga et al., 2010; Herrmann

et al., 2012, 2016) and conducted length-dependent catch

comparison and catch ratio analyses. Table 1 summarizes the data

used in each analysis. The analysis was conducted separately for each

species following the procedure described below. For ocean shrimp,

only tows with �10 kg of total catch (combined catch between the

port and starboard trawls) were used in the catch analyses.

Using the catch information (numbers and length of ocean

shrimp or a given species of fish for each of the tows), we wanted

to determine whether there was a significant difference in catch

efficiency between the unilluminated and illuminated trawls. We

also wanted to determine if a potential difference between the

trawls could be related to the size of the ocean shrimp or a given

species of fish. Specifically, to assess the relative length-dependent

catch efficiency effect of changing from unilluminated to illumi-

nated trawl, we used the method described in Herrmann et al.

(2017) based on comparing the catch data between the two

Figure 2. Schematic of an ocean shrimp trawl viewed from the front (top image) and diagrams depicting the placement and orientation of
the LEDs along the trawl fishing line for the 5- (a), 10- (b), and 20-LED (c) configurations. Note: diagram not to scale.

Table 1. Length data used for the catch comparison and catch ratio analyses.

Species

5-LED configuration 10-LED configuration 20-LED configuration

No. measured No. measured No. measured

Illuminated trawl Unilluminated trawl Illuminated trawl Unilluminated trawl Illuminated trawl Unilluminated trawl

Ocean shrimp 1 500 (0.01) 1 500 (0.01) 1 300 (0.004) 1 300 (0.005) 1 300 (0.005) 1 300 (0.004)
Eulachon 27 (1.0) 147 (1.0) 55 (1.0) 138 (1.0) 82 (1.0) 155 (1.0)
Whitebait smelt 134 (1.0) 460 (0.70) 27 (1.0) 253 (1.0) 33 (1.0) 47 (1.0)
Pacific hake 2 920 (0.26) 3 041 (0.24) 3 066 (0.21) 2 950 (0.16) 2 605 (0.28) 3 086 (0.26)
Rockfishes 109 (1.0) 318 (1.0) 62 (1.0) 189 (1.0) 119 (1.0) 414 (1.0)
Pacific sanddab 164 (1.0) 464 (1.0) 65 (1.0) 258 (1.0) 50 (1.0) 217 (1.0)
Rex sole 68 (1.0) 222 (1.0) 71 (1.0) 222 (1.0) 58 (1.0) 209 (1.0)
Slender sole 657 (0.83) 1 109 (0.65) 283 (1.0) 821 (0.82) 253 (1.0) 760 (0.78)

Values in parentheses are the length measurement subsample ratio from the total catch.
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trawls. This method models the length-dependent catch compari-

son rate (CCl) summed over tows:

CCl ¼
Pm

j¼1fntlj=qtjgPm
j¼1fðntlj=qtjÞ þ ðnclj=qcjÞg

(3)

where nclj and ntlj are the numbers of ocean shrimp or a given

species of fish measured in each length class l for the unillumi-

nated and illuminated trawl, respectively, in tows l and j, qcj and

qtj are the related subsampling factors (fraction of the ocean

shrimp or a given species of fish caught being length measured),

and m is the number of tows carried out with the unilluminated

and illuminated trawl for the specific LED configuration. The

functional form of the catch comparison rate CC(l, v) [the experi-

mental being expressed by Equation (3)] was obtained using

maximum likelihood estimation by minimizing the following

equation:

�
X

l

Xm

j¼1

nclj

qcj

�ln½1:0�CC l;vð Þ�
� �

þ
Xm

j¼1

ntlj

qtj

�ln½CC l;vð Þ�
� �)(

(4)

where v represents the parameters describing the catch compari-

son curve defined by CC(l, v). The outer summation in the equa-

tion is the summation over the length classes l. When the catch

efficiency of the unilluminated and illuminated trawls are equal,

the expected value for the summed catch comparison rate would

be 0.5. Therefore, this baseline can be applied to judge if there is a

difference in catch efficiency between the two trawls. The experi-

mental CCl was modelled by the function CC(l, v), on the follow-

ing form:

CC l; vð Þ ¼ exp f l; v0; . . . ; vkð Þ½ �
1þ exp ½f l; v0; . . . ; vkð Þ� (5)

where f is a polynomial of order k with coefficients v0 to vk.

The values of the parameters v describing CC(l, v) are estimated

by minimizing Equation (4), which is equivalent to maximizing

the likelihood of the experimental data. We considered f of up to

an order of four with parameters v0, v1, v2, v3, and v4. Leaving out

one or more of the parameters v0. . .v4 led to 31 additional models

that were also considered as potential models for the catch

comparison CC(l, v). Among these models, estimations of the

catch comparison rate were made using multimodel inference

to obtain a combined model (Burnham and Anderson, 2002;

Herrmann et al., 2017).

On the basis of the estimated catch comparison function

CC(l, v), we obtained the relative catch ratio CR(l, v) between

fishing with the two trawls by the general relationship:

CR l; vð Þ ¼ CC l; vð Þ
½1� CC l; vð Þ� (6)

The catch ratio provides a direct relative value of the catch

efficiency between fishing with and without LEDs. Thus, if the

catch efficiency of both trawls is equal, CR(l, v) should always

be 1.0. Thus, CR(l, v)¼ 1.5 would mean that the illuminated

trawl is catching on average 50% more ocean shrimp or a given

species of fish with length l than the unilluminated trawl.

In contrast, CR(l, v)¼ 0.8 would mean that the illuminated

trawl is only catching 80% of the ocean shrimp or a given spe-

cies of fish with length l that the unilluminated trawl is

catching.

The confidence interval (CI) limits for the catch comparison

and catch ratio curves were estimated using a double bootstrap-

ping method (Herrmann et al., 2017). This bootstrapping method

accounts for the uncertainty in the estimation resulting from vari-

ation in catch efficiency among tows and availability of ocean

shrimp or a given species of fish as well as uncertainty about the

size structure of the catch for the individual tows. However, con-

trary to the method by Herrmann et al. (2017), the outer boot-

strapping loop accounting for between-haul variation was

performed paired for the illuminated and unilluminated trawl in

the current study. By multimodel inference in each bootstrap iter-

ation, the method also accounts for the uncertainty due to uncer-

tainty in model selection. We performed 1000 bootstrap

repetitions and calculated the Efron 95% (Efron, 1982) CI limits.

To identify sizes of ocean shrimp or a given species of fish with

significant differences in catch efficiency, we checked for length

classes in which the CI limits for the catch ratio curve did not

contain 1.0.

A length-integrated average value for the catch ratio was also

estimated directly from the experimental catch data by:

CRaverage ¼
P

l

Pm
j¼1fntlj=qtjgP

l

Pm
j¼1fnclj=qcijg

(7)

where the outer summation covers the length classes in the catch

during the experimental fishing period.

On the basis of Equation (6), the percentage change in average

catch efficiency between fishing with the unilluminated trawl to

the illuminated trawl was estimated by:

DCRaverage ¼ 100� CRaverage � 1:0
� �

(8)

By incorporating DCRaverage into each of the bootstrap itera-

tions described above, we could assess the 95% CI limits for

DCRaverage. We used DCRaverage to provide a length-averaged value

for the effect of changing from unilluminated to illuminated trawl

on the catch efficiency. In contrast to the length-dependent evalu-

ation of the catch ratio, DCRaverage is specific to the size classes en-

countered during the experimental sea trials.

Small sample sizes of rockfish necessitated pooling data from

10 rockfish species. For whitebait smelt, too few length classes

were caught to perform catch comparison and catch ratio analy-

ses. Therefore, only the DCRaverage analysis was conducted on

whitebait smelt.

Method for estimating relative catch efficiency between
the three LED configurations
With the approach described above, we can quantify by Equation

(6) the length-dependent ratio in catch efficiency between the il-

luminated and unilluminated trawls. Considering that each of the

illuminated trawl configurations (5, 10, or 20 LEDs) are com-

pared to the same unilluminated trawl configuration, we can ob-

tain an estimate for relative catch efficiency between the three

LED trawl configurations by:
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CR lð Þ105
¼ CR lð Þ10

CR lð Þ5

CR lð Þ205
¼ CR lð Þ20

CR lð Þ5

CR lð Þ2010
¼ CR lð Þ20

CR lð Þ10

(9)

where CR lð Þ5, CR lð Þ10; and CR lð Þ20 are the length-dependent

catch ratios [obtained by Equation (6)] for the illuminated and

unilluminated trawls for the illuminated configuration with 5, 10,

and 20 LEDs, respectively. For simplicity, we have omitted the pa-

rameter v in the notation. We obtained 95% CI limits for

CR lð Þ105
, CR lð Þ205

; and CR lð Þ2010
based on the three bootstrap

population of results (1000 bootstrap repetitions in each) for, re-

spectively, CR lð Þ5, CR lð Þ10; and CR lð Þ20 as they are obtained in-

dependently. Using these bootstrap results, we created new

bootstrap populations of results by:

CR lð Þ105i ¼
CR lð Þ10i

CR lð Þ5i

CR lð Þ205i ¼
CR lð Þ20i

CR lð Þ5i

CR lð Þ2010i ¼
CR lð Þ20i

CR lð Þ10i

i 2 1 . . . 1000½ � (10)

where i denotes the bootstrap repetition index. Because sampling

was random and independent for the three groups of results, it is

valid to generate the bootstrap populations of results for the ra-

tios based on Equation (10) using the three independent gener-

ated bootstrap files (Moore et al., 2003). On the basis of the

bootstrap populations, we can obtain Efron percentile 95% CI

limits for CR lð Þ105
, CR lð Þ205

; and CR lð Þ2010
.

Results
We completed 29, 25, and 24 paired tows with the 5-, 10-, and

20-LED configuration, respectively. The most abundant species

caught were ocean shrimp, Pacific hake, slender sole, Pacific sand-

dab (Citharichthys sordidus), rockfish, whitebait smelt, rex sole

(Glyptocephalus zachirus), and eulachon (Table 1).

The average fishing line height (FLH) for the port trawl during

the 5-, 10-, and 20-LED treatment was 30.1 (s.e. 60.03), 30.2

(60.04), and 30.0 (60.04) cm, respectively. The average FLH for

the starboard trawl during the 5-, 10-, and 20-LED treatment was

31.5 (60.03), 31.2 (60.04), and 31.1 (60.05) cm, respectively.

Figure 3 depicts the mean FLH per tow and LED configuration

for the port and starboard trawl.

The mean ambient light level measured in the unilluminated

trawl during the 5-, 10-, and 20-LED treatment was 3.4e�04 (s.e.

62.5e�05), 5.5e�04 (64.0e�05), and 8.0e�04 (64.9e�05)

mmol photons m�2 s�1, respectively. In the 5-, 10-, and 20-LED

configured trawl, the mean light level measured increased to

4.0e�04 (62.4e�05), 6.4e�04 (64.1e�05), and 1.1e�03 (65.1e�05)

mmol photons m�2 s�1, respectively. Mean light levels per tow

for the unilluminated and illuminated trawls are shown in

Figure 4.

Relative catch efficiency
Ocean shrimp – The change in average catch efficiency of ocean

shrimp for the three LED configurations did not differ signifi-

cantly from the unilluminated trawl (Figure 5).

For each LED configuration, the catch comparison and ratio

of ocean shrimp was not significantly different from the unillu-

minated trawl as depicted by the mean CC(l, v) and CR(l, v)

95% CIs extended above and below the CC(l, v) rate of

0.5 and CR(l, v) ratio of 1.0 (Supplementary Figure S2).

Between the three LED configurations, the catch ratios

did not differ significantly from each other for ocean

shrimp of marketable-size, that is ocean shrimp >14.5 mm

(Supplementary Figure S3).

Figure 3. Mean fishing line height measured at the centre of the
fishing line using Star-Oddi DST tilt sensors for the port (closed
circles) and starboard (open circles) trawl per tow and LED
configuration. 6 bars are standard errors (n¼ 300 measurements
per net per tow).
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Eulachon – The change in average catch efficiency results for

eulachon showed the unilluminated trawl caught 81, 60, and 47%

more eulachon than the 5-, 10-, and 20-LED configuration, re-

spectively (Figure 5). These differences in average catch efficiency

were significant.

Catch comparisons and ratios of eulachon between the three

LED configurations and the unilluminated trawl varied across

length classes (Supplementary Figure S4). For the 5-LED configu-

ration, the illuminated trawl caught significantly fewer eulachon

across all length classes. On average, the 5-LED configuration

caught only 17% of the number of eulachon compared to the

unilluminated trawl. For the 10- and 20-LED configurations, the

illuminated trawls caught significantly fewer fish of 13.5–17.5 cm

in length and 15.5–20.5 cm in length, respectively, than the unil-

luminated trawl. Over these size classes, the 10-LED configuration

caught only 39% of the number of eulachon compared to the

unilluminated trawl, while the 20-LED configuration caught only

51% of the number of eulachon compared to the unilluminated

trawl (Supplementary Figure S4). Between the three LED configu-

rations, the catch ratios of eulachon did not differ significantly

from each other for fish >14.5 cm (Supplementary Figure S5).

Whitebait smelt – For the 5- and 10-LED configurations, there

was a significant difference in average catch efficiency with the

unilluminated trawls catching 79 and 89%, respectively, more

whitebait smelt than the illuminated trawls (Figure 5). Under the

20-LED configuration, while the general trend shows higher aver-

age catches of whitebait smelt in the unilluminated trawl, the

large 95% CIs generated from the limited sample size (Table 1)

show that there is no significant difference in the average catch ef-

ficiency between the illuminated and unilluminated trawl.

Pacific hake – The change in average catch efficiency of Pacific

hake between the 10-LED configured trawl and unilluminated

trawl differed significantly, with the illuminated trawl catching

66% more Pacific hake than the unilluminated trawl (Figure 5).

Under the 5- and 20-LED configurations, the change in average

catch efficiency did not differ significantly from the unillumi-

nated trawl.

The Pacific hake catch comparison and ratio results for

the three LED configurations were similar to each other in

that each configuration caught significantly fewer larger-sized

fish (>20.5 cm in length) than the unilluminated trawl

(Supplementary Figure S6). For smaller-sized fish (9.5–16.5 cm in

length), the 10-LED configured trawl caught on average twofold

more Pacific hake than the unilluminated trawl. The 20-LED con-

figuration showed a similar trend; however, a significant differ-

ence was not detected. For the 5-LED configuration, the

illuminated trawl caught fewer smaller-size Pacific hake.

However, this result was not significant. The catch ratio of Pacific

hake between the 5-, 10-, and 20-LED configurations differed sig-

nificantly from each other for some length classes. The most pro-

nounced difference was noted between the 5- and 10-LED

configurations, with the 5-LED configuration catching signifi-

cantly fewer Pacific hake of 10.5–19.5 cm in length than the 10-

LED configuration (Supplementary Figure S5).

Rockfish – Stripetail (S. saxicola) and darkblotched rockfish

were the most frequently caught rockfish. Stripetail and dark-

blotched rockfish comprised 66 and 22% of the total catch of

rockfish by numbers, respectively. Greenstriped (Sebastes elonga-

tus), shortbelly (Sebastes jordani), quillback (Sebastes maliger),

redstripe (Sebastes proriger), halfbanded (Sebastes semicinctus),

and sharpchin (Sebastes zacentrus) rockfish, and Pacific ocean

perch (Sebastes alutus), and chilipepper (Sebastes goodei) com-

prised the remaining 12% of the total catch of rockfish by

numbers.

For the three LED configurations, the change in average catch

efficiency for rockfish differed significantly from the unillumi-

nated trawl. Compared to the 5-, 10-, and 20-LED illuminated

trawls, the unilluminated trawl caught 65, 67, and 71% more

rockfish, respectively (Figure 5).

Results from the catch comparison and ratio analyses showed

the 5-, 10-, and 20-LED configured trawls caught significantly

fewer rockfish of 8.5–13.5, 9.5–14.5, and 7.5–14.5 cm, respec-

tively, than the unilluminated trawl (Supplementary Figure S7).

Over these size classes, the 5-, 10-, and 20-LED configured trawls

caught on average only 30, 26, and 30%, respectively, of the num-

ber of rockfish compared to the unilluminated trawl. Between the

three LED configurations, the catch ratios of rockfish did not dif-

fer significantly from each other (Supplementary Figure S5).

Figure 4. Mean light level measured at the centre of the fishing line
for the unilluminated trawl (closed circles) and illuminated trawl
(open circles) per tow and LED configuration. 6 bars are standard
errors (n¼ 50 measurements per net per tow).
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Pacific sanddab – The change in average catch efficiency results

show the unilluminated trawl caught 64, 74, and 76% more

Pacific sanddab than the 5-, 10-, and 20-LED configurations, re-

spectively (Figure 5). These differences in average catch efficiency

were significant.

The Pacific sanddab catch comparison and ratio results

showed the 5-LED configuration caught significantly fewer fish

across all length classes compared to the unilluminated trawl

(Supplementary Figure S8). On average, the 5-LED illuminated

trawl caught only 33% of the number of Pacific sanddab com-

pared to the unilluminated trawl. For the 10- and 20-LED config-

urations, the illuminated trawls caught significantly fewer fish

<24.5 cm than the unilluminated trawl (Supplementary Figure

S8). Of Pacific sanddab <24.5 cm, the 10- and 20-LED configura-

tions caught on average only 24 and 23%, respectively, of the

number of fish compared to the unilluminated trawl. The catch

ratios of Pacific sanddab between the three LED configurations

did not differ significantly from each other (Supplementary

Figure S9).

Rex sole – The average catch efficiency of the unilluminated

trawl was significantly higher for rex sole than the three LED con-

figured trawls. Overall, the unilluminated trawl caught 69, 68,

and 72% more rex sole than the 5-, 10-, and 20-LED configura-

tions, respectively (Figure 5).

The catch comparisons and ratios of rex sole between the three

LED configured trawls and the unilluminated trawl varied across

length classes (Supplementary Figure S10). For the 5-LED configu-

ration, the illuminated trawl caught significantly fewer 8.5–29.5 cm

rex sole. Over these length classes, the 5-LED configuration caught

only 29% of the number of rex sole compared to the unilluminated

trawl. For the 10-LED configuration, the illuminated trawl caught

significantly fewer 21.5–25.5 cm fish than the unilluminated trawl.

Under the 20-LED configuration, the illuminated trawl caught sig-

nificantly fewer fish of 10.5–21.5 cm and 25.5–31.5 cm than the

unilluminated trawl. Between the three LED configurations, the

catch ratios of rex sole did not differ significantly from each other

(Supplementary Figure S9).

Slender sole – A significant difference in the change in average

catch efficiency between the illuminated trawls and the unillumi-

nated trawl was noted for slender sole, with the unilluminated

trawl catching 54, 71, and 74% more fish than the 5-, 10-, and

20-LED configured trawls, respectively (Figure 5).

The slender sole catch comparison and ratio analyses showed

that the 5-, 10-, and 20-LED configured trawls caught signifi-

cantly fewer 11.5–23.5, 9.5–26.5, and 9.5–27.5 cm fish, respec-

tively, than the unilluminated trawl (Supplementary Figure S11).

Over these length classes, the 5-, 10-, and 20-LED illuminated

trawls caught only 39, 28, and 22%, respectively, of the number

of slender sole compared to the unilluminated trawl. Between

the three LED configurations, the catch ratios of slender sole did

not differ significantly from each other for fish >12.5 cm

(Supplementary Figure S9).

Discussion
We demonstrated that the addition of illumination along the fish-

ing line of an ocean shrimp trawl can significantly affect the catch

efficiency for eulachon, whitebait smelt, and juvenile groundfish

without affecting ocean shrimp catches. Overall, the average catch

efficiency for eulachon, rockfish, and flatfish were significantly

lower in the illuminated trawls than in the unilluminated trawl.

The opposite was noted for Pacific hake under the 10-LED illumi-

nated trawl. For the 5- and 20-LED illuminated trawls, the aver-

age catch efficiency for Pacific hake did not differ significantly

from the unilluminated trawl.

Studies have shown that vision is the primary sense affecting

fish behaviour when encountering trawl gear (Glass and Wardle,

1989; Olla et al., 1997; Kim and Wardle, 1998; Olla et al., 2000;

Kim and Wardle, 2003; Ryer et al., 2010) and that light can influ-

ence their behaviour (Ryer and Olla, 2000; Ryer and Barnett,

2006; Lomeli and Wakefield, 2012; Hannah et al., 2015; Lomeli

et al., 2018). Prior to our study, we speculated that the 10- and

20-LED configurations would perform better at reducing bycatch

than the 5-LED configuration because more illumination along

the fishing line length would enhance fishes’ visual perception of

the approaching trawl gear and provide them increased

Figure 5. Change in average catch efficiency (%) between the three LED illuminated trawls and the unilluminated trawl. Values below zero
indicate more ocean shrimp or a given species of fish were caught in the unilluminated trawl, and vice versa for values above zero.
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opportunities to avoid trawl entrainment. However, our findings

suggest that the light emitted by the 5-LED configuration pro-

vided sufficient illumination for most fishes to perceive the con-

trast between the trawl fishing line and the seabed and thus avoid

capture, and that use of more illumination provides no clear

added bycatch reduction benefit. The groundgear components

herding and concentrating fish towards the centre of the trawl,

where fish encounter the five LEDs and behaviourally respond by

diving under the fishing line, is likely a contributing factor to the

noted results as well.

While the catch efficiency analyses showed catch variability oc-

curring across some length classes between the three LED config-

urations, the 95% CIs for the mean delta catch ratio curves

extending above and below the ratio of 1.0 show that the three

LED configurations do not differ significantly from each other at

reducing catches of rockfish, Pacific sanddab, and rex sole across

all length classes. The 95% CIs extended outside the ratio of 1.0

for ocean shrimp (5- vs. 20-LED), slender sole (5- vs. 10-, 20-

LED), and eulachon (5- vs. 20-LED); however, the ratio differ-

ence was very minimal and only occurred over one or two length

classes and was not considered to hold any meaningful significant

difference. In contrast to the species above, the presence of illumi-

nation did not have a bycatch reduction effect on Pacific hake.

Under the 10-LED configuration, catches of Pacific hake were

found to significantly increase in the illuminated trawl.

Compared to the 5- and 20-LED configurations, the mean delta

catch ratio for the 10-LED illuminated trawl differed significantly

from the 5-LED configuration across several length classes, but

not from the 20-LED configuration to a degree that was consid-

ered significantly meaningful. While it is unclear why this catch

variability occurred between the three LED configurations for

Pacific hake, factors other than the presence of artificial illumina-

tion likely had an effect. As Pacific hake can often form large

schools near the seabed, and juveniles and subadults have been

described as weak swimmers when encountering a BRD in the ex-

tension section of a midwater trawl (Lomeli and Wakefield,

2012), it is possible that a schooling behavioural response to the

approaching trawl, variability in school density and/or the rate

that the school encountered the trawl throughout the tow, their

swimming ability, and/or their ability to visually perceive the

trawl gear had an effect. Unfortunately, we were unable to com-

pare our results to Hannah et al. (2015) as they did not encounter

this species.

The light levels measured in the illuminated trawls likely un-

derestimate the amount of light occurring under the trawl fishing

line (and across its length) as we positioned a single MK9 tag in

the net directly behind the centre of the fishing line and facing

upward to measure the amount light available inside the net. A

more suitable method to capture the amount of light occurring

near the seabed would have been to place multiple MK9 tags

across the fishing line length and have them positioned on the

underside of the net. While it is possible that light from an illumi-

nated trawl could spread towards the unilluminated trawl, our

catch results show no effect of this occurring between the three

LED configurations to a degree that is detectable.

As a result of this study and the work by Hannah et al. (2015),

the Oregon Fish and Wildlife Commission (the regulatory au-

thority for the state of Oregon) has implemented the required use

of lighting along ocean shrimp trawl fishing lines to reduce by-

catch of eulachon and groundfishes (ODFW, 2018). The regula-

tion requires fishers landing ocean shrimp off Oregon to use a

minimum of five green LEDs (spaced 1.2 m apart starting from

the centre section of the fishing line) within 15.2 cm of the for-

ward leading edge of the bottom panel of the trawl netting.

The state of Washington is in the process of applying similar reg-

ulatory requirements. At this current time, it is unknown if the

state of California will pursue actions requiring ocean shrimp

trawl fishers to use lighting devices along their trawl fishing lines.

To the best of our knowledge, the Hannah et al. (2015) re-

search was the first peer-reviewed study presented where artificial

illumination was successfully used to reduce bycatch in a trawl

fishery. Because of their research, other studies have occurred in

trawl fisheries where artificial illumination was used in efforts to

affect fish behaviour and catchability. In the US west coast

groundfish bottom trawl fishery, Lomeli et al. (2018) compared

an unilluminated trawl to a trawl with an illuminated headrope

and found that the illuminated trawl caught significantly fewer

sablefish (Anoplopoma fimbria) and Dover sole (Microstomus

pacificus). Catches of other groundfish did not differ between the

two trawls. In the Barents Sea demersal trawl fishery, Grimaldo

et al. (2018) placed LEDs in the centre of a square-mesh section

(forward of the codend) in efforts to improve the release effi-

ciency for smaller-sized cod (Gadus morhua) and haddock

(Melanogrammus aeglefinus) by startling them towards the trawl

meshes. Findings suggested that haddock escapement could be

improved using illumination, but not for cod. Further, Larsen

et al. (2017, 2018) tested how placing LEDs along the escape exit

above a Nordmøre grate and along the base of the grate in a

northern prawn (Pandalus borealis) trawl could affect bycatch of

fishes such as cod, haddock, and redfish (Sebastes spp.). They

found the addition of illumination near and on the Nordmøre

grate had no significant result on fish bycatch. In the Pacific hake

fishery, Lomeli and Wakefield (2012) examined a Chinook

salmon (Oncorhynchus tshawytscha) BRD (equipped with multi-

ple escape windows) and observed that Chinook salmon tended

to escape out windows that artificial illumination was directed to-

wards. Based off these observations, a study was conducted to

specifically test if illumination could be used to attract them to-

wards and out specific escape windows. Findings showed that ar-

tificial illumination can influence where Chinook salmon exit out

the BRD, but also that illumination can be used to enhance their

escapement overall (PSMFC, unpubl. data). In our study, where

we examined the effects on fish bycatch of altering the number of

LEDs along an ocean shrimp trawl fishing line, our results con-

tribute new data to the growing field of research exploring catch

effects of artificial illumination on trawl gear (as described above)

and has helped fisheries managers develop and implement the re-

quired use of LEDs in the ocean shrimp trawl fishery. While our

results have regional impacts, our research findings could have

potential applications in other trawl fisheries internationally; for

example, the ocean shrimp trawl fishery off British Columbia,

Canada where eulachon occur as bycatch (Hay and McCarter,

2000; NMFS, 2017), and northern prawn trawl fisheries in the

North Atlantic (He and Balzano, 2013; Larsen et al., 2017, 2018)

where bycatch of marine fishes occur.

In conclusion, this study examined how catches of ocean

shrimp, eulachon, and juvenile groundfish are affected by using 5,

10, and 20 LED fishing lights along an ocean shrimp trawl fishing

line. In general, the three LED configurations performed similarly

to each other at reducing catches of eulachon and juvenile rock-

fish and flatfish without impacting ocean shrimp catches. As the

southern DPS of eulachon faces many uncertainties in their
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ESA recovery, our study contributes new data on how artificial

illumination along an ocean shrimp trawl fishing line can affect

eulachon catches (and other fishes) and contribute to their con-

servation. Lastly, this study provided fisheries management with

quantitative information used to implement the required use of

an inexpensive and practical technique to improve trawl selectiv-

ity and reduce bycatch of an ESA-listed species.

Supplementary data
Supplementary material is available at the ICESJMS online ver-

sion of the manuscript.

Acknowledgements
We thank the captain and crew of the FV “Miss Yvonne” and

Kelly Lawrence for their at sea assistance with this research. We

also thank Jill Smith, Katherine Gregory, and Joseph Metzler who

measured shrimp samples for this research, Lyle Britt for provid-

ing detail on the spectral sensitivity of fishes, and the individuals

who reviewed and contributed to this paper. Funding for this

study was provided by NOAA National Marine Fisheries Service

Saltonstall-Kennedy Competitive Research Program (Grant /

Award Number: ‘NA16NMF4270260’).

References
Bowmaker, J. K. 1990. Visual pigments of fishes. In The Visual

System of Fish, pp. 81–107. Ed. by R. H. Douglas and M. B. A.
Djamgoz. Chapman & Hall, London. 526 pp.

Britt, L. 2009. Ontogenetic changes in the visual ecology of Northeast
Pacific marine fishes. Ph.D. Dissertation, School of Aquatic and
Fishery Sciences, University of Washington, Seattle, WA. 147 pp.

Burnham, K. P., and Anderson, D. R. 2002. Model Selection and
Multimodel Inference: A Practical Information-Theoretic
Approach, 2nd edn. Springer, New York. 488 pp.

California Department of Fish and Wildlife (CDFW). 2017.
California Commercial Fishing. 159 pp.

DOC (Department of Commerce). 2011. National Oceanic and
Atmospheric Administration 50 CFR Part 226 [Docket No.
101027536-1591-03] RIN 0648–BA38 Endangered and
Threatened Species; Designation of Critical Habitat for the
Southern Distinct Population Segment of Eulachon. Federal
Register, Vol. 76, No. 203, Thursday, October 20, 2011.

Efron, B. 1982. The Jackknife, the Bootstrap and Other Resampling
Plans. Society for Industrial and Applied Mathematics,
Philadelphia. 92 pp.

Glass, C. W., and Wardle, C. S. 1989. Comparison of the reactions of
fish to a trawl gear, at high and low light intensities. Fisheries
Research, 7: 249–266.

Grimaldo, E., Sistiaga, M., Herrmann, B., Larsen, R. B., Brinkhof, J.,
and Tatone, I. 2018. Improving release efficiency of cod (Gadus
morhua) and haddock (Melanogrammus aeglefinus) in the Barents
Sea demersal trawl fishery by stimulating escape behavior.
Canadian Journal of Fisheries and Aquatic Sciences, 75: 402–416.

Gustafson, R. G., Ford, M. J., Adams, P. B., Drake, J. S., Emmett, R.
L., Fresh, K. L., and Rowse, M. 2012. Conservation status of eula-
chon in the California Current. Fish and Fisheries, 13: 121–138.

Hannah, R. W., and Jones, S. A. 2007. Effectiveness of bycatch reduc-
tion devices (BRDs) in the ocean shrimp (Pandalus jordani) trawl
fishery. Fisheries Research, 85: 217–225.

Hannah, R. W., Jones, S. A., Lomeli, M. J. M., and Wakefield, W. W.
2011. Trawl net modifications to reduce the bycatch of eulachon
(Thaleichthys pacificus) in the ocean shrimp (Pandalus jordani)
fishery. Fisheries Research, 110: 277–282.

Hannah, R. W., Lomeli, M. J. M., and Jones, S. A. 2013. Direct esti-
mation of disturbance rates of benthic macroinvertebrates from

contact with standard and modified ocean shrimp (Pandalus jor-
dani) trawl footropes. Journal of Shellfish Research, 32: 551–557.

Hannah, R. W., Lomeli, M. J. M., and Jones, S. A. 2015. Tests of arti-
ficial light for bycatch reduction in an ocean shrimp (Pandalus
jordani) trawl: strong but opposite effects at the footrope and near
the bycatch reduction device. Fisheries Research, 170: 60–67.

Hay, D. E., and McCarter, P. B. 2000. Status of the eulachon
Thaleichthys pacificus in Canada. Department of Fisheries and
Oceans Canada, Canadian Stock Assessment Secretariat, Research
Document 2000-145. Ottawa. 92 pp.

He, P., and Balzano, V. 2013. A new shrimp trawl combination grid
system that reduces shrimp and finfish bycatch. Fisheries
Research, 140: 20–27.

Herrmann, B., Krag, L. A., Feekings, J., and Noack, T. 2016.
Understanding and predicting size selection in diamond-mesh
cod ends for Danish seining: a study based on sea trials and com-
puter simulations. Marine and Coastal Fisheries: Dynamics,
Management, and Ecosystem Science, 8: 277–291.

Herrmann, B., Sistiaga, M., Nielsen, K. N., and Larsen, R. B. 2012.
Understanding the size selectivity of redfish (Sebastes spp.) in
North Atlantic trawl codends. Journal of Northwest Atlantic
Fishery Science, 44: 1–13.

Herrmann, B., Sistiaga, M., Rindahl, L., and Tatone, I. 2017.
Estimation of the effect of gear design changes on catch efficiency:
methodology and a case study for a Spanish longline fishery tar-
geting hake (Merluccius merluccius). Fisheries Research, 185:
153–160.

Kim, Y. H., and Wardle, C. S. 1998. Modeling the visual stimulus of
towed fishing gear. Fisheries Research, 34: 165–177.

Kim, Y. H., and Wardle, C. S. 2003. Optomotor response and erratic
response: quantitative analysis of fish reaction to towed fishing
gears. Fisheries Research, 60: 455–470.

Larsen, R. B., Herrmann, B., Sistiaga, M., Brinkhof, J., Tatone, I., and
Langård, L. 2017. Performance of the Nordmøre grid in shrimp
trawling and potential effects of guiding funnel length and light
stimulation. Marine and Coastal Fisheries: Dynamics,
Management, and Ecosystem Science, 9: 479–492.

Larsen, R. B., Herrmann, B., Sistiaga, M., Br�ci�c, J., Brinkhof, J., and
Tatone, I. 2018. Could green artificial light reduce bycatch during
Barents Sea Deep-water shrimp trawling? Fisheries Research, 204:
441–447.

Lomeli, M. J. M., and Wakefield, W. W. 2012. Efforts to reduce
Chinook salmon Oncorhynchus tshawytscha) and Rockfish
(Sebastes spp.) bycatch in the U.S. west coast Pacific hake
(Merluccius productus) fishery. Fisheries Research, 119–120:
128–132.

Lomeli, M. J. M., Wakefield, W. W., and Herrmann, B. 2018.
Illuminating the headrope of a selective flatfish trawl: effect on
catches of groundfishes including Pacific halibut. Marine and
Coastal Fisheries: Dynamics, Management, and Ecosystem
Science, 10: 118–131.

Moore, D. S., McCabe, G. P., Duckworth, W. M., and Sclove, S. L.
2003. Practice of Business Statistics Using Data for Decisions. W.
H. Freeman & Company, New York. 859 pp.

Nguyen, K. Q., Winger, P. D., Morris, C., and Grant, S. M. 2017.
Artificial lights improve the catchability of snow crab
(Chionoecetes opilio) traps. Aquaculture and Fisheries, 2: 124–133.

National Marine Fisheries Service (NMFS). 2017. Recovery Plan for
the Southern Distinct Population Segment of Eulachon
(Thaleichthys pacificus). National Marine Fisheries Service, West
Coast Region, Protected Resources Division, Portland, OR,
97232.

Olla, B. L., Davis, M. W., and Rose, C. 2000. Differences in orienta-
tion and swimming of walleye pollock Theragra chalcogramma in
a trawl net under light and dark conditions: concordance between
field and laboratory observations. Fisheries Research, 44: 261–266.

Effects on the bycatch of eulachon and juvenile groundfish 2233

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/75/6/2224/5073200 by N
O

AA C
entral Library user on 23 January 2024

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsy105#supplementary-data


Olla, B. L., Davis, M. W., and Schreck, C. B. 1997. Effects of simu-
lated trawling on sablefish and walleye pollock: the role of light in-
tensity, net velocity and towing duration. Journal of Fisheries
Biology, 50: 1181–1194.

Oregon Department of Fish and Wildlife (ODFW). 2018.
Commercial shellfish and marine invertebrate fisheries. Fishing
Gear-Pink Shrimp Fishery. Amendment 635-005-0630.

Pacific Fisheries Information Network (PacFIN). 2018. All species by
INPFC area report: commercial landed catch: metric-tons (mt),
revenue, and price-per-pound (price/lbs). Pacific States Marine
Fisheries Commission. https://reports.psmfc.org/pacfin/f? p¼501:
2: 5484360498766:: NO::: (last accessed 20 March 2018).

Ryer, C. H., and Barnett, L. A. K. 2006. Influence of illumination and
temperature upon flatfish reactivity and herding behavior:

potential implications for trawl capture efficiency. Fisheries
Research, 81: 242–250.

Ryer, C. H., and Olla, B. L. 2000. Avoidance of an approaching net by
juvenile walleye pollock Theragra chalcogramma in the laboratory:
the influence of light intensity. Fisheries Research, 45: 195–199.

Ryer, C. H., Rose, C. S., and Iseri, P. J. 2010. Flatfish herding behavior in
response to trawl sweeps: a comparison of diel responses to conven-
tional sweeps and elevated sweeps. Fishery Bulletin, 108: 145–154.

Sistiaga, M., Herrmann, B., Grimaldo, E., and Larsen, R. B. 2010.
Assessment of dual selection in grid based selectivity systems.
Fisheries Research, 105: 187–199.

Washington Department of Fish and Wildlife (WDFW). 2017.
Commercial Ocean Pink Shrimp Trawl Fishery – Coastal Waters.
WCA 220-340-500. 2 pp.

Handling editor: Emory Anderson

2234 M. J. M. Lomeli et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/75/6/2224/5073200 by N
O

AA C
entral Library user on 23 January 2024

https://reports.psmfc.org/pacfin/f? p=501: 2: 5484360498766:: NO:::
https://reports.psmfc.org/pacfin/f? p=501: 2: 5484360498766:: NO:::
https://reports.psmfc.org/pacfin/f? p=501: 2: 5484360498766:: NO:::

	fsy105-T1

