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Antarctic krill (Euphausia superba) is harvested using different design midwater

trawls. Knowing the selective properties between trawls is crucial information for the

management of the krill resources. This study compared the catch patterns between

different commercial krill trawls at similar times and overlapping fishing grounds based

on scientific data collected by scientific observers onboard commercial trawlers Long

Teng (LT) and Fu Rong Hai (FRH). The results showed significant differences in the

length-dependent catch densities and cumulative catch densities of krill between the

two trawls. The krill length range in catches from LT’s trawl was wider than that of FRH’s

trawl. Furthermore, the catch would consist of a larger proportion of smaller krill in the

LT’s trawl. The LT’s trawl caught significantly higher proportions of krill below 38mm than

FRH’s trawl. Even, the LT’s trawl caught substantial numbers of krill<30mm, whereas the

FRH’s trawl caught very few of them. The main factors causing the difference between

trawls in catch pattern were inferred to be related to gear design including differences in

mesh sizes used. The results of this study enhance the quality of comparative analysis

of scientific data from commercial trawls and the understanding of gear selectivity of

different configuration trawls used for harvesting krill.

Keywords: Antarctic krill, trawls, length composition, inter-trawler, catch ratio

INTRODUCTION

Since 1993, the krill trawl fishery has concentrated on subareas 48.1, 48.2, and 48.3 of FAO area
48, west of the South Atlantic (CCAMLR, 2020a). Given the evolution of krill resources and fishing
grounds, the traditional mode of large-scale scientific investigations, which has been practiced for
decades, has not yet adapted to the changes in krill resources and the updated requirements for
fishery management (Zhu et al., 2013). The scientific survey of fisheries is an important supplement
to large-scale scientific investigations and assessments of krill resources.
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Commercial trawlers can operate throughout most of the year
and sample krill almost daily (Kawaguchi and Nicol, 2007). The
Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR) has collected commercial fishery data
from the International Scientific Observer Program since its
establishment (Godø et al., 2014). Those scientific data collected
by scientific observers onboard commercial trawlers provide
important information for the management of krill resources
and the ecosystem of the Antarctic Ocean (Okuda and Kiyota,
2012). One such information is the length composition of krill in
catches used to better understand the population structure of krill
resources, assess fishing gear selectivity, and formulate feedback
management (FBM) indicators. It is also integral information
for the acoustic study of krill distribution based on acoustic
measurements onboard commercial trawlers (CCAMLR, 2011;
Kasatkina, 2017). However, commercial trawlers involved in krill
fishery use different trawl designs, such as trawl structure, net
dimensions, mesh sizes, and operations (towing speed, etc.)
that affect the selectivity of trawls and result in sampling bias
between different trawls (Zimarev et al., 1990; Kasatkina, 1997).
Therefore, differences exist in the length composition of krill in
the catches of different commercial krill trawls. The selectivity
properties of trawls need to be considered to analyze the krill
length data collected from commercial fisheries, including a
comparison of the length composition of krill from different
trawls (Kasatkina, 1997).

Czubek (1981) reported that krill could escape through a
larger mesh (90mm) in front of the trawl body and a smaller
liner netting mesh (12mm) of both trawl body and codend.
Furthermore, the escape rate of krill differs for different parts
of the trawl with the same mesh size. Additionally, Norwegian
scholars used the parallel trawl method (Krag et al., 2014), the
cover net method (Herrmann et al., 2018), and the “selection
cage” method (where the netting in front is covered with several
frame devices) (Krag et al., 2018) to study the selectivity of
a single mesh size (2a:15.4mm) for the whole trawl, codend,
and netting, indicating that the 50% selection lengths were
32.72, 26.04, and 31.64mm, respectively. However, traditional
sea trials (e.g., parallel trawling methods and cover net methods)
are time-consuming and expensive. Furthermore, a limited
number of different gear designs can be tested. Additionally,
several commercial trawlers use a continuous pumping technique
to move catches from the trawl to the deck, which further
complicates standard selectivity studies (Krag et al., 2014). Due
to the fact that commercial krill trawlers often operate at similar
times and overlapping fishing grounds. Furthermore, Ricketts
et al. (1992) reported that no significant differences in biology
(length, maturity, sex ratio, and developmental stage) have been
found for different krill swarms on a small scale. Therefore, it
is possible to quantify and analyze the catch pattern of different
commercial trawls depending on the length composition of krill
caught during the cruises between the different trawls bymatched
hauls at similar times and overlapping fishing grounds.

Currently, commercial krill trawls are usually of low tapered
constructions, with small-mesh liners (10–50mm of mesh size)
fitted in the trawl body and codend to reduce catch loss through
meshes (Krag et al., 2018). There are two main types of liner

assembly for commercial krill trawls. Some trawl-fitted liners
usually cover almost the whole length of the trawling body.
For example, Pelagic otter trawl is used by Chinese trawler
“Longteng,” which is fitted with a 16-mm mesh size liner starting
from the second section of the trawl body and an 11-mm mesh
size liner in the codend (CCAMLR, 2020b). Other trawl-fitted
liners are usually half of the length of the trawl body. For
example, Pelagic otter trawl used by Chinese trawler “Furonghai,”
which is fitted with liners starting from the sixth section and
taking gradually decreasing mesh size of liners that from 30mm
(6th−7th) to 25mm (8th−9th), then to 20mm (10th−11th
sections) of the trawl body, and to 15-mm mesh size in the
codend (CCAMLR, 2020c). These different arrangements and
mesh sizes of liners may result in different fishing performances
with regard to escaping of krill through meshes of trawl, and
retention in the codend.

The aim of the present study was to investigate the catch
patterns and to compare size frequency distribution and
cumulative size frequency distribution of krill caught by the
matched hauls based on scientific data of the two trawls from
commercial trawlers “Long Teng” (LT) and “Fu Rong Hai” (FRH)
at similar times and overlapping fishing grounds. Subsequently,
this study analyzes the length-dependent catch comparison and
catch ratio to determine whether there was a difference in
catch and/or krill length between the two trawls onboard LT
and FRH. The results of this study contribute to understanding
the differences in selectivity properties and catch efficiency of
different configuration trawls.

MATERIALS AND METHODS

Information About the Trawls
The data were obtained from the midwater otter trawls, which
were used by trawlers LT and FRH. The midwater trawl of the
trawler LTwas a four-panel krill trawl with a net dimension of 300
× 132.8m. The wing dimension was 20m in length, and themesh
size was 400mm. The trawl body dimension was 88.8m in length,
divided into 11 sections with mesh sizes of 400, 200, and 144mm
on the first, 2nd−7th, and 8th−11th sections, respectively. The
liner netting, with a mesh size of 16mm, was equipped from
the second section. The codend dimension was 24m in length,
and the mesh size was 144mm and equipped liner netting with
a mesh size of 11mm. The trawler FRH used a midwater trawl
consisting of 10-panel krill trawls with net dimensions of 185.4
× 128.5m. The wing of the trawl net was 18m in length and had
a mesh size of 240mm. The trawl body dimension was 79.5m in
length, divided into 11 sections with mesh sizes of 150, 75, 120,
and 100mm on the 1st−3rd, 4th−5th, 6th−9th, and 10th−11th
sections, respectively. The segmented gradient mesh sizes of liner
nettings were 30, 25, and 20mm on the 6th−7th, 8th−9th, and
10th−11th sections, respectively. The codend had a length of
31m with a mesh size of 100mm and equipped liner netting with
a mesh size of 15mm (Table 1).

Data Analysis
Based on the Scheme of International Scientific Observation
Scientific Observer’s Manual Krill Fisheries. The length data of
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TABLE 1 | Information on the trawls of trawlers Long Teng (LT) and Fu Rong Hai (FRH).

Trawlers Net dimension Mesh size (mm)

Wing Trawl body Codend

1 2 3 4 5 6 7 8 9 10 11

LT 300m × 132.8m 400 400 200 (16) 144 (16) 144 (11)

FRH 185.4m × 128.5m 240 150 75 120 (30) 120 (25) 100 (20) 100 (15)

In the column “Mesh size,” the mesh size of liner netting is presented in brackets.

200 sampled krill from each observed haul were measured by
CCAMLR scientific observers onboard the trawler LT and FRH
over the 2017/2018 fishing season. The krill length frequency
divided by 2mm and the median length of the group was used
as the characteristic length. They were divided into groups 21
(<22), 23 (22–24), 25 (24–26), 27 (26–28), 29 (28–30), 31 (30–
32), 33 (32–34), 35 (34–36), 37 (36–38), 39 (38–40), 41 (40–
42), 43 (42–44), 45 (44–46), 47 (46–48), 49 (48–50), 51 (50–52),
53 (52–54), 55 (54–56), 57 (56–58), 59 (58–60), and 60 (≥60)
mm, respectively.

Data, such as operating time, latitude, longitude, and the depth
of krill swarms, were obtained from logbooks. A total of 20
pairs of hauls were matched at similar times and overlapping
fishing grounds (within a difference of the operating time 2 h,

the operating latitude and longitude 10
′
, and the depth of krill

swarms 10m) of subarea 48.1, from February 16 to April 27,
2018. Those hauls of FRH were named FRH-xxx (haul number),
and those of LT were named LT-xxx (haul number). The fishing
grounds were concentrated on 61.75–63.06 S, 59.05–61.22W,
and the fishing sites were the median site of set down and up of
the haul (Figure 1).

Catch Pattern Analysis
Size frequency distribution and cumulative size frequency
distribution analyses were used to compare length distributions
of krill caught during the cruises between the two trawls. The
analysis was carried out for each trawl separately as follows: Let
nli be the number belonging to length class l of krill caught
and length measured in fishing haul i with that trawl (LT’s or
FRH’s). Based on this information, the size frequency distribution
Dnl and the cumulative size frequency distribution CDnL were
obtained by:

Dnl =

∑h
i=1 nil

∑h
i=1

∑

l nil

(1)

CDnL =

∑h
i=1

∑L
l=0 nil

∑h
i=1

∑

l nil

(2)

The summations of i and l in Eqs. (1) and (2) are over the h hauls
conducted during the cruise with the trawl and length classes l,
respectively. The term CDnL quantifies the proportion of a total
catch up to a given length class L.

The analysis according to Eqs. (1) and (2) was conducted
using the statistical analysis tool SELNET (Herrmann et al.,
2013, 2020; Herrmann, 2020; Melli et al., 2020), and the

FIGURE 1 | Fishing sites of LT (circle) and FRH (triangle) of matched hauls.

double bootstrapping technique implemented with this tool was
used to estimate 95% CIs. The double bootstrapping method
considered both the between-haul variability in the structure
of the population captured in the trawl and the within-haul
variability due to limited numbers of krill captured in that specific
haul (Herrmann et al., 2017). Specifically, the double bootstrap
procedure accounted for between-haul variability by selecting
hauls h with replacement from the total number of hauls h
conducted with the specific trawl. Within-haul uncertainty was
accounted for by resampling with replacement from the catch of
krill. The number resampled in the haul in this inner bootstrap
loop equaled the total number of individuals of the species
length measured in the catch for the selected haul. One thousand
bootstrap repetitions were conducted and used to estimate the
95% Efron percentile CIs (Efron, 1982) for Dnl and CDnl.

Catch Comparison and Catch Ratio Analysis
Using the catch data from the sea trials, we conducted length-
dependent catch comparison and catch ratio analyses (Sistiaga
et al., 2015; Herrmann et al., 2017) to determine whether there
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was a difference in catch efficiency and/or krill length between
the trawls of trawler LT and FRH. The analysis was carried out
independently for krill following the description below.

To assess the relative length-dependent catch comparison rate
(CCl) of changing from FRH’s to LT’s trawl, we used Eq. (3):

CCl =

∑h
j=1

{

nFRHlj

qFRHj

}

∑h
j=1

{

nFRHlj

qFRHj
+

nLTlj
nLTj

} (3)

where nFRHlj and nLTlj are the number n of krill investigated
caught per length class l for the trawl of FRH and LT, respectively,
in pair j of the alternated hauls.

Terms qFRHj and qLTj are the subsampling ratios introduced
to account for unequal catch and towing time between the FRH’s
trawl (tFRHj) and the LT’s trawl (tLTj) in the pair j. qFRHj and
qLTj were calculated as follows:

qFRHj =
WFRHsampling j

WFRH j
×

tFRHj

max(tFRHj, tLTj)
;

qLTj =
WLTsampling j

WLT j
×

tLTj

max(tFRHj, tLTj)
(4)

whereWFRH−sampling−j andWLT−sampling−j are the weight of krill
be sampling from the trawl of FRH and LT, respectively, in pair
j of the matched hauls. WFRHjand WTLj are the catch weight of
krill by the trawl of FRH and LT, respectively, in pair j of the
matched hauls.

In Eq. (3), h is the number of matched hauls made with the
trawls of FRH and LT. The functional description of the catch
comparison rate CC(l,v) expressed by Eq. (3) was obtained using
maximum likelihood estimation by minimizing Eq. (5):

−

h
∑

j=1

∑

l

{
nFRHlj

qFRHj
×l n

[

CC
(

l, v
)]

+
nLTlj

qLTj
×l n

[

1.0−CC
(

l, v
)]

}

(5)

In Eq. (5), v represents the parameters describing the catch
comparison curve defined by CC(l,v). When the catch efficiency
of the two trawls is equal, the catch comparison rate would be
0.5. A catch comparison rate value with 95% CI below 0.5 would
imply there is a significant length-dependent catch effect for
length class l with fewer krill of length class l caught in the FRH’s
trawl, and vice versa for a catch comparison rate above 0.5. The
experimental CCl was modeled by the function CC(l,v):

CC
(

l, v
)

=
exp[f (l, v0, . . . , vk)]

1+ exp[f (l, v0, . . . , vk)]
(6)

In Eq. (6) f is a polynomial of order k with coefficients v0–
vk, such that v = (v0,. . . , vk). The values of the parameters
v describing CC(l,v) are estimated by minimizing Eq. (5). We
considered f of up to an order of 4 with parameters v0, v1, v2,
v3, and v4 as our experience from prior studies (Krag et al.,
2015; Santos et al., 2016) has demonstrated that this provides a
model that can sufficiently describe the catch comparison curves

between two fishing gears. Leaving out one or more of the
parameters v0. . .v4, at a time resulted in 31 additional candidate
models for the catch comparison function CC(l,v). Among
these models, the catch comparison rate was estimated using
multi-model inference to obtain a combined model (Burnham
and Anderson, 2002; Herrmann et al., 2017). Specifically, the
models were ranked and weighted in the estimation according
to their AICc values (Burnham and Anderson, 2002). The AICc is
calculated as the AIC (Akaike, 1974), but it includes a correction
for finite sample sizes in the data. Models that resulted in AICc

values within+10 of the value of the model with the lowest AICc

value (AICcmin) were considered for the estimation of CC(l,v)
following the procedure described in Katsanevakis (2006) and in
Herrmann et al. (2015). We use the name combined model for
the result of this multi-model averaging and calculated it using
Eq. (7):

CC
(

l, v
)

=
∑

i
wi × CC

(

l, vi
)

;

wi =
exp[0.5× (AICci − AICcmin)]

∑

j exp[0.5× (AICcj − AICcmin)]
(7)

where the summations are over the models with an AICc value
within +10 of AICcmin. The ability of the combined model to
describe the data was based on the p-value, which is calculated
based on the model deviance and degrees of freedom (Wileman
et al., 1996; Herrmann et al., 2017). Thus, suitable fit statistics
for the combined model to describe the data sufficiently well
should include a p-value > 0.05 and a deviance value within
approximately two times the degrees of freedom.

To provide a direct relative value of the catch efficiency
between fishing of FRH’s and LT’s trawl, the following catch ratio
CR(l,v) equation was used:

CR
(

l, v
)

=
CC

(

l, v
)

[1− CC
(

l, v
)

]
(8)

Thus, if the catch efficiency of both gears is equal, CR(l,v) will
be 1.0.

Likewise, for the catch pattern analysis, we used a double
bootstrapping method to estimate the CIs for the catch
comparison and catch ratio curves. However, the resampling
technique differed. Specifically, the procedure applied here
accounts for uncertainty due to between haul variation by
selecting h paired hauls with replacement from the h paired
hauls available during each bootstrap repetition. Within each
resampled haul, the data for each length class was resampled
in an inner bootstrap to account for the uncertainty in the
haul due to a finite number of krill being caught and length
measured in the paired haul. The resulting data set obtained
from each bootstrap repetition was analyzed as described above
and therefore also accounted for uncertainty in model selection
and model averaging because the multi-model inference was
included (Grimaldo et al., 2018). Based on the bootstrap results,
we estimated the Efron percentile 95% CIs (Efron, 1982) for
both the catch comparison and catch ratio curve. We performed
1,000 bootstrap repetitions. The catch comparison and catch ratio
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TABLE 2 | Length composition of krill in catches of both trawls and differences of matched hauls.

Matched

hauls

Middle

time of hauls

N Average

(mm)

Std. Error Kurtosis Skewness Min (mm) Max (mm) p-value

FRH-193 17:27:30 200 49.3 3.4 −0.3 −0.2 39.3 57.9 <0.05

LT-152 18:02:30 200 48.4 4.4 4.8 −1.0 24.1 60.3

FRH-207 17:47:30 200 50.8 3.1 −0.1 −0.4 42.8 57.2 >0.05

LT-162 17:45:00 200 50.6 3.7 2.8 −0.6 31.5 60.2

FRH-214 11:37:30 200 41.3 3.2 0.4

1.4

0.0

−0.5

32.2

27.4

50.8

55.3

>0.05

LT-167 09:50:00 200 41.2 4.3

FRH-214

LT-168

11:37:30 200 41.3

39.0

3.2

5.8

0.4

−0.2

0.0

−0.7

32.2

23.8

50.8

49.9

<0.001

11:27:30 200

FRH-221

LT-175

09:57:30 200 40.6

39.0

3.0

5.2

0.8

−0.1

0.4

−0.4

31.5

25.4

49.3

51.4

<0.001

10:10:00 200

FRH-221

LT-176

09:57:30 200 40.6

39.3

3.0

4.1

0.8

0.9

0.4

0.1

31.5

27.3

49.3

55.5

<0.001

11:42:30 200

FRH-346

LT-284

12:00:00 200 41.2

40.1

2.9

4.6

0.1

1.0

0.0

−0.8

32.2

23.0

49.1

50.3

<0.01

11:37:30 200

FRH-359

LT-294

10:52:30 200 41.8

41.5

3.2

4.3

0.1

1.0

0.4

−0.4

33.7

27.5

51.1

54.5

>0.05

09:27:30 200

FRH-359

LT-295

10:52:30 200 41.8

39.5

3.2

5.5

0.1

0.2

0.4

−0.7

33.7

24.3

51.1

52.4

<0.001

11:02:30 200

FRH-386

LT-313

18:07:30 200 41.5

37.1

2.7

4.9

0.7

0.0

−0.1

−0.5

31.4

22.6

49.0

50.1

<0.001

17:52:30 200

FRH-441

LT-359

11:57:30 200 40.9

39.5

3.0

4.3

1.3

1.9

0.7

−0.6

34.8

22.6

53.4

50.0

<0.001

10:47:30 200

FRH-519

LT-410

10:52:30 200 39.4

38.3

3.3

5.4

1.2

−0.3

0.4

−0.2

30.1

24.3

52.5

51.2

<0.05

11:37:30 200

FRH-592

LT-488

08:15:00 200 41.1

38.1

3.3

5.5

0.2

−0.2

−0.2

0.0

30.3

26.4

48.6

53.6

<0.001

09:02:30 200

FRH-607

LT-500

08:20:00 200 42.1

39.2

3.2

4.6

0.0

−0.4

0.3

−0.1

33.7

27.3

51.1

51.2

<0.001

08:15:00 200

FRH-609

LT-502

11:02:30 200 41.3

38.7

3.3

5.2

0.1

0.0

0.5

−0.1

34.7

24.3

51.7

52.3

<0.001

11:32:30 200

FRH-633

LT-524

08:25:00 200 41.4

37.9

3.1

4.9

0.0

−0.5

0.1

−0.1

32.2

26.4

48.9

48.6

<0.001

09:22:30 200

FRH-635

LT-524

11:10:00 200 40.2

37.9

3.2

4.9

−0.3

−0.5

0.0

−0.1

32.2

26.4

48.7

48.6

<0.001

09:22:30 200

FRH-708

LT-545

17:47:30 200 39.0

37.1

2.1

4.4

0.3

0.1

0.0

−0.1

33.8

23.5

45.1

48.3

<0.001

15:50:00 200

FRH-717

LT-553

07:40:00 200 41.7

36.3

3.2

5.4

−0.2

−0.3

−0.1

0.1

33.0

23.5

48.9

53.2

<0.001

09:07:30 200

FRH-994

LT-784

12:22:30 200 42.3

39.3

4.1

4.2

−0.2

−0.4

−0.2

0.1

31.9

28.9

52.7

50.3

<0.001

13:30:00 200

FRH-Total 17:27:30 4000 42.1 4.4 0.6 0.8 30.1 57.9 <0.001

LT-Total 18:02:30 4000 40.1 5.9 0.2 0.1 22.6 60.3

analysis was conducted with the analysis tool SELNET (Bent
Herrmann, Trondheim, Norway), which was also used in the
catch pattern analysis.

RESULTS AND ANALYSIS

Length Composition of Krill in the Catches
In 20 sets of matched hauls, the krill lengths in the catches of
the LT’s trawl ranged from 22.9 to 60.3mm with an average of

40.1 ± 5.9mm (mean ± SD). The lengths of 200 krill in each
haul mostly showed a thin tail (kurtosis <3) and left-skewed
(skewness <0) distribution. The krill lengths in the catches of
the FRH’s trawl ranged from 30.1 to 57.9mm with an average of
42.1 ± 4.4mm (mean ± SD). The lengths of 200 krill in each
haul mostly showed a thin tail (kurtosis <3) and right-skewed
(skewness >0) distribution. Overall, the length composition of
krill in the catches of both trawls differed significantly (p < 0.05).
Indeed, 17 sets of 20 matched hauls were significantly different
(p < 0.05) (Table 2). The average lengths of krill caught by the
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FIGURE 2 | Inter-trawl differences of krill length frequencies in the catches of matched hauls.

LT’s trawl were smaller than those caught by the FRH’s trawl in
all matched hauls. The differences were 0.2–5.4mm, mainly 1–
3mm, with an average of 2.1 ± 1.4mm (mean ± SD). The krill
length range in catches from trawler LT was larger than that of
trawler FRH, and LT’s catches contained more individual krill
that were smaller than 35mm (Figure 2).

Catch Patterns
Significant differences were shown in the comparison of the
length-dependent catch densities and cumulative catch densities
of krill between the FRH’s trawl and LT’s trawl. The krill length
range in catches from LT’s trawl was wider than that of FRH’s
trawl. Furthermore, the FRH’s trawl caught few krill <30mm,

whereas the LT’s trawl caught substantial numbers of them
(Figure 3 Left). The cumulative density plots showed that in
the LT’s trawl, the catch would consist of a larger proportion
of smaller krill than in the FRH’s trawl (Figure 3 Right). The
differences of the cumulative density of krill in the catches
between both trawls decreased significantly with the lengths of
krill over 40 mm.

Catch Comparison Analysis
The catch comparison analysis showed that the models used
represented the data well (Figure 4 left). The fit statistics in
Table 3 show that for krill the p-values are above 0.05, whereas
the degrees of freedom are of the samemagnitude as the deviance,
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FIGURE 3 | The left plot shows the densities of the different length classes of krill, with the LT’s trawl (black) and the FRH’s trawl (gray). The right plot shows the

cumulative densities of krill, with the LT’s trawl (black) and the FRH’s trawl (gray). The stippled curves represent the 95% confidence bands.

FIGURE 4 | Catch comparison rate (left column) and catch ratio (right column) for krill for the LT’s trawl vs. the FRH’s trawl. The square marks represent the

experimental rates. The thick black curve represents the modeled rate, and thin stippled curves represent the corresponding 95% confidence limits. The horizontal

black stippled line shows the expected rate in case of no difference in catch efficiency between trawls.

meaning that the discrepancies observed between the model and
the data are likely a coincidence.

The catch ratio curves show in general values <1.00 for the
smallest length classes, whichmeans that the FRH’s trawl captures
fewer small krill than the LT’s trawl. The catch ratio curve shows
that the FRH’s trawl catches significantly less krill below 38mm
than LT’s trawl. Furthermore, the catch ratio becomes lower with
decreasing krill size, which means that the difference between the
catching ability of the two trawls increases with decreasing krill
size (Figure 4 right). As both trawls caught equal krill when the
CR equal 1.00 (100%), the results show for example that at 35mm
the FRH’s was estimated to catch only 65.27% of what would be
captured with the LT’s trawl, whereas at 30mm it was estimated
to catch only 9.90% of what would be caught with the LT’s trawl.
However, it was estimated to catch 113.01% of what would be
caught with the LT’s trawl at 40mm (Table 3).

DISCUSSION

The length composition of the krill swarm determines the
population that can be caught by the krill trawls. Swarm
characteristics and size distributions of krill varied in different
areas and seasons (Miller et al., 1993; Siegel et al., 1998; Tarling
et al., 2009). While on a small scale, no significant differences

were found in the length composition of different krill swarms
(Ricketts et al., 1992). Thus, in the present study, the nature
swarm of krill caught by two trawls of the matched hauls can be
considered the same swarm.

The results of this study showed that the catch patterns of
two trawls from trawlers FRH and LT were significantly different.
About 85% (17/20) of matched hauls caught significantly
different length compositions of krill. The average lengths of
krill caught by the LT’s trawl were smaller than those caught
by the FRH’s trawl in all matched hauls (Table 2). The length
range of krill in catches from LT’s trawl was wider than that
of FRH’s trawl. Furthermore, the LT’s trawl caught significantly
higher proportions of unmatured krill (length <35mm). The
differences of catch densities and cumulative density of krill in
the catches between both trawls decreased significantly with the
lengths of krill over 40mm. The catch ratio curve showed that the
FRH’s trawl catches significantly less krill below 38mm than LT’s
trawl. Furthermore, the catch ratio of FRH’s trawl becomes lower
with decreasing krill size within 41mm, inversely over 41mm.
Furthermore, there are three pairs of matched haul similarities of
length compositions of krill that occur at sunrise (FRH-214 with
LT-167; FRH-359 with LT-294) or sunset (FRH-207 with LT-162).

The influence of non-controllable factors (e.g., current and
wind speed) on the caught difference of krill was basically
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TABLE 3 | Catch ratio results at different lengths and fit statistics for the catch

comparison analysis for krill.

Length (mm) CR (%) Number

of pairs

p-value DOF Deviance

25 0.28 (0.04–1.99) 20 >0.05 12.79 14.6143

30 9.90 (4.03–17.88)

35 65.27

(42.34–95.67)

40 113.01

(81.57–156.14)

45 100.82

(71.00–147.00)

50 101.37

(54.01–165.01)

55 279.16

(29.25–1427.78)

Values in brackets represent 95% confidence limits. n/a denotes no fish of this length class

were caught.

negligible due to the similar times and overlapping fishing
grounds of matched hauls. Kawaguchi et al. (2010) reported that
in aquaria, dark objects either within or outside the tank, which
would be perceived by the krill as a threat, forced the krill to
the far side of the tank. Additionally, Everson and Bone (1986)
reported that a low light level would reduce visual clues regarding
the presence of net for krill. Therefore, three pairs of matched
hauls which similarities of length compositions of krill occur
when the low light visibility because that the krill would fail to
sense the netting and keeps away from netting to avoid contacting
the netting timely. Identically, there are three pairs of trawls in
which the catch of FRH is compared with two catches of LT,
which performed in the nearest coordinates in a short period
of time (FRH-214 with LT-167, 168; FRH-221 with LT-175, 176;
FRH-359 with LT-294, 295) showing different length distribution
also because of the visual clue.

For the other 17 pairs of matched hauls during the day, the
trawl netting might exert visual pressure on krill making them
move away from the netting panel due to the fact that in daytime
krill reacts strongly scaring to the effect of the netting (Czubek,
1981). However, smaller individuals would be less responsive
to the visual pressure and have less chance of moving away
from the netting to avoid contacting the netting due to weak
swimming capacity (Johnson and Tarling, 2008). Therefore, small
individuals have more chances to escape through the mesh
of netting.

The difference of both trawls used by LT and FRH mainly
originates from the following aspects: (1) the net dimension of
the trawl used by FRH was smaller than that of LT. Thus, more
krill have a chance to escape from the FRH’s trawl because of the
probability of krill contacting the netting during the operation
was higher than that of LT. (2) The location of the liner netting
was installed of the FRH’s trawl shorter than that of the LT’s
trawl, which caused more krill with a wider range of lengths
even larger individuals to escape through the larger mesh without
liner netting of the trawl of FRH. In addition, the mesh size of
the liner netting of the FRH’s trawl was larger than LT’s trawl
(see details in Table 1). Thus, more krill with a wider range of

lengths even larger individuals have the probability to escape
pass through the larger mesh part of liner netting of the FRH’s
trawl. However, only small krill have more probability to escape
pass through the mesh with the same smaller size of the liner
netting of the trawl body of the LT’s trawl. Thereby, these two
factors caused more krill with a wider length range even larger
individuals to escape through the mesh of the FRH’s trawl. (3)
The towing speed of the FRH’s trawl [3.05 ± 0.29 kn (mean ±

SD)] during the operation was higher than that of the LT’s trawl
[2.51 ± 0.25 kn (mean ± SD)], whereas the swimming ability
of krill was relatively weak (Marr, 1962). Thus, more krill may
escape through the larger mesh due to the high speed during the
towing process. Therefore, the main factors causing the inter-
trawl caught difference of krill of matched haul during daytime
fishing were inferred to be the controllable factors, such as the
structure of trawls, net dimensions, mesh sizes, and operating
parameters, e.g., towing speed.

CONCLUSION

The scientific survey of fisheries is an important supplement
to large-scale scientific investigations and assessments of krill
resources. Studying the catch pattern and catch ratio aids to
understand the differences in selectivity properties and catch
efficiency of the different commercial trawls and that increases
the quality of comparative analysis of scientific data collected
by scientific observers onboard the commercial trawls. This
is important for the management of krill resources and the
ecosystem of the Antarctic Ocean. However, the krill caught by
both trawls at similar times and overlapping fishing grounds
may still not be the same swarm because of the irregular
distribution of krill swarms. In the future, observers from
different fishing vessels can coordinate their observation time
with each other to increase the number of matches haul that can
be analyzed. Furthermore, analyzing the observed deviation of
the observer by measurement of the same sample. This provides
more accurate krill distribution data to study the differences
or similarities between different regions or of the same region
between different years.
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