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Abstract: Some cephalopods are important fishery resources, with some major economic species
living in pelagic waters, possessing short life history cycles, and responding strongly to environmental
changes. The analysis of cephalopod community species composition, catch distribution, and their
relationship with environmental factors in important marine areas can provide a basic reference for
cephalopod biogeography and resource development and utilization. In this study, based on the
cephalopod survey data in the spring of 2015 and summer of 2016 in the Pacific Ocean, we analyzed
the cephalopod species composition, diversity index (the Margalef richness index, Shannon-Wiener
diversity index, and Pielou uniformity index), main contributing species, and catch distribution in the
two seasons of spring and summer in the Pacific Ocean. We also analyzed the relationship between
cephalopod catch, each diversity index, and environmental factors in each season using the GAM
model. The results show that 18 species of cephalopods were captured in the spring and summer, the
Margalef richness index, Shannon-Wiener diversity index, and Pielou uniformity index in summer
was higher than that in spring; the average catch biomass in spring was significantly higher than
that in summer. The main contributing species in spring was Todarodes pacificus, while the main
contributing species in summer was Ommastrephes bartramii. The interaction of the “longitude” and
“latitude” has a great impact on cephalopod catch biomass in spring, and “sea surface temperature”
has a great impact on cephalopod catch biomass in summer. The results of the study can provide a
basic reference for the study of cephalopod diversity and resource development and utilization in the
Pacific Ocean.

Keywords: cephalopods; diversity; temporal and spatial distribution; environmental factors;
Northwest Pacific

1. Introduction

The Northwest Pacific Ocean is vast, including different large marine ecosystems
(LME) such as the West Bering Sea, Okhotsk Sea, Kuroshio, Oyashio, and the Sea of Japan.
Among them, the Kuroshio is one of the most important ocean currents in the world. It
passes through the Taiwan Province of China and the East China Sea to the Northwest
Pacific from south to north, transporting water of relatively high temperature and salinity
into the Northwest Pacific [1]. The Oyashio, known as the “Kuril cold current”, comes
from the Bering Sea and the Okhotsk Sea, it is a low-temperature current that is rich in
plankton. The Oyashio meets and merges with the Kuroshio warm current in the Northeast
of Honshu Island, Japan. Under the action of geostrophic bias and Kuroshio, the Oyashio
changes to the eastward direction, forming a Kuroshio-Oyashio transition region [2] with
the Kuroshio, as shown in Figure 1. Because of the obvious difference in water temperature
and salinity between the Kuroshio system and the Oyashio system, the intersection area
has the water temperature and bait suitable for the survival of marine organisms, so a large
number of marine organisms gather there, forming a fishing ground. Tuna, saury, sardine,
squid, and other fish are important regional fishery resources. The region is a famous
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fishing ground and an active area for material and energy exchange between the equatorial
and subtropical Pacific, which also plays an important role in responding to global climate
change. El Nino Southern Oscillation and the Pacific interannual oscillation index are the
main modes of climate change in the Pacific. They represent the climate change in the
Northwest Pacific on a medium and longtime scale and affect the marine ecosystem.
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Figure 1. Schematic diagram of major currents in the research area. Note: This map is a Mercator
projection.

In recent years, rapid climate change has brought some impact on the fisheries in the
Northwest Pacific Ocean. The change in intensity associated with the Kuroshio and high
tides caused by climate change will affect the formation of their fishing grounds. Taking
Ommastrephes bartramii as an example, related studies have pointed out that its suitable
habitat range is influenced by water temperature conditions, and climate change, such as the
El Nifio and La Nifa events, can bring about abnormal fluctuations in water temperature,
thus affecting its distribution and migration [3,4]. Due to a series of environmental changes
and the increase in fishing intensity, Ommastrephes bartramii resources are fully exploited,
and the yield has decreased in recent years [5]. It has also been suggested that within the
context of global climate change and overfishing of fish stocks, there is some evidence that
cephalopod populations are benefiting from this changing setting, and the flexibility of
cephalopod resources is fully demonstrated [6].

Cephalopod resource was considered to be one of the three most potential fishery
resources in the world by the United Nations Food and Agriculture Organization (FAO),
and has become the main fishing objects of major fishery countries and regions [7]. The
present species richness database reveals that the most diverse ocean is the Pacific Ocean
(with 213 cephalopod species), followed by the Indian (146 species) and Atlantic (95 species)
Oceans. The least diverse are the Arctic (12 species) and Southern (15 species) Oceans [6].
The Northwest Pacific Ocean is the most important sea area for cephalopod yield, account-
ing for about one-third of the world’s total cephalopod catch. According to FAO, the
cephalopod production in this sea area has always been the highest among all sea areas
(except for 1987), and in 1995, the cephalopod catch in this sea area exceeded 1 million tons.
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There are 12 species of cephalopods of economic value in the Northwest Pacific Ocean,
among them, the Ommastrephes bartramii and the Todarodes pacificus are important targets,
and the yield of Todarodes pacificus is relatively high [5]. Related studies have pointed out
that there is still much room for the exploitation of cephalopod resources in the Northwest
Pacific, but the key is to develop new fishing grounds and identify new fishable species [8].
Although cephalopod resources are currently harvested regularly in most of the sea area,
our knowledge of their taxonomy, biology, and ecology is still limited. According to the
literature, among about 750-800 species of cephalopods, only 59 of them have been studied
relatively thoroughly, with the most studied species being the Ommastrephidae, among
which Todarodes pacificus is the most intensively studied [9], and the other cephalopod
species are relatively poorly studied. It is the lack of relevant studies that limits the further
development of cephalopod resources.

Currently, many countries pay substantial attention to cephalopod resources in the
Northwest Pacific. There are some studies about the basic biology, habitats, fishing grounds,
and resource status of cephalopods [8,10,11], but overall analyses of species composition,
resource status, and the relationship between resource and environmental factors are lim-
ited. Among the empirical relationships between cephalopod distribution or abundance
and environmental factors that have been documented, some of them seem to be useful for
predicting future fisheries [11]. For example, temperature affects cephalopod metabolism
and survival, mainly in terms of early embryonic development, recruitment survival, and
growth rate [12,13]. In particular, the size of the recruitment is usually related to the
ambient temperature during the first months of its life cycle, and the size of the recruit-
ment directly affects the size of the fishery [14-16]. In contrast, the range of temperature
variation can help to estimate the location where the resource is concentrated and the
appropriate time to fish [17]. In addition to temperature, changes in salinity can also affect
the survival of cephalopods by influencing their development [18]. If we want to develop
new fishing grounds and new catch resources reasonably and effectively, then an in-depth
understanding of these factors is needed.

Based on the above background, we analyzed the cephalopod species composition,
diversity index (the Margalef richness index, Shannon-Wiener diversity index, and Pielou
uniformity index), main contributing species, and catch biomass distribution in the two
seasons of spring and summer in the Northwest Pacific Ocean, and analyzed the relation-
ship between cephalopod catch biomass, diversity indices, and environmental factors in
each season using the GAM model. The analysis results can provide a basis for improving
sustainable exploitation of cephalopods in the Northwest Pacific, and they can provide
basic information for fishery prediction, provide the relevant basis and important reference
for the research on the response of similar marine organisms to climate change and the
protection and management of relevant marine living resources. In addition, they can
also provide reference information for the study of geographic patterns of cephalopod
organisms and large-scale pattern changes.

2. Material and Methods
2.1. Material

The data used in the analysis of this study are from the survey data of the North-
west Pacific Light Seine. The data fields included the survey date, station information,
longitude, latitude, catch composition of each net, and the environmental data (sea surface
temperature, salinity, and Chl a). The composition of the survey data is shown in Table 1.
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Table 1. Composition of research data.

Season Time Number of Stations Major Data Field
Spring 16 April 2015-25 June 2015 45 Latitude/longitude/catch/SST/SSS/Chl a
Summer 21 May 2016-23 July 2016 45 Latitude/longitude/catch/SST/SSS/Chl a

Note: Unit of latitude and longitude is °, and denoted by N and E; Unit of catch is g; SST is sea surface temperature,
and the unit of SST is °C; SSS is sea surface salt, and the unit of SSS is %o; Chl a is Chlorophyll concentration, and
the unit of Chl 2 is mg/ mS.

The surveyed area in spring and summer was located in the Northwest Pacific Ocean,
with latitude and longitude ranging from 146°00" E to 160°00" E and 35°00’ N to 41°00’ N,
respectively (Figure 2).
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Figure 2. Survey stations in the Northwest Pacific (Spring and Summer).

2.1.1. Resource Sampling Method

The spring survey vessels were “Fuyuan Yu 666” and “Fuyuan Yu 667”7, and the
summer survey vessels were “Fuyuan Yu 080” and “Fuyuan Yu 081”. The four operating
vessels were all light purse seine vessels, and their performance parameters were constant.
The length of each vessel was 50.5 m, the width was 9.8 m, the draft was 4.6 m, the total
tonnage was 830 t, the main power of each vessel was 800 kW, and the auxiliary power was
698 kW. Each vessel was equipped with 110 fishing lights with a power of 4 kW. Equipped
with an EK60 portable fish finder and GPS navigator, the length of the net was 1200 m,
the perimeter of the Network port is 800 m, the maximum mesh size was 4.5 cm, and the
minimum mesh size was 3.5 cm.

2.1.2. Environmental Data Acquisition Method

Environmental data for analysis include longitude, latitude, water temperature, salin-
ity, and Chl a concentration.

The longitude and latitude data are the actual location data of each survey station, and
the water temperature, salinity, and Chl a data are the measured data of each station. The
water temperature and salinity data are collected by temperature, salt, and depth recorders
(SBE37-SM Micro Cat) produced by Sea-Bird company. The Chl a data are obtained by
taking the collected water samples back to the laboratory. The water samples were taken
through a water collector, the filtered membranes were stored at —20° under light-proof
conditions, brought back to the laboratory, and then the fluorescence values in the water
samples were determined by a Turner Designs 10-Au Fluorometer, and the Chl a value
was calculated according to the classical formula recommended in the Marine Survey
Specification.
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It should be noted here that, in addition to water temperature, salinity, and Chl a
concentration, oxygen is also a very important environmental factor for cephalopods, but
due to the limitations of the survey, the corresponding oxygen data were not collected in
the survey relied on in this study, so no relevant analysis was conducted, which does not
mean that the oxygen factor is not important.

2.2. Methods
2.2.1. Catch (Weight) and Catch (Individual)

Calculated for catch (weight) and catch (individual), respectively, with the following
equations:

catch(weight) = C—,IT,” 1
s o Clnd
catch(individual ) = T 2)

Cy is the catch biomass of the total catch per station, and the unit is grams; Cj,,4 is the
total number of individuals per station, and the unit is individual; T is the operating time
per station, and the unit is an hour.

2.2.2. Diversity

The diversity of cephalopods in the Northwest Pacific was calculated by the Margalef
index [19], Shannon—Wiener index [20], and Pielou index [21], and the formulas are the
following:

Margalef index : D = (S —1)/InN ©)]
Shannon-Wiener index : H' = —Y_ PInP; 4)
Pielou index : J' = H'/InS 5)

S is the number of species of cephalopods; P; = n;/ N is the ratio of cephalopod species
i to the biomass of the total catch or the total number of individuals; n; is the biomass or an
individual number of the cephalopod species i.

2.2.3. Main Contributing Species

Similarity Percentage (SIMPER) analysis [22,23] was used to analyze the contribution
of species to community composition. In this study, the SIMPER analysis was used to
screen the main contributing species in each season.

SIMPER analysis is performed using the “Vegan” package in R.

2.2.4. Relationship with Environmental Factors

The generalized additive model (GAM) [24] was used to detect the nonlinear response
of environmental factors to the catch of cephalopod, Margalef index, Shannon-Wiener
index, and Pielou index. The independent variable in the GAM is environmental factors.
In addition, to avoid the collinear relationship between various environmental factors,
Pearson correlation analysis was used to analyze the relationship between the respective
variables before stepwise regression to confirm the correlation between them. The GAM
Formula is (6):

Ln(n) ~ s (Environmental Factor) (6)

where n is the catch (weight) of cephalopod, Margalef index (D), Shannon-Wiener index,
(H'), and Pielou index (J') in each season. To avoid overfitting, the maximum degree of
freedom set for the model is 5. The model is regressed step by step, and the optimal model
is selected based on the AIC value and the number of model parameters. The GAM was
implemented using the “mgcv” package in R.
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3. Results
3.1. Cephalopods Species and Diversity

In the two seasons, 18 species of cephalopods, belonging to 2 orders, 9 families, and
13 genera, were captured in the Northwest Pacific Ocean. The specific species list is shown
in Table 2. The cephalopod diversity at the same survey stations in spring and summer was
shown in Table 3. Overall, the Margalef richness index, Shannon-Wiener diversity index,
and Pielou uniformity index were higher in summer than that in spring. The distribution
of the Margalef richness index, Shannon-Wiener diversity index, and Pielou uniformity
index for each station was shown in Figures 3 and 4.

Table 2. A list of captured cephalopods (with catch in spring and summer) in the Northwest Pacific.

Class Order Family Genus Species i nCSaI:g:\ g in gs:;llil er
Ommastrephes Ommastrephes bartramii 3084.99 5885.86
Todarodes pacificus 9141.30 220.15
Todarodes
Ommastrephidae Todarodes sp. / 22.70
Eucleoteuthis Eucleoteuthis luminosa 211.70 918.65
Sthenoteuthis Sthenoteuthis oualaniensis / 221.87
Abralia andamanica 148.44 21.49
Abralia
Enoploteuthidae Abralia similis / 1.92
Enoploteuthis Enoploteuthis chunii 6.33 /
Oegopsida . .
Omnychoteuthis banksii / 8.41
Cephalopoda
Onychoteuthis Onychoteuthis borealijaponica 3973.62 626.25
Onychoteuthidae
Omnychoteuthis sp. / 3.47
Onykia Omnykia robusta 8.60 10.70
Cranchiidae Cranchia Cranchia scabra 0.34 /
Architeuthidae Architeuthis Architeuthis dux / 14.82
Gonatidae Gonatopsis Gonatopsis borealis 328.20 192.29
Thysanoteuthidae  Thysanoteuthis Thysanoteuthis rhombus / 104.65
Tremoctopodidae  Tremoctopus Tremoctopus violaceus / 13.13
Octopoda
Ocythoidae Ocythoe Ocythoe tuberculata / 3.05

Note: unit of the catch in spring and summer is g/h.

Table 3. Margalef index (D), Shannon-Wiener index, (H'), and Pielou index (J') of cephalopods in the

Northwest Pacific.

Season D T
Spring 0.3691 = 0.37 0.3176 + 0.27 0.3498 + 0.33
Summer 0.3919 £ 0.35 0.3237 £ 0.29 0.3824 + 0.31

The main contributing species of cephalopod resources in spring and summer were
different (Table 4). The main contributing species in the spring season was Todarodes
pacificus, while the main contributing species in summer was Ommastrephes bartramii.
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Figure 3. Diversity index of cephalopods in the Northwest Pacific in spring. (A) values of the
Shannon-Wiener diversity index (H') distribution; (B) values of the Margalef richness index (D)
distribution; (C) values of the Pielou uniformity index (J) distribution.
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Figure 4. Diversity index of cephalopods in the Northwest Pacific in summer. (A) values of the

Shannon-Wiener diversity index (H') distribution; (B) values of the Margalef richness index (D)
distribution; (C) values of the Pielou uniformity index (J) distribution.



Diversity 2023, 15, 694 8 of 20
Table 4. SIMPER analysis results of cephalopods in the Northwest Pacific.
Spring;:
- Average Sd Ratio Cumsum
Species
Todarodes pacificus 0.382 0.3664 1.0425 0.4218
Onychoteuthis borealijaponica 0.234 0.2888 0.81 0.6801
Ommastrephes bartramii 0.1011 0.235 0.4303 0.7918
Eucleoteuthis luminosa 0.0915 0.2448 0.3737 0.8928
Abralia andamanica 0.0434 0.1442 0.3011 0.9407
Gonatopsis borealis 0.042 0.1045 0.4023 0.9871
Onykia robusta 0.006 0.0477 0.1267 0.9938
Enoploteuthis chunii 0.0052 0.0409 0.1263 0.9995
Cranchia scabra 0.0004 0.0036 0.1197 1
Summer:
Ommastrephes bartramii 0.3719 0.3511 1.0594 0.4242
Onychoteuthis borealijaponica 0.2103 0.2922 0.7196 0.6641
Eucleoteuthis luminosa 0.0812 0.1848 0.4395 0.7567
Gonatopsis borealis 0.0626 0.1147 0.5457 0.8281
Sthenoteuthis oualaniensis 0.0549 0.1919 0.2862 0.8908
Todarodes pacificus 0.0463 0.1403 0.3303 0.9436
Thysanoteuthis rhombus 0.0154 0.0824 0.1866 0.9611
Todarodes sp. 0.0113 0.0778 0.1458 0.9741
Abralia andamanica 0.0055 0.0285 0.1948 0.9804
Architeuthis dux 0.0054 0.0324 0.168 0.9866
Tremoctopus violaceus 0.0038 0.023 0.1664 0.991
Onychoteuthis sp. 0.003 0.0251 0.1184 0.9944
Onychoteuthis banksii 0.0022 0.009 0.2466 0.9969
Ocythoe tuberculata 0.001 0.0048 0.2073 0.998
Onykia robusta 0.0009 0.0049 0.1926 0.9991
Abralia similis 0.0008 0.0047 0.1651 1

Note: average: species contribution to average between-group dissimilarity; sd: standard deviation of contribution;
ratio: average to sd ratio; cusum: ordered cumulative contribution.

3.2. Resource of Cephalopods Distribution

The average catch (weight) of spring cephalopod resources was 19,504.07 g/h, and
the average catch (individual) was 809.14 ind./h; the average catch (weight) of summer
cephalopod resources was 9541.59 g /h, and the average catch (individual) was 98.31 ind. /h,
and the catch in spring was significantly higher than that in summer.

The spatial distribution of cephalopod resources in spring and summer is shown in
Figure 5, and it can be seen that cephalopod resources in spring were mainly concentrated
near the section of 39—41° N, while those in summer were mainly concentrated near the
section of 37° N, and there were obvious spatial distribution differences between spring
and summer. The distribution of catch (weight) in latitude and longitude is shown in
Figure 6. Overall, the variation of cephalopod catches (weight) along longitude and latitude
in each season showed a pattern of alternating highs and lows. The distribution of the main
contributing species catch (weight) biomass was shown in Figure 7. Catch (weight) of the
main contributing species in spring was concentrated in the northern part of the survey
area (39—41° N, 150-155° E), while those of the main contributing species in spring were
concentrated in the eastern part of the survey area (39° N, 157° E).
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Figure 5. Distribution of cephalopods catch biomass in spring and summer seasons.
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3.3. GAM Results

The correlation analysis results show that there is a certain correlation between the
respective variables (in spring and summer), as shown in Figures 8 and 9.
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Figure 8. Correlation analysis chart between the respective variables (in spring) in the GAM model.
The numbers in the graph represent the correlation values between the factors, and the number of red
asterisks represents the strength of the correlation; the higher the number of red asterisks, the stronger
the correlation; the red line on the bottom of the diagonal is a fitted line of bivariate scatter plots.

36 3B 40 42 335 340 345
S— R L L L L L L L -
.
/E/TY * * k% - E
1 -
< 0.35 _0 60 0.054 017 L=
) ] F e
[ 2
o — 2
o
¢ foo cooo of ¥ %* %% * %% s
o |
] -0.88'| 054 | oz
- DoO0O00O0DO0O0O0O0 00 -
.
e .
e | g8 S o e K * |
H
RTLIT N e S | 054 032 |-
G . B . o
o o
o oofg, 0 =
. L . R
277 segeo B “ao 8 s e o o S
o @ oﬂ 2 H . o
._\&Ji_ o
E i . -0.14
gl o, oo eofagod o 2 . oo do
o g o @ d 2o o
. . . n _
| CHLa -
I I .
ooyt 8EEE9E, g f W Bleio ogeg| 0 B o | °

T T 1 T T T T T T T T T T T
146 150 154 158 10 15 20 25 05 10 15 20

Figure 9. Correlation analysis chart between the respective variables (in summer) in the GAM model.
The numbers in the graph represent the correlation values between the factors, and the number of red
asterisks represents the strength of the correlation; the higher the number of red asterisks, the stronger
the correlation; the red line on the bottom of the diagonal is a fitted line of bivariate scatter plots.

Adhering to the principle of ensuring the simplicity of the model (when a factor is
added to the model and the AIC value does not drop by more than 3, it is considered that
the factor does not need to be added to the model), the model is not considered to be the
optimal model. The influence of various environmental factors on the “Catch (weight)
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of cephalopod”, Margalef index (D), Shannon-Wiener index (H’), and Pielou index (J')
dependent variables was analyzed by establishing a GAM. In the spring and summer
seasons, the optimal model “Ln(n) ~ s(Environmental Factors)” was obtained through
stepwise regression. The bolded part of Table 5 is every optimal model and the correlation
is shown in Figures 10-17.

Table 5. Statistical parameter table of GAM optimal model screening process.

Model Covariates Deviance Explanation AIC R?
Catch in spring
1 E 27.30% 261.434 0.219
2 N 14.40% 264.98 0.13
3 SST 13.80% 266.85 0.11
4 SSS 21.40% 265.14 0.16
5 CHLa 7.24% 271.73 0.03
6 *E+N 33.40% 258.5 0.27
7 E+N+SST 33.90% 260.4 0.26
8 E + N +SSS + SST 33.80% 262.22 0.24
9 E + N + SSS + SST + CHLa 41.80% 260.26 0.3
Catch in summer
1 E 18% 199.81 0.12
2 N 6.45% 203.86 0.02
3 *SST 21.60% 195.98 0.17
4 SSS 22.30% 197.02 0.17
5 CHLa 12.10% 198.67 0.1
H’ in spring
1 E 0.64% 2.38 —0.0191
2 N 11.40% —0.26 0.0668
3 SST 2.84% 2.3 —0.0073
4 SSS 14.30% 0.32 0.0736
5 CHLa 5.85% 0.17 0.0343
6 E+N 11.60% 1.59 0.0444
7 E+N+SST 12.50% 3.13 0.0283
8 E + N + SST + SSS 25.50% 0.9 0.119
9 *E+ N +SST +SSS + CHLa 28.50% 0.16 0.143
D in spring
1 E 0.06% —33.34 —0.025
2 N 21.40% —40.46 0.165
3 SST 10.90% —35.92 0.0606
4 *SSS 35.30% —45.83 0.288
5 CHLa 2.21% —34.23 —0.003
6 SSS +E 35.20% —43.85 0.267
J' in spring
1 E 7.50% —4.51 0.0313
2 N 6.01% —4.1 0.0187
3 SST 8.78% —4.44 0.0365
4 SSS 11.70% —4.47 0.0509
5 CHLa 7.36% —6.06 0.0499
6 *E + CHLa 15.90% —6.25 0.0934
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Table 5. Cont.

Model Covariates Deviance Explanation AIC R?

H' in summer

1 E 3.83% —6.96 —0.0041
2 *N 7.72% —-94 0.0501
3 SST 4.27% —8.08 0.0146
4 SSS 10.90% —8.84 0.0574
5 CHLa 10.70% —7.48 0.0367
D in summer
1 E 0.33% —18.37 —0.026
2 N 1.08% —18.64 —0.0183
3 SST 1.66% —18.81 —0.013
4 *SSS 23.20% —23.15 0.152
5 CHLa 3.86% —18.7258 —0.0036
6 SSS +E 23.10% —21.2494 0.125
7 SSS + CHLa 5.91% —17.1975 —0.0171
8 SSS + E + CHLa 24.90% —20.2225 0.119
J' in summer
1 E 8.48% —20.9394 0.0343
2 *N 16.10% —25.7326 0.136
3 SST 13.10% —24.4847 0.106
4 SSS 11% —23.611 0.0839
5 CHLa 17.60% —22.2702 0.097

Note: Longitude is represented by E; Latitude is represented by N; Sea Surface Temperature is represented by SST;
Sea Surface Salt is represented by SSS; Chlorophyll concentrations are represented by CHL4; Covariates marked
with * means the covariates is a significant factor.
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Figure 10. Nonlinear fitting curve between each environmental factor in GAM optimal model with
“catch biomass in spring”. Longitude is represented by E, Latitude is represented by N, and shaded
in gray is the 95% confidence interval.
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Figure 11. Nonlinear fitting curve between each environmental factor in GAM optimal model with
“catch biomass in summer”. Sea Surface Temperature is represented by SST, and shaded in gray is
the 95% confidence interval.
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Figure 12. Nonlinear fitting curve between each environmental factor in GAM optimal model with

“Shannon-Wiener index, (H') in spring”. Longitude is represented by E, Latitude is represented by N,

Sea Surface Temperature is represented by SST, Sea Surface Salt is represented by SSS, Chlorophyll

concentrations are represented by CHLa, and shaded in gray is the 95% confidence interval.
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Figure 13. Nonlinear fitting curve between each environmental factor in GAM optimal model with
“Margalef index (D) in spring”. Sea Surface Temperature is represented by SST, and shaded in gray is
the 95% confidence interval.
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Figure 14. Nonlinear fitting curve between each environmental factor in GAM optimal model
with “Pielou index (J') in spring”. Longitude is represented by E, Chlorophyll concentrations are
represented by CHLag, and shaded in gray is the 95% confidence interval.
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Figure 15. Nonlinear fitting curve between each environmental factor in GAM optimal model with
“Shannon-Wiener index, (H') in summer”. Latitude is represented by N, and shaded in gray is the
95% confidence interval.
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Figure 16. Nonlinear fitting curve between each environmental factor in GAM optimal model with
“Margalef index (D) in summer”. Sea Surface Salt is represented by SSS, and shaded in gray is the
95% confidence interval.
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Figure 17. Nonlinear fitting curve between each environmental factor in GAM optimal model
with “Pielou index (J) in summer”. Latitude is represented by N, and shaded in gray is the 95%
confidence interval.

4. Discussion
4.1. Cephalopods Species Composition and Resource Distribution in the Northwest Pacific

There are around 800 species of cephalopods living today [9]. The present species
richness database reveals that the most diverse ocean is the Pacific Ocean, which has
213 cephalopod species [6]. In this study, a total of 18 species of cephalopods were captured
in the Northwest Pacific during the spring and summer seasons. Among the 18 cephalopod
species captured, the largest number of species recorded and studied was in the Ommas-
trephidae, accounting for 63% of the number of species in this family [9], and the two
dominant species in this survey also belonged to this family. Among the six economic
species of Ommastrephidae reported by FAO [6], three species appeared in the spring
and four species in the summer. The changes in cephalopod species in this study were
mainly related to the survey method and the duration of the survey. Taking the summer
cephalopod species as an example, the study duration of the scholars at the Russian Pacific
Center in the summer of 20042009 was the same as the investigation time in the summer
in this study, but the survey area was slightly to the north in the Russian study [25]. The
Russian survey results showed that 33 species of cephalopods were captured. This result
was higher than the result in this survey, but the gap was not large. There are three main
reasons for the difference in species composition: (1) The survey methods were different.
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The Russian survey adopted middle and upper trawl surveys, and the survey duration was
long, the survey method in this study was light seine surveys, which are suitable for fishing
for fishes and cephalopods in the middle or upper layer with good net selectivity [26].
However, the method is slightly inferior to the trawler method in terms of investigating
species diversity [27]. (2) There are some differences in the location of the surveys, as
can also be seen in Figure 1, where the Russian surveys are closer to the location of the
fishing grounds and, therefore, correspondingly surveyed more species. (3) There were
differences in the timing of the survey, the season is an important factor affecting the
composition of cephalopods, and in different seasons, different species of cephalopods will
be in different life stages [28]. Most exploited cephalopod species have short life cycles,
typically only 1-2 years, and their short life cycles, high metabolic rates, and high growth
rates are associated with a high degree of plasticity in life history traits and sensitivity to
environmental change [9], and can therefore result in different compositions of collected
cephalopods. The main reason for the higher number of species and diversity indices found
in the summer than in the spring is also due to the differences in the size and distribution
of the populations caused by the different life history characteristics of the various species.
The results of this study indicate that the main contributing species in spring is Todarodes
pacificus and in summer is Ommastrephes bartramii, both of which have formed a sizeable
fishery in the Pacific Northwest, with Todarodes pacificus having a fishery only in the Pacific
Ocean, while Ommastrephes bartramii has fisheries in many seas [17]. The main reason for
the different main contributing species in the same area, in different seasons, is the different
life history stage characteristics of each species, the time and area of spawning, and the
migration routes [28-32]. The distribution of bait also affects the spatial and temporal
distribution of these two species, and it has been noted that in the area where Todarodes
pacificus and Ommastrephes bartramii share a common distribution, Todarodes pacificus prey
on mollusks and Ommastrephes bartramii preys on fish, so bait Differences in time and
space can lead to high and low biomass of a particular cephalopod during a certain time
period [17,33,34].

Regarding catch rate and resource distribution, the results of this study show that the
average net biomass and average net individual quantity in spring are higher than those
in summer. The spatial distribution of catch (weight) and catch (individual) shows that
the high values of catch (weight) and catch (individual) in spring are concentrated in the
39° N section, in addition, there are also some high values of catch (weight) in the 41° N
section, but the corresponding catch (individual) values are not high. The corresponding
catch (individual) values were not high mainly due to individual differences, such as the
large body mass of some cephalopods but the small number of individuals. In summer,
the higher values of catch (weight) and catch (individual) were mainly concentrated in the
37° N section, and the distribution was relatively consistent, which could indicate that the
cephalopod species were more uniform in summer. The variation of cephalopod catches
(weight) along longitude and latitude in each season showed a pattern of alternating
highs and lows. The effect of different seasons on resource distribution is probably the
most intuitive, but we must further understand more internal causes, e.g., differences
in individuals of different cephalopod species over different seasons, differences in the
distribution of different populations of the same species, etc., and related elements involving
climate change. Cephalopods are an important marine fishery resource with a short
life cycle (usually one year) and, in many cases, the end of life occurs after cephalopod
spawning [35-37]. Although different species of cephalopods have different habits, in
the Pacific Ocean, cephalopods are generally divided into autumn and winter-spring
groups [36,37]. Both winter-spring and autumn groups spawn in the western Pacific Ocean
at a closer distance from shore, and as the season progresses, the whole cephalopod group
moves from west to east, forming the western Pacific group and forming a more productive
fishing ground.
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4.2. Relationship between Cephalopod Resources and Environmental Factors in the
Northwest Pacific

This study analyzed the relationship between catch biomass distribution and diversity
indices (Margalef richness index, Shannon-Wiener diversity index, and Pielou uniformity
index) distribution and environmental factors using the GAM method. The results showed
the strongest correlation between catch biomass and “longitude + latitude” in spring.
The catch biomass increased with increasing latitude and rose and fell with increasing
longitude in the survey area. The main reason for this result is that the northern part of
the survey area is closer to the Northwest Pacific fishing grounds [21], which can be found
by comparing Figures 1 and 2, and is also supported by the results of numerous studies
on the location of the Northwest Pacific fishing grounds. In addition to the proximity
of the fishery to the Pacific Northwest, the influence of “longitude + latitude” on catch
biomass can also be explained from the perspective of the organisms themselves. The main
contributing species in the spring was Todarodes pacificus, which is distributed only in the
Pacific Ocean [9] with its distribution centered at 45-50° N. Its population is highly refugial,
and its fall spawning population is distributed south of 44° N and spawns from April to
December [17]. Todarodes pacificus is the main cephalopod species in the Northwest Pacific
fisheries and has been highly productive in recent years [5], which is generally consistent
with the results of this study. In addition, it has also been noted that Todarodes pacificus often
occurs in large aggregations around seamounts and whirlpools [9,17], and the occurrence
of topographic and hydrographic phenomena such as seamounts and whirlpools are
dependent on geographic location (longitude and latitude). In summer, the strongest
correlation between catch biomass and “sea surface temperature” was observed, decreasing
and then increasing with increasing sea surface temperature. The main summer contributor
was Ommastrephes bartramii, which is more widely distributed than Todarodes pacificus and
has a global oceanic distribution [17]. Ommastrephes bartramii has two principal intraspecific
groups, an autumn cohort and a winter-spring cohort [17]. The winter-spring cohort spawns
in winter, with incubation occurring from January to May and sometimes into August. The
location of the spawning grounds is between 20-30° N and slowly shifts with incubation to
a region of 30—40° N and 150-170° E [17,35,37]. The distribution of Ommastrephes bartramii
in Figure 7 and the time of the survey suggest that the captured Ommastrephes bartramii are
probably still in recruitment and that the recruitment of cephalopods is strongly influenced
by “sea surface temperature”, which affects their survival and growth rates [14-16].

In terms of diversity indices (Margalef richness index, Shannon-Wiener diversity
index, and Pielou uniformity index), “longitude + latitude + sea surface temperature + sea
surface salt+ Chlorophyll concentrations” jointly influenced the distribution of cephalopod
diversity in spring, “sea surface temperature” influenced the distribution of evenness,
while “longitude + Chlorophyll concentrations” affects the distribution of richness. In
summer, “latitude” influenced the distribution of diversity, “sea surface salt” influenced the
distribution of evenness, and “latitude” influenced the distribution of richness. Comparing
the results of the spring and summer analyses, we can see that “latitude” is a very important
environmental factor. In addition to the fact that the northern region of the survey area in
this study is the Pacific Northwest fishing grounds, another key reason is that environmental
gradient changes cannot increase or decrease diversity and richness, but rather promote
or emphasize differences in rates of change, while the combination of latitude and depth
can produce a gradient of diversity, although this pattern is not yet well estimated [38,39].
Most of the differences in the effects of other environmental factors on diversity indices
stem from the differences in the time of the survey. Cephalopod groups at different times
will be in different life cycles and have different dependencies on the environment.

4.3. Future Research

Understanding the species composition and distribution characteristics of cephalopods
at different spatial and temporal scales, and analyzing the correlation between the distri-
bution of cephalopod resources, the distribution of diversity indices, and environmental
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factors are very important work. Environmental changes may alter the migration routes
and timing of marine organisms, especially during the feeding and overwintering migra-
tion phases [10,29,40-42]. Choosing appropriate methods to analyze and capture the effects
of environmental factors on cephalopod resources can further explain the distribution of
resources and the movement of fishing grounds, sustainably exploit existing resources,
improve the fishing effort, protect important populations of related species (spawning
or recruitment, etc.), and develop new targets for fishing. It can also provide reference
information for studying the geographic patterns and large-scale morphological changes of
cephalopod organisms.

In future research, we need to collect more environmental data to analyze their rele-
vance to cephalopod resources, especially the oxygen data missing in this study. As the
fast-growing cephalopod with calcareous statoliths and a high demand for oxygen, the ef-
fects of acidification and ocean warming may be significant, as a range of studies is already
beginning to suggest [9,43]. The analysis of the “oxygen” factor can be combined with
climate change to conduct more in-depth studies, and the results can not only provide a
reference for the development of new fishing grounds and fishing targets in the Northwest
Pacific Ocean but also support the strategy of cephalopod resources to cope with future
climate change.

5. Conclusions

In this study, 18 species of cephalopods were captured in the spring and summer,
the diversity indexes in summer were higher than those in spring; the main contributing
species in spring was Todarodes pacificus, while the main contributing species in summer
was Ommastrephes bartramii. In general, the factors “latitude” and “longitude” have a great
impact on cephalopod catch biomass and diversity distribution in spring, and “sea surface
temperature” has a great impact on cephalopod catch biomass and diversity distribution
in summer.
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