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Abstract: To explore the impact of climate change on fishery resources, the temporal and spatial
characteristics of the thermocline in the main yellowfin tuna purse-seine fishing grounds in the
western and central Pacific Ocean during La Niña and El Niño years were studied using the 2008–2017
Argo grid data (BOA_Argo) and the log data of commercial fishing vessels. A generalized additive
model (GAM) was used to analyze the variables affecting yellowfin tuna fishing grounds. The results
showed that in La Niña years, the catch per unit effort (CPUE) moved westward as the high-value
zone of the upper boundary contracted westward to 145◦ E, and in the El Niño years this moved
eastward to 165◦ E. Compared with normal years, the upper boundary depth difference of the
thermocline on the east and west sides of the equatorial Pacific was larger in La Niña years, and the
upper boundary depth of 80–130 m shifted westward. The thermocline strength was generally weaker
in the west and stronger in the east. The thermocline had two band-like distribution structures with
an axis at 15◦ N and 15◦ S. The CPUE was distributed from 120 m to 200 m. The CPUE distribution
was dense when the temperature range of the upper boundary of the thermocline was 27.5–29.5 ◦C,
and the intensity was 0.08–0.13 ◦C·m−1. The upper-boundary temperature had the greatest impact
on the CPUE. The eastward shift of the CPUE during El Niño and the westward shift during La
Niña were associated with the optimal thermocline parameter values. The factor of year had a
fluctuating effect on the CPUE, and the influence of the La Niña years was greater. The areas with
high abundance were 5◦ N–5◦ S and 150◦ E–175◦ E. The results showed that the changes in the
thermocline caused by abnormal climate events significantly affected the CPUE.

Keywords: central and western Pacific; thermocline; yellowfin tuna; CPUE; El Niño; La Niña;
GAM model

1. Introduction

Marine fisheries, especially tropical marine fisheries, provide high-quality protein for
human diets and make a significant contribution to human and societal wellbeing. Tuna
fisheries are one of the four most highly valued fisheries worldwide [1]. Tuna fisheries had
5.2 million MT volume and USD 11.7 billion in landed value in 2018 [2]. Fleets using purse
seines are one of two primary harvest strategies in global tuna production [3]. Tuna-fishing
license fees to operate in the exclusive economic zones of several Pacific Island countries
and territories provide 30–90% of all (non-aid) government revenue, such as Kiribati,
Nauru, and Tokelau [4]. However, fishery resources and tuna capture are highly correlated
with the marine environment, and are increasingly threatened by various physical and
biogeochemical responses to climate change [5]. The fishery resources in the entire western
and central Pacific Ocean (WCPO) support major industrial tuna fisheries and a variety of
small-scale coastal fisheries. The total annual average catch from the Parties to the Nauru
Agreement (PNA) purse-seine fishery contributed more than 50% of the recent (2014–2018)
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average tuna catch from the WCPO and equates to almost 30% of the total global tuna
supply [6]. An increasing number of fishery habitat studies have focused on the impact of
marine surface environmental factors on the distribution of fishery resources. However,
there has been less research on the characteristics of the subsurface marine environment
under abnormal climate conditions and the impact on fishery resources. Climate change
threatens tropical marine fisheries [7]. The large-scale effects of abnormal climate events
on the marine environment have a significant impact on fishery resources and fishing
ground distribution. El Niño events are a prominent feature of climate variability, with
global climatic impacts [8]. The El Niño–Southern Oscillation (ENSO) is considered to
be one of the major climate events impacting tuna fisheries [9]. Research by Hampton
et al. [10,11] has shown that skipjack tuna is very sensitive to temperature changes, and the
tuna distribution shifts with the occurrence of ENSOs. The thermocline is a layer between
the upper warm water and the lower cold water where the temperature drops sharply.
The thermocline is one of the most important physical phenomena in the ocean. As the
strongest signal of inter-annual global climate change, ENSO’s occurrence, development,
and extinction are closely related to the tropical Pacific thermocline. During La Niña events,
most fleets prefer to fish in the western part of the region. The converse occurs during El
Niño episodes. Changes in the depth of the thermocline have also been demonstrated to
explain the variability in purse-seine catch rates [12]. The Oceanic Niño Index (ONI) was
calculated from the moving average of sea surface temperature anomalies (SSTAs) for three
consecutive months in the El Niño 3.4 area. According to the definitions of El Niño and
La Niña events by the National Oceanic and Atmospheric Administration (NOAA) of the
United States, an El Niño event is considered to have occurred when the ONI is greater
than +0.5 ◦C for five consecutive months, whereas a La Niña event is considered to have
occurred when the ONI is less than −0.5 ◦C for five consecutive months. According to the
definitions of La Niña and El Niño events established by the NOAA, the ONI can be used
to characterize El Niño and La Niña events as well as environmental conditions [13]. For
example, the ONI and the Southern Annular Mode (SAM) were used as proxy indices of
environmental conditions affecting penguins and krill, respectively [14], whereas Kuo-Wei
Lan used ONI as a climatic index to explore the relationship between climate change and
grey mullet (Mugil cephalus L.) in the Taiwan Strait [15].

How the thermocline changes under abnormal climate events and its relationship
with changes in fishery resources is well worth studying. In this paper, an overlay map
of thermocline parameters, including the upper boundary temperature, upper boundary
depth, thermocline thickness, and thermocline strength, was drawn with the catch per
unit effort (CPUE) distribution of yellowfin tuna under the abnormal climate mode. The
distribution patterns of the parameters in La Niña and El Niño years and the effects on the
spatial distribution of yellowfin tuna were analyzed. In addition, a generalized additive
model (GAM) was used to analyze the impact of each variable on the CPUE of yellowfin
tuna. The results can provide additional thermocline distribution information and serve as
a reference for tuna production in this area.

2. Materials and Methods
2.1. Data Sources

This study area was located at 130◦ E–130◦ W and 25◦ N–25◦ S in the WCPO. The
fishery data were obtained from the monthly fishing log data of tuna purse-seine vessels
in the WCPO from January 2008 to July 2017. Data included the name of the production
vessel, production date, longitude and latitude of the operation location, operation net
times, species type, and yield.

To better reflect the ENSO signal, the temperature and salinity data were obtained
from the Argo grid data (BOA_Argo) set [16], provided by the China Argo Real-time Data
Center. This data, with 1◦ × 1◦ horizontally and 58 standard layers with unequal distance
from 0–1975 m vertically, can provide more explicit distribution information of surface
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temperature and salinity data compared with other common datasets [17]. In this study,
we compiled the data periods consistent with the fishing log data.

The climate event data were calculated using the sea surface temperature in the El
Niño 3.4 area (https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuf
f/ONI_v5.php (accessed on 11 January 2022)) (Table 1).

Table 1. Definition of El Niño and La Niña events.

ONI Type of Event ONI Type of Event

0.5 ≤ ONI ≤ 0.9 Weak El Niño event, WE −0.9 ≤ ONI ≤ −0.5 Weak La Niña event, WL
1.0 ≤ ONI ≤ 1.4 Moderate El Niño event, ME −1.4 ≤ ONI ≤ −1.0 Moderate La Niña event, ML
1.5 ≤ ONI ≤ 1.9 Strong El Niño event, SE −1.9 ≤ ONI ≤ −1.5 Strong La Niña event, SL

ONI ≥ 2.0 Very strong El Niño event, VSE ONI ≤ −2.0 Very strong La Niña event, VSL

2.2. Data Analysis

First, to match the spatio-temporal resolution of environmental variables, the monthly
CPUE was converted to a 1◦ × 1◦ grid. The equation is as follows:

CPUEymij =
Catchymij

Effortymij
(1)

where y is the year, m is the month, i is the longitude, and j is the latitude. For the mth
month, CPUEymij is the catch per unit effort (t/net) at the ith longitude and the jth latitude,
Catchymij is the total catch at the ith longitude and the jth latitude, and Effortymij is the
fishing effort, i.e., the cumulative total operation net time, at the ith longitude and the jth
latitude.

Because the BOA_Argo datasets included 58 standard layers with unequal vertical
distances in the range of 0–1975 m, the Akima [18] interpolation method was used to inter-
polate the temperature data of Argo buoy profiles with an uneven distribution to regular
depth layers at 2 m intervals. The thermocline discrimination method [19] was used to
calculate the gradient of the temperature profile (∆T/∆H). In short, if the vertical gradient
of a certain section in a temperature profile was greater than or equal to the standard of the
lowest limit value of the deep-water thermocline (0.05 ◦C·m−1), then the section was deter-
mined to be the thermocline. The depths of the upper and lower boundary points of the
section were the upper and lower boundary depths of the thermocline, respectively. Finally,
the width of the section was the thermocline thickness. The entire vertical temperature
gradient was defined as the thermocline strength. In total, six characteristic parameters
of the thermocline were extracted: the temperature and depth of the upper boundary, the
temperature and depth of the lower boundary, and the thermocline strength and thickness.
In this study, the characteristic parameters of the thermocline from 2008 to 2017 were
divided into groups by month and displayed as filled isolines.

2.3. Generalized Additive Model

The GAM can simulate the nonlinear relationship between the response variable and
multiple explanatory variables and has been widely used in fishery management [20–22].
In this study, a GAM was used to analyze the effects of spatial and temporal variables and
environmental variables on the CPUE. The temporal variables were the year and month,
and the spatial variables were the longitude and latitude. The environmental variables
were the ONI and the six extracted parameters. The Akaike information criterion (AIC)
value method was used to select the best model. The smaller the AIC value, the higher the
fitting degree of the model [23]. The CPUE was log transformed prior to analysis [24,25].
The GAM equation is as follows:

log(CPUE + 1) = s(year) + s(month) + s(lon) + s(lat) + s(environmental variable) (2)

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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where year represents the year, month represents the month, lon represents the longitude, lat
represents the latitude, and environmental variable represents an environmental variable.

2.4. Data Processing and Analysis

Excel was used to store the fishing log data of tuna purse-seine vessels in the WCPO
and to calculate the CPUE. MATLAB R2016a software was used to read the BOA_Argo
data and to calculate and extract the six parameters of thermocline upper boundary temper-
ature and depth, lower boundary temperature and depth, and thermocline thickness and
strength, and to visually display the superposition of the subsurface SST vertical parame-
ters and CPUE. The GAM was constructed using the mgcv library of the R programming
software [26].

3. Results

The year of occurrence of an El Niño or La Niña event is defined as an El Niño year or
a La Niña year. Therefore, 2009, 2014, and 2015 were El Niño years, whereas 2008, 2010,
2011, 2016, and 2017 were La Niña years (Table 2) [27].

Table 2. ONI from 2008 to 2017 *.

Type of ENSO Year
ONI Month

1 2 3 4 5 6 7 8 9 10 11 12

WL 2008 −1.6 −1.4 −1.2 −0.9 −0.8 −0.5 −0.4 −0.3 −0.3 −0.4 −0.6 −0.7
ME 2009 −0.8 −0.7 −0.5 −0.2 0.1 0.4 0.5 0.5 0.7 1 1.3 1.6
SL 2010 1.5 1.3 0.9 0.4 −0.1 −0.6 −1 −1.4 −1.6 −1.7 −1.7 −1.6
ML 2011 −1.4 −1.1 −0.8 −0.6 −0.5 −0.4 −0.5 −0.7 −0.9 −1.1 −1.1 −1

NORMAL 2012 −0.8 −0.6 −0.5 −0.4 −0.2 0.1 0.3 0.3 0.3 0.2 0 −0.2
NORMAL 2013 −0.4 −0.3 −0.2 −0.2 −0.3 −0.3 −0.4 −0.4 −0.3 −0.2 −0.2 −0.3

WE 2014 −0.4 −0.4 −0.2 0.1 0.3 0.2 0.1 0 0.2 0.4 0.6 0.7
VSE 2015 0.6 0.6 0.6 0.8 1 1.2 1.5 1.8 2.1 2.4 2.5 2.6
WL 2016 2.5 2.2 1.7 1 0.5 0 −0.3 −0.6 −0.7 −0.7 −0.7 −0.6
WL 2017 −0.3 −0.1 0.1 0.3 0.4 0.4 0.2 −0.1 −0.4 −0.7 −0.9 −1
WE 2018 −0.9 −0.8 −0.6 −0.4 −0.1 0.1 0.1 0.2 0.4 0.7 0.9 0.8

* WE stands for weak El Niño event, WL stands for weak La Niña event, ME stands for moderate El Niño event,
ML stands for moderate La Niña event, SE stands for strong El Niño event, SL stands for strong La Niña event,
VSE stands for very strong El Niño event, and VSL stands for very strong La Niña event. The bold numbers
represent abnormal climatic events.

3.1. Temporal and Spatial Variation of Upper Boundary Temperature and Depth of the Thermocline
with Catch

The ENSO had a significant impact on the spatial distribution of the yellowfin tuna
purse-seine fishing grounds in the WCPO. The superposition of thermocline parameters in
a typical La Niña year (2010), normal year (2013), and El Niño year (2015) and the CPUE
of yellowfin tuna were analyzed. The results (Figure 1) show that in the La Niña year,
the high-value zone of 28–29 ◦C of the upper boundary temperature of the thermocline
moved westward. The CPUE moved westward to the west of 170◦ E as the high-value zone
of the upper boundary temperature contracted westward to 145◦ E. In the El Niño year,
the high-value zone of 28–29 ◦C of the upper boundary temperature of the thermocline
expanded eastward. The CPUE moved eastward to the east of 165◦ E with the eastward
expansion of the high-value zone of the upper boundary temperature to 173◦ W. Yellowfin
tuna is a warm-water fish species whose habitat and spawning area need to be above a
certain water temperature. Therefore, the upper boundary temperature of the thermocline
will affect the spatial distribution of yellowfin tuna [25].
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In the normal year (2013), the upper boundary depth of the thermocline in the equa-
torial Pacific was deeper in the west and shallower in the east. In the typical La Niña
year (2010) compared with the normal year (2013), the upper boundary depth difference
of the thermocline on the east and west sides of the equatorial WCPO was larger. The
upper boundary depth of 80–130 m was shifted westward, which may have been due to the
enhancement of Walker circulation and southeast trade winds in the La Niña year. In the
El Niño year (2015) compared with the normal year, the difference of the upper boundary
depth of the thermocline on the east and west sides of the equatorial WCPO in the El Niño
year was smaller. The upper boundary depth of 80–130 m moved eastward.
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Figure 1. Overlay distribution of the upper temperature of the thermocline, the upper depth of the
thermocline, and the catch per unit effort (CPUE) of yellowfin tuna. (a) The upper temperature of
the thermocline in a La Niña year (2010); (b) the upper depth of the thermocline in a La Niña year
(2010); (c) the upper temperature of the thermocline in a normal year (2013); (d) the upper depth of
the thermocline in a normal year (2013); (e) the upper temperature of the thermocline in an El Niño
year (2015); (f) the upper depth of the thermocline in an El Niño year (2015).

3.2. Temporal and Spatial Variation of Thermocline Strength and Thickness with Catch

As shown in Figure 2, the thermocline strength was weaker in the west and stronger in
the east. The thermocline strength in the La Niña year was greater than that in the El Niño
year in the area of 180◦ W of the equatorial WCPO. Conversely, the thermocline strength in
the La Niña year was less than that in the El Niño year in the area of the 180◦ E region. On
the whole, the thermocline thickness was greater in the west and lesser in the east. There
was a thick band-like structure on each side, with an axis of 15◦ N and 15◦ S. The CPUE was
mainly distributed in the thickness of 120–200 m. Figure 3 illustrates how the maximum
CPUE value of yellowfin tuna was shifted westward in longitude and southward in latitude
in the La Niña year, and shifted eastward in longitude and northward in latitude in the El
Niño year.

The annual output was high in La Niña years such as 2008, 2010, 2011, and 2016
(Figure 4). The main operation area was located in the center of the WCPO warm pool in La
Niña years. The SST was very suitable for the growth of yellowfin tuna. Therefore, both the
catch and resource abundance were high in La Niña years. The annual production was low
in El Niño years such as 2009 and 2015. In El Niño years, the western Pacific thermocline
became shallower, whereas the eastern and central Pacific thermocline became deeper.
In La Niña years, however, the western Pacific thermocline became deeper, whereas the
eastern and central Pacific thermocline became shallower. Hence, the thermocline variation
would have caused changes in the yellowfin tuna central fishing grounds. The variation
patterns between annual catch and CPUE were consistent.
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Figure 2. Overlay distribution of the strength and thickness of the thermocline and the catch per
unit effort (CPUE) of yellowfin tuna. (a) The strength of the thermocline in a La Niña year (2010);
(b) the thickness of the thermocline in a La Niña year (2010); (c) the strength of the thermocline in a
normal year (2013); (d) the thickness of the thermocline in a normal year (2013); (e) the strength of the
thermocline in an El Niño year (2015); (f) the thickness of the thermocline in an El Niño year (2015).
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Figure 3. Distribution of catch per unit effort (CPUE) with longitude (a) and latitude (b) for yellowfin
tuna in the central and western Pacific.
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Figure 4. Annual catch and catch per unit effort (CPUE) statistics of yellowfin tuna in the central and
western Pacific.

3.3. Analysis Results of the GAM

The GAM was used to analyze the impact of environmental variables on the temporal
and spatial variation of yellowfin tuna catch. The results show that the AIC value of
the model decreased with the number of factors. The final model retained all the input
variables. Meanwhile, the AIC value of the model was the lowest, with a CPUE total
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variance interpretation of 21.1%, as illustrated in Table 3. In the model, the contribution
of variables explaining the change in CPUE indicated the degree of impact on CPUE. The
contribution of the time factor was 15.4%, that of the spatial factor was 2.5%, and that of the
environmental factors was 3.2% (Table 4). The year was the most important factor, followed
by the ONI, month, latitude, longitude, and upper boundary temperature and depth of
thermocline, whereas thermocline strength and thickness had little impact on the GAM.

Table 3. Statistical characteristics of GAM models.

Formulae AIC Deviance/% R2adj

Log(CPUE + 1) = s(y) 11,712.65 13.7 0.135
Log(CPUE + 1) = s(y) + s(m) 11,637.99 15.4 0.151

Log(CPUE + 1) = s(y) + s(m) + s(lat) 11,570.29 16.8 0.164
Log(CPUE + 1) = s(y) + s(m) + s(lat) + s(lon) 11,521.25 17.9 0.174

Log(CPUE + 1) = s(y) + s(m) + s(lat) + s(lon) + s(upt) 11,485.4 18.6 0.181
Log(CPUE + 1) = s(y) + s(m) + s(lat) + s(lon) + s(upt) + s(dh) 11,472.67 18.9 0.184

Log(CPUE + 1) = s(y) + s(m) + s(lat) + s(lon) + s(upt) + s(dh) + s(uph) 11,468.99 19.1 0.186
Log(CPUE + 1) = s(y) + s(m) + s(lat) + s(lon) + s(upt) + s(dh) + s(uph) + s(intensity) 11,458.37 19.2 0.187

Log(CPUE + 1) = s(y) + s(m) + s(lat) + s(lon) + s(upt) + s(dh) + s(uph) + s(intensity) + s(ONI) 11,361.8 21.1 0.205

Note: y—year; m—month; lat—latitude; lon—longitude; upt—upper temperature of the thermocline; uph—upper
depth of the thermocline; dh—thickness of the thermocline; intensity—strength of the thermocline; ONI—Oceanic
Niño Index; GAM—generalized additive models.

Table 4. Test values of generalized additive models (GAM).

Variable edf Ref. df F P Contribution
Rate (%)

Year 8.046 8.757 75.019 <0.001 13.7
Month 6.394 7.550 6.030 2.72 × 10−7 1.7

Latitude 4.757 5.809 12.212 5.51 × 10−13 1.4
Longitude 5.768 6.783 10.550 3.27 × 10−12 1.1

Upper temperature 1.000 1.000 9.311 0.002 29 0.7
Thickness of thermocline 1.000 1.000 1.052 0.305 02 0.3

Upper depth of thermocline 1.000 1.000 0.287 0.592 13 0.2
Intensity 1.000 1.001 9.390 0.002 19 0.1

ONI 8.109 8.750 14.491 <0.001 1.9

The effects of spatial and temporal variables on the CPUE were nonlinear, whereas the
effects of the upper boundary temperature and depth of the thermocline and thermocline
thickness and strength on the CPUE among environmental variables were linear (Figure 5).
As shown in Figure 5, (1) the purse-seine CPUE of yellowfin tuna decreased from 2008 to
2009, barely fluctuated from 2009 to 2010, decreased from 2011 to 2012, and then increased
by 2016. Hence, the impact of the year on the CPUE fluctuated. The confidence intervals
were narrow in 2008, 2011, and 2013, indicating that those La Niña years had a strong
impact on the CPUE. (2) The CPUE of yellowfin tuna changed little in different months. It
remained unchanged from January to April, increased slightly by June, and then began to
fluctuate. (3) The impact curve of latitude on the CPUE presented a dome shape. The CPUE
value was the largest in the 0◦ equatorial region. The 95% confidence interval was narrow,
and the confidence level was high. The CPUE increased with latitude from 10◦ S–0◦ and
decreased with latitude from 0–5◦ N, showing that the CPUE increased gradually as the
latitude approached the equator. (4) The CPUE increased with the increase in longitude
from 140–150◦ E. However, the confidence interval was large, and the confidence level was
low. The CPUE fluctuated and the confidence interval was narrow at 150–175◦ E, indicating
that the meridional space close to the CPUE was 150–175◦ E. Moreover, the confidence level
dropped with the increase in longitude and the expansion of the confidence interval in the
east of 175◦ E.



Sustainability 2022, 14, 1217 12 of 16

Sustainability 2022, 14, x FOR PEER REVIEW 12 of 16 
 

The effects of spatial and temporal variables on the CPUE were nonlinear, whereas 

the effects of the upper boundary temperature and depth of the thermocline and thermo-

cline thickness and strength on the CPUE among environmental variables were linear 

(Figure 5). As shown in Figure 5, (1) the purse-seine CPUE of yellowfin tuna decreased 

from 2008 to 2009, barely fluctuated from 2009 to 2010, decreased from 2011 to 2012, and 

then increased by 2016. Hence, the impact of the year on the CPUE fluctuated. The confi-

dence intervals were narrow in 2008, 2011, and 2013, indicating that those La Niña years 

had a strong impact on the CPUE. (2) The CPUE of yellowfin tuna changed little in differ-

ent months. It remained unchanged from January to April, increased slightly by June, and 

then began to fluctuate. (3) The impact curve of latitude on the CPUE presented a dome 

shape. The CPUE value was the largest in the 0° equatorial region. The 95% confidence 

interval was narrow, and the confidence level was high. The CPUE increased with latitude 

from 10° S–0° and decreased with latitude from 0–5° N, showing that the CPUE increased 

gradually as the latitude approached the equator. (4) The CPUE increased with the in-

crease in longitude from 140–150° E. However, the confidence interval was large, and the 

confidence level was low. The CPUE fluctuated and the confidence interval was narrow 

at 150–175° E, indicating that the meridional space close to the CPUE was 150–175° E. 

Moreover, the confidence level dropped with the increase in longitude and the expansion 

of the confidence interval in the east of 175° E. 

 

Figure 5. Effects of predictor variables: (a) year, (b) month, (c) Latitude, (d) Longitude, (e) thermo-

cline upper temperature, (f) thermocline upper depth, (g) Thermocline thickness, (h) thermocline 

strength,and (i) the Oceanic Niño Index, derived from the generalized additive model (GAM) on 

catch per unit effort (CPUE). 

Figure 5. Effects of predictor variables: (a) year, (b) month, (c) Latitude, (d) Longitude, (e) thermocline
upper temperature, (f) thermocline upper depth, (g) Thermocline thickness, (h) thermocline strength,
and (i) the Oceanic Niño Index, derived from the generalized additive model (GAM) on catch per
unit effort (CPUE).

Among the environmental variables, the relationship between the upper boundary
temperature of the thermocline and the CPUE showed that the upper boundary temperature
of the thermocline in the yellowfin tuna fishing grounds was between 27 and 30 ◦C, with
an optimal upper boundary temperature range of 27.5–29.5 ◦C. The upper boundary depth
of the thermocline was between 50 and 150 m. The optimal upper boundary depth range
was 80–120 m. The thermocline thickness of the fishing grounds was between 100 and
200 m. The CPUE increased with the thickness of the thermocline. However, the confidence
interval increased, and the confidence level decreased. The thermocline strength of fishing
grounds was between 0.08 and 0.13 ◦C·m−1 and was positively correlated with the CPUE.
The CPUE increased with the increase in ONI, and 0.3 was the maximum value. ONI in the
range of −1–0.6 was closely related to CPUE.

4. Discussion

Temperature is a key environmental factor affecting fish activities [28]. It can directly
and indirectly affect fish life activities, such as spawning [29], embryonic development [30,31],
survival rate [32], feeding metabolism [33], migration [34], and habitat distribution [35].
Yellowfin tuna is a warm-water fish species that needs a certain water temperature to inhabit
and spawn. The temporal and spatial variation of thermocline characteristic parameters of
yellowfin tuna fishing grounds in the WCPO in El Niño and La Niña years shows that the
CPUE in a La Niña year moved westward to 170◦ E as the high-value zone of the upper
boundary temperature contracted westward to 145◦ E. In an El Niño year, the CPUE moved
eastward with the eastward expansion of the high-value zone of the upper boundary
temperature, which generally moved eastward to the east of 165◦ E. The reason may be that
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the upper boundary temperature of the thermocline affects the tuna spatial distribution.
The high-value zone of 27–29.5 ◦C of the upper boundary temperature in El Niño years
expanded eastward, whereas that in La Niña years moved westward. Furthermore, changes
in the vertical structure of the water temperature profile also affect the horizontal spatial
distribution and fishing mode for tuna [36]. To summarize, the CPUE distribution of fishing
grounds in El Niño and La Niña years change with the eastward expansion or westward
shift, respectively, of the upper boundary temperature of the thermocline, which makes new
areas suitable for fishing grounds. Thermocline changes in the tropical Pacific are caused
by SSTAs, which consist of enhanced deep atmospheric convection and westerly wind
anomalies in the central Pacific. During all El Niño events, weaker equatorial trade winds
produce an eastward shift of the western Pacific warm pool, and a deeper thermocline
response to this wind anomaly in turn reinforces the initial warming. Sea-level anomalies in
this area exhibit a zonal seesaw indicative of a deeper (shallower) thermocline in the eastern
(western) equatorial Pacific [37,38]. The strong temperature gradient of the thermocline
is a physical barrier for skipjack and juvenile yellowfin and bigeye tuna, whereas adult
yellowfin and bigeye tuna can dive below the thermocline to chase mesopelagic prey.
Therefore, changes in the vertical thermal structure of the ocean associated with ENSO
can potentially impact the catchability of tuna species by different fishing gears. Purse
seiners targeting surface tuna use the top of the thermocline as a lower barrier to trap tuna
schools [39].

In order to accurately analyze the relationship between the abnormal climate phenom-
ena and the abundance and spatial-temporal distribution of yellowfin tuna resources in
the WCPO, this study explored the impacts of environmental variables on the temporal
and spatial variation in yellowfin tuna catch by using a generalized additive model (GAM)
and analyzing the optimal environmental parameters of the thermocline where the fishing
grounds were located. The results showed that the contribution of the time factor was
15.4%, that of the spatial factor was 2.5%, and that of the environmental factors was 3.2%.
The upper boundary temperature of the thermocline in yellowfin tuna fishing grounds
was mostly between 27 and 30 ◦C. The optimal upper boundary temperature range was
27.5–29.5 ◦C. The upper boundary temperature of the thermocline had the greatest impact
among the subsurface environmental factors.

According to the analysis results of spatial superposition and the GAM, the thermo-
cline strength in the WCPO was weaker in the west and stronger in the east. The 180◦ W
region of the equatorial WCPO was the main fishing area in which the thermocline strength
in La Niña years was greater than that in El Niño years. Conversely, the thermocline
strength in La Niña years was less than that in El Niño years in the 180◦ E region. Moreover,
the CPUE was closely related to the thermocline in the strength range of 0.08–0.13 ◦C·m−1.

Regarding the upper boundary depth of the thermocline, the thermocline was thicker
in the west and thinner in the east. There was a thick band-like structure on each side with
an axis spanning 15◦ N and 15◦ S. The CPUE was distributed in the range of 120–200 m.
The width of the thermocline in the WCPO in La Niña years was lesser than in El Niño
years. GAM analysis showed that the upper boundary depth of the thermocline where the
fishing grounds were located was between 50 and 150 m. In addition, the optimal upper
boundary depth of the thermocline where the fishing grounds were located ranged from
80 to 120 m, which was consistent with the 70–109 m suitable upper boundary depth of
the thermocline for yellowfin tuna in the WCPO [40]. Compared with the normal years,
the upper boundary depth difference of the thermocline on the east and west sides of the
equatorial WCPO was larger in La Niña years, and the upper boundary depth value of
80–130 m was shifted westward. Compared with normal years, the upper boundary depth
difference of the thermocline on the east and west sides of the equatorial WCPO decreased
in El Niño years. The upper boundary depth value of 80–130 m moved eastward.

Studies [41,42] have suggested that the center of gravity of the catch in the WCPO
moves eastward and southward in El Niño years, and moves slightly westward and north-
ward in La Niña years. This is consistent with the conclusion of this study for longitude.
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The slight difference in latitude may be the result of different research objects. The research
object of this paper was yellowfin tuna, whereas other studies in the literature [28] consid-
ered skipjack tuna. Moreover, the time series of the research data were inconsistent. The
data used in this article are relatively updated data, which may also have led to differences.
According to the statistical results of the catch in this paper, the yield in La Niña years was
higher than that in El Niño years. Chen et al. [43] found that the yield was higher in La
Niña years and lower in El Niño years when studying the effects of El Niño and La Niña
on skipjack abundance in the WCPO. Deary et al. [44] also found that the production of
yellowfin tuna in the central Pacific increased significantly in La Niña years. This may
be because the upper boundary depth of the thermocline in the WCPO in La Niña years
is deeper than in El Niño years, and the thermocline strength is higher than in El Niño
years. In La Niña years, the suitable vertical habitat space of yellowfin tuna in this area is
compressed, which is conducive to surface fishing and high catch. In contrast, the catch is
lower during El Niño years [45,46]. In addition, the vertical structure of the thermocline
has little impact on the fishing ground due to purse-seine operation. However, the thermo-
cline changes caused by abnormal climate events have significant impacts on the CPUE.
This study provides a reference for purse-seine tuna production in the tropical WCPO in
abnormal climate years and for the study of the relationship between the temporal and
spatial distribution of tuna and the thermocline.
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