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Abstract

Relationship between upper—ocean variability and tuna
catches in the tropical western Indian and Pacific

Oceans

Jihwan Kim

School of Earth and Environmental Sciences
The Graduate School

Seoul National University

Tuna catches are strongly influenced by physical ocean
environmental variables, including sea surface temperature,
thermocline depth, and current velocity. Therefore, it is crucial to
understand the relationship between ocean environmental variability
and tuna catches in order to explain the changes in tuna fisheries. This
dissertation investigated the statistical relationship between ocean
environmental variability and annual catches of skipjack (Katsuwonus
pelamis), yellowfin ( Thunnus albacares), and bigeye ( Thunnus obesus)
tuna, the most abundant tuna species in the tropical western Indian and
Pacific Oceans, where the largest tuna catches were recorded over 25

years.

The statistical relationship between ocean environmental
variability and annual tuna catches in the southwestern tropical Indian

Ocean (SWTIO) suggests that the catches of yellowfin and bigeye tuna



in the northern region of the SWTIO increase as the thermocline and
20° C isotherm deepen. Further analysis reveals that the favorable
ocean conditions for tuna catches develop during El Nifio years and
persist in the following years. However, it is difficult to explain the
changes in the tuna catches in the southern region of the SWTIO based
on the relationship with ocean environmental variability, mainly
because the variance of ocean environmental variables is relatively

weak.

In the Western Central Pacific (WCP), annual catch amounts of
skipjack tuna increase under La Nifia—-like conditions in the western
region, whereas El Nifio—like conditions are associated with increased
skipjack tuna catches in the eastern region, indicating a zonal
difference. Moreover, compared to the skipjack tuna catch amount, the
yvellowfin and bigeye tuna catch amounts exhibit opposite
characteristics in terms of their statistical relationship with the ocean

environmental variables.

The predictability of the annual catch amount was examined for
the skipjack tuna in the WCP. The results show that subsurface
temperature or near—surface salinity can be a good predictor of the

catch variability, which suggests potential predictability of the annual

catch amounts of other tuna species, such as yellowfin and bigeye tuna.
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This dissertation contributes to understanding the statistical
relationship between ocean environmental variables and tuna catches,
which could assist in the sustainable management of tuna fisheries. It
also highlights that the potential predictability of the catch amount
would increase over the regions with stronger environmental

variability.

Keyword: Tuna catches, El Nifio-Southern Oscillation, Southwestern

Tropical Indian Ocean, Western Central Pacific Ocean
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1. Introduction

The tuna fishing industry is a major player in the global economy
with a rich history spanning several centuries. It has been instrumental
in the development of many countries, providing critical support to
local economies, creating jobs, and ensuring a steady supply of fresh
protein for communities (Remold & Gudmundsson, 2018). The
industry's economic reach is vast, with an estimated $40 billion in
economic activity generated globally in 2018 (Figure 1.1) (Gibbon &

Galland, 2020)

skipjack [ | $16.1 billion, 39.52%

Albacore | $2.1 billion, 5.16*
Bigeye $4.3 billion, 10.55%
Yellowfin $15.8 billion, 38.66*

Atlantic Bluefin | $1.1 billion, 2.68%
Pacific Bluefin $794 miIIion, 1.94*

Southern Bluefin $604 million, 1.48%
0% 10% 20% 30% 40% 50% 60%

Figure 1.1 The total end tuna values of each species in 2018.
Retrieved from https://www.pewtrusts.org/en/research—and-
analysis/reports/2020/10/netting—billions-2020-a-global-tuna-
valuation.

The collection of access fees from foreign fishing fleets operating
in a country's Exclusive Economic Zone (EEZ) is a key aspect of the
industry's impact (Williams & Terawasi, 2010). This underscores the
1 o 1 &)
¥ - = —7
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importance of the tuna fishing industry to the global economy and is a
significant source of funding for many countries. Ensuring the
continued success of the tuna fishing industry depends on
understanding the current and future availability of tuna species in
each EEZ. This requires careful monitoring and management to
maintain the health of tuna populations and ensure the long—term
viability of the industry. In conclusion, the tuna fishing industry is an

important player in the global economy, providing vital support to local

economies, creating jobs, and ensuring a steady supply of fresh protein.

The skipjack tuna (Katsuwonus pelamis), yellowfin tuna ( 7hunnus
albacares), and bigeye tuna ( 7hunnus obesus) are three highly prized
species of tuna found in tropical and temperate oceanic waters around
the world (Williams & Terawasi, 2010; Table 1.1). These species are
members of the Scombridae family, which also includes mackerels and
bonitos, and are known for their exceptional swimming abilities and
predatory instincts (Remold & Gudmundsson, 2018). These tunas are
not only important to the ocean ecosystem as top predators, but also
play an important role in the global economy through their commercial

value in fisheries.



Table 1.1 The physiologies of skipjack tuna (Katsuwonus pelamis),
yvellowfin tuna ( 7hunnus albacares), and bigeye tuna ( 7hunnus obesus).

Life Maturity Optimal Growth

Span Age Temperature Diet
Skipjack Syears 10 months 19-26°C Small organisms frot_n upper
tuna layers (thermocline)
Yellowfin 210 Small organisms from upper
tuna 7 years 2 years 26-31°C and middle layers
Over o 11 . Small organisms from upper
Bigeye tuna 10 2 years 27 Co(]uvemle) layers (juvenile) and
10°C (adult) .
years mesopelagic prey (adult)

The skipjack tuna is the smallest of the three species and is
distinguished by its yellowish—-brown dorsal side and white ventral
side (Brill, 1994; Langley et al., 2009). It grows to an average length
of 36 inches and is typically found in upper oceanic waters less than
100 meters deep, with an optimal temperature range of 19-26° C and
oxygen levels greater than 3.75 ml/L (Brill, 1994; Senina et al., 2018).
It feeds on small organisms found in the upper layers of the ocean and

prefers warm waters (Ashida et al., 2009; Senina et al., 2018).

The yellowfin tuna is larger than the skipjack tuna and is found in
tropical and subtropical oceans throughout the world (Tremblay—
Boyer et al., 2017). It is found at mid-depths and feeds on small

organisms in the upper and middle layers (Schaefer et al., 2011; Senina

A&l 8]
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et al., 2018). Its optimum temperature range for larvae is 26-31° C
and it can survive in waters with lower oxygen levels than the skipjack
tuna (Schaefer & Oliver, 1998; Wexler et al., 2011; Nicol et al., 2022).
It feeds on small organisms found in the upper and middle layers of

the ocean (Senina et al., 2018).

The bigeye tuna is the largest of the three species and has a longer
life span, older age at maturity, and lower natural mortality than the
skipjack (Brill, 1994; Hampton & Gunn, 1998; Farley et al., 2017).
Juvenile bigeye tuna is often found in the surface layer with skipjack
tuna, but as they mature, they explore deeper layers and have a wider
temperature range, from 27° C for the youngest to 10° C for the
oldest (Lehodey et al.,, 2010). This species has a better
thermoregulatory system and can survive in waters with lower levels
of oxygen than either the skipjack or the yellowfin tuna (Evans et al.,
2008; Schaefer & Fuller, 2010). The bigeye tuna feeds on small
organisms from the upper layers during the juvenile period and on

mesopelagic prey during the adult period (Senina et al., 2018).

In summary, skipjack, yellowfin, and bigeye tuna play a critical
role in the ocean ecosystem as top predators and also impact the

global economy through their importance in the fishing industry.



Valued for their swimming and hunting abilities, these species vary in
size, body shape, coloration, and feeding habits. For their conservation
and the continued success of the fishing industry, understanding the
unique characteristics and habitat requirements of each species is

essential.

These three tuna species are primarily caught using longline and
purse seine fishing techniques. Longline (LL) fishing can last for
several weeks, with lines containing thousands of hooks and bait

(Figure 1.2) (Nakano et al., 1997; Morato et al., 2010).

The LL method is commonly used in the deep ocean to target adult
yellowfin and bigeye tuna which are typically found in deeper waters
(Lehodey, 2000). The purse-seine (PS) method is a surface gear that
uses a square net or circle of netting to encircle schools of juvenile
tuna with its larger mesh sizes, making it an effective method for
catching pelagic, small-sized juvenile tuna species such as skipjack
tuna and juvenile yellowfin and bigeye tuna found in relatively shallow

waters (shallower than about 200 meters) (Figure 1.3) (Green, 1967).



Figure 1.2 Schematic of the LL fishing method. Retrieved from
https://www.msc.org/what-we—are—doing/our—approach/fishing-
methods—and—-gear—-types/longlines.
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Figure 1.3 same as Figure 1.2, but for the PS fishing method. Retrieved
from https://www.msc.org/what-we—are—doing/our—
approach/fishing—-methods—and-gear-types/purse—seine.
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The El Nifio-Southern Oscillation (ENSO) has a significant impact
on tuna populations by affecting the distribution, biomass, and
availability of micronekton, a key food source for tuna (Lehodey et al.,
2011; Bell et al., 2013; Senina et al., 2018). This can lead to shifts in
population dynamics and productivity, resulting in increased mortality
and reduced production in tuna fisheries (Lehodey et al., 2011). The
sensitivity of tuna to changes in their trophic sources is well known,
and a decrease in micronekton during ENSO events can severely
impact the health of tuna populations (Lehodey et al., 2011). Previous
studies suggest that the distribution of skipjack tuna is linked to the
zonal shift of the equatorial Pacific warm pool, which is influenced by
ENSO (Figure 1.4) (Lehodey et al., 1997). During El Nifo, the western
equatorial Pacific warm pool expands eastward, shifting the habitat of
skipjack tuna eastward. On the other hand, during La Nifia, the warm
pool contracts westward, causing the skipjack habitat to shift
westward. This leads to changes in the spatial distribution of skipjack

catches in response to ENSO.
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Figure 1.4 Displacements of tagged skipjack tuna. (top) Tuna released
May 1991, recaptured before February 1992 (El Nifio years). (bottom)
Tuna released March 1992, recaptured before October 1992 (La Nifia
years) (Figure adapted from Lehodey et al., 1997).

The thermocline acts as a barrier to vertical migration for juvenile
tuna, but adult yellowfin and bigeye tuna can dive below the
thermocline to access mesopelagic prey (Schaefer & Fuller, 2010;
Aoki et al., 2020). ENSO can have a significant impact on the habitat
of adult tuna, resulting in changes in their catchability. The variability
in thermal structure caused by ENSO can lead to a shallowing of the
thermocline in the western Pacific during El Nifio, resulting in
increased catchability for the surface tuna fishery (Lehodey, 2000;
Harley et al., 2011). This can lead to higher yields for fishermen

targeting adult tuna in these areas. On the other hand, during La Nifia,

the thermocline deepens, reducing the catchability of yellowfin and
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bigeye tuna and leading to lower yields for fishermen.

It's important to note that the effect of ENSO on the catchability
of different tuna species caught by different fishing techniques also
depends on the depth of the thermocline. This is because the
thermocline can act as a physical barrier, making it more difficult to
target and catch adult tuna, especially those caught by purse seine
fishing techniques. In addition, the migration patterns of adult tuna can

also be influenced by ENSO, which can further affect their catchability.

The interdependence between ocean environmental conditions
and tuna populations is a well-established phenomenon that has been
observed in several ocean basins, reinforcing the critical importance
of its consideration in the management of tuna fisheries. This is
because each ocean basin has its own unique physical and biological
characteristics that have a profound effect on the distribution,
migration patterns, and behavior of tuna. For example, the western
Indian Ocean is known for its strong coastal upwelling that occurs
along the eastern coasts of African countries such as Madagascar,
Africa, and Sumatra (Saji et al., 1999, POSEIDON et al.,, 2014;
Varghese et al., 2019). This upwelling results in an abundant supply of

nutrients that lead to a thriving population of phytoplankton and



zooplankton, which serve as the foundation of the food chain that
supports the growth and prosperity of tuna populations (Hermes and
Reason, 2008). The Indian Ocean Dipole, a climatic event that causes
oceanic and atmospheric perturbations, can enhance or diminish the
effects of upwelling, thus affecting the overall productivity of the
western Indian Ocean and the availability of tuna in the region (Kumari
et al., 1993; Mohri and Nishida, 2000; Ménard et al., 2007; Lan et al.,
2013). In the North Atlantic, the 20° C isotherm depth is a useful
predictor of the distribution of bigeye tuna (Lan et al., 2018). This is
because the 20° C isotherm is known to be a preferred habitat for
bigeye tuna, providing an optimal thermal environment for feeding,
growth, and reproduction (Lan et al., 2018). Changes in the depth of
the 20° C isotherm can affect the distribution and catchability of
bigeye tuna because the shallow depth of the isotherm can increase
the catchability of bigeye tuna caught by fishing gear such as longlines

(Nakano et al., 1997; Morato et al., 2010).

Thus, it's clear that ocean environmental variability and its impact
on the distribution and abundance of tuna populations is an important
aspect of tuna management and conservation. Climate wvariability,
including ENSO and IOD, can have a significant impact on the

distribution, migration, and behavior of tuna, affecting their
10



catchability and productivity. As a result, effective tuna management
and conservation require that fishers, policymakers, and researchers
consider these effects and the specific ocean conditions of each ocean
basin when making tuna management and conservation decisions to
effectively manage these wvaluable resources and ensure the

sustainability of tuna populations.

Recently, the overexploitation of tuna stocks has raised serious
concerns about the sustainability of these fish populations, which play
a critical role in the ocean ecosystem and the livelihoods of millions of
people around the world (Ritchie & Roser, 2021). The declining
biomass of these fish species has led to a reduction in total catch and
an increase 1in fishing efforts, resulting in higher economic and social

costs for the fishing industry and the communities that depend on it.

To mitigate the effects of overfishing, it is essential to understand
the factors contributing to the decline of tuna populations and the
interactions between fisheries and the ocean environment. This
requires a thorough examination of the relationship between fishery
productivity and ocean environmental variability, as well as the
influence of other human activities, such as fishing gear selectivity and

migration patterns of the species.

11



In conclusion, it is essential to address the decline of tuna
populations by examining the relationship between fishing and
environmental variability to ensure the sustainability of these valuable
resources. This requires a multidisciplinary approach that integrates
knowledge from marine biology, ecology, oceanography, and fisheries

science.

By examining the interplay between ocean environmental
variables (e.g, temperature, salinity, current, DO, etc.) and fishery
productivity, this dissertation will help identify tuna catch variability
undulated by climate variability and inform strategies for sustainable
management. This dissertation aims to provide a comprehensive and
up—to—date understanding of the relationship between fishery
productivity and ocean environmental variables in the tropical Pacific

and Indian Oceans.

Chapter 2 focuses on the southwestern tropical Indian Ocean,
another important region for tuna populations. This region 1is
characterized by strong coastal upwelling and the Indian Ocean Dipole,
a climate phenomenon that can significantly affect environmental
variability and, in turn, fishery productivity. By analyzing available data

on yellowfin and bigeye tuna catches, this chapter examines the

12



relationship between ocean environmental variability and fishery

productivity in the southwestern tropical Indian Ocean.

Chapter 3 shifts the focus to the western central Pacific Ocean,
home to some of the world's largest tuna fisheries. This region is
characterized by strong ocean currents and warm sea surface
temperatures that create a productive environment for tuna
populations. Through an analysis of available data, this chapter
examines the relationship between ocean environmental variability and
the productivity of tuna fisheries in the western central Pacific,
including catches of skipjack, yellowfin, and bigeye tuna, and evaluates
the potential predictability of the annual catches of skipjack tuna in the

FSM.

The results of this dissertation will provide valuable insights for
the development of strategies aimed at the sustainable management
and conservation of these important fishery resources. In addition, it
will contribute to the broader field of ocean science and fisheries
management by elucidating the relationship between tuna catches and
the variability of ocean environmental factors, and by presenting

statistical predictive results derived from this relationship.

13



2. Relationship between upper—ocean
variability and tuna catches in the
southwestern tropical Indian Ocean

2.1. Introduction

The western tropical Indian Ocean is a valuable fishing ground for
pelagic tuna due to the high biological productivity associated with
monsoons and upwelling near the equator (POSEIDON et al., 2014;
Varghese et al.,, 2019). In addition, the Southwest Tropical Indian
Ocean (SWTIO) is one of the fishing grounds for yellowfin tuna (YFT;
Thunnus albacares) and bigeye tuna (BET; 7hunnus obesus). Four
EEZs (Republic of Seychelles, Republic of Mauritius, Tromelin Island,
and Reunion Island) are included in the SWTIO (Figure 2.1a; from north
to south). YFT and BET are among the dominant species caught in this
area (Figure 2.1b). In the Indian Ocean, the Indian Ocean Dipole (I0D)
is known to influence upwelling conditions (Saji et al., 1999). During
the negative phase of the IOD, the increase in YFT catches in the
western Indian Ocean (including the marginal and high seas) has been
reported to be associated with a shoaling of near—-surface isotherms
and an increase in primary production and food availability (Kumari et
al., 1993; Mohri and Nishida, 2000; Ménard et al., 2007; Lan et al.,

2013).
14



(b) Catch amount of five dominant species in the SWTIO

[~= Skyemporor
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Figure 2.1 (a) Mean SSH (color shading and contours) and wind
velocity (vectors) in the tropical Indian Ocean for 1990-2014. Red
contour lines illustrate the boundaries of the four exclusive economic
zones (the Republic of Seychelles, the Republic of Mauritius, Tromelin
Island, and Reunion Island) in the SWTIO. (b) The annual catch amounts
of the five dominant species (skyemperor, yellowfin tuna, bigeye tuna,
jacks, and blue shark) in the SWTIO during 1990-2014. The red and
blue lines denote the catch amounts of yellowfin tuna and bigeye tuna,
respectively, and the orange line denotes the catch amount of Thunnus
genus (yellowfin tuna + bigeye tuna).
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The isotherm depths show a meridional difference between the
northern (0° -12° S, EEZ of the Republic of Seychelles) and the
southern SWTIO (12° S-25° S, EEZs of the Republic of Mauritius,
Tromelin Island, and Reunion Island). The mean sea surface height
(SSH) in the northern region is relatively low compared to that in the
southern region (Figure 2.1a). This meridional difference in SSH is
mainly due to a pronounced upwelling in the northern SWTIO, called
the Seychelles-Chagos Thermocline Ridge (SCTR, 5° -10° S)
(Hermes and Reason, 2008; Vialard et al., 2009). Therefore, isotherms,
including the thermocline and D20, are shallower in the northern
region. Changes in isotherm depths and the associated upwelling
variability could play an important role in the interannual variability of

YFT and BET catches in SWTIO.

The upwelling conditions develop due to both local wind forcing
and remote forcing via westward propagation of upwelling Rossby
waves, which tend to occur during the negative phase of IOD and ENSO
years (Marsac and Le Blanc, 1999; Lehodey et al., 2006; Ménard et al.,
2007; Lan et al., 2013; Lan et al., 2020). However, due to meridional
differences in the ocean environment, upwelling conditions would
evolve differently throughout the SWTIO. Accordingly, the relationship

between YFT catch and thermocline depth previously reported in the
16



Indian Ocean (Lan et al., 2013) could be different in the northern and

southern regions of the SWTIO.

This chapter aimed to investigate the meridional differences in the
relationships between the YFT and BET catches and the ocean
environmental variability in the SWTIO by analyzing the interannual
variability of the catch amount during 1990-2014 (25 years). To
understand the local and remote influences on the upper ocean (< 400
m) variability, temperature, salinity, and ocean currents were studied
in the broader tropical Indian Ocean. This comprehensive analysis of
the wvarious ocean environmental variables, beyond temperature
variability, will clarify the link between the catch amounts in the

SWTIO and climate variability, including the IOD and ENSO.
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2.2. Materials and methods

This chapter investigated the temporal variability of YFT and BET
catch amounts in the northern region (the Republic of Seychelles) and
the southern region (the Republic of Mauritius + Tromelin Island +
Reunion Island) of the SWTIO (Figure 2.1a). The annual catch amounts
of the four EEZs were obtained from Sea Around Us (SAU,
http://www.seaaroundus.org) for 1990-2014 (Boistol et al., 2011; Le
Manach et al., 2015a; Le Manach et al., 2015b; Le Manach et al.,
2015c¢). The catch data were based on officially reported data from the
Food and Agriculture Organization of the United Nations
(http://www.fao.org/fishery/statistics/en), but were improved by
including unreported catches and major discards (Pauly and Zeller,
2015; Pauly and Zeller, 2016). However, the unreported catch amounts
of YFT and BET are more than one order smaller than the reported
catch amounts in the four EEZs. For example, the unreported YFT
catch amount in the Republic of Seychelles is about 15 tonnes on

average during 1990-2014.

The monthly sea surface height and upper 400 m temperature,
salinity, and current velocity were obtained from the Simple Ocean

Data Assimilation (SODA) 3.4.2, with a spatial resolution of 0.5° x 0.5°
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for 1988-2016 (Carton et al., 2018). The relationship between the tuna
catches and the ocean environment was analyzed for the overlapping
period, that is, 1990-2014, and the extra years, i.e., 1998-1999 and
2015-2016, were used to examine the lead-lag relationship with the
climate indices. The thermocline depth and D20 were calculated from
the SODA 3.4.2 data at each grid point, after conducting vertical linear
interpolation of the temperature every 1 m. Monthly mean 10 m wind
velocity and total precipitation were obtained for the same period
(1988-2016) with a horizontal resolution of 0.25° x 0.25° from ERA5,
which is the fifth-generation atmospheric reanalysis from the
European Centre for Medium—-Range Weather Forecasts. The ERADS is
based on 4D-Var data assimilation using global observation data
(Hersbach et al., 2020). Monthly mean net primary production and
chlorophyll concentration in the upper 400 m of the ocean were
obtained for 1993-2016 with a resolution of 0.25° x 0.25° from the
Global Ocean Biogeochemistry Hindcast from Mercator—Ocean,
provided by the Copernicus Marine Environment Monitoring System
Service. This biogeochemical hindcast is based on the PISCES
biogeochemical model, available on the Nucleus for European

Modelling of the Ocean modeling platform (Perruche et al., 2019).

The CSEOF analysis (Kim et al., 1996; Kim and North, 1997; see
19



Appendix) is used for the ocean environmental variables. Regression
analysis can be used to understand the physical relationship between
the target and the predictor. This results in a spatial pattern of
predictor and target variables corresponding to their physical

evolution.

The relationship between the ocean environment in the SWTIO
and the 10D and ENSO was investigated using the same regression
analysis, but using the monthly PC time series of the environmental
variables, as the Indian Ocean Dipole Mode Index (DMI) and the
Multivariate ENSO Index (MEI) are available as monthly means (Saji et
al.,, 1999; Zhang et al.,, 2019). The regression analysis was also
conducted by employing time lags between the ocean environmental
variables and climate indices because the 10D and ENSO exhibit low—
frequency variabilities that last longer than a year. A series of lagged
regression analyses were conducted with time lags of + 1 year (e.g.,
1989-2013 and 1991-2015) and +2 years (e.g., 1988-2012 and 1992-

2016), targeting the DMI and MEI.
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2.3. Results

Figure 2.2 shows the =zonally averaged mean and standard
deviation of temperature, salinity, and zonal and meridional current
velocity The mean thermocline depth is shallower in the northern
region (northern: ~66 m, southern: ~87 m), which is associated with
the SCTR, and the peak of the SCTR (shallowest thermocline depth) is
observed at approximately 8 S (Figure 2.2a). The mean D20 is
shallower (~91 m) and closer to the thermocline depth in the northern
region, but the mean D20 is significantly deeper (~163 m) in the
southern region. In the northern region, the near-surface layer (< D20)
is more saline, but the deeper layer (> D20) is more saline in the
southern region (Figure 2.2b). The fresh near-surface water in the
southern region comes from the Indonesian Throughflow in the
equatorial eastern Indian Ocean (Gordon et al., 1997; Makarim et al.,
2019). The mean zonal currents exhibit meridionally opposite
directions, reflecting the southeastward-flowing South Equatorial
Counter Current (SECC) north of the SCTR (north of approximately
& S) and the southwestward—flowing South Equatorial Current (SEC)

south of the SCTR (Figure 2.2c-d).
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Figure 2.2 Meridional distribution of the (top) means and (bottom)
standard deviations of the ocean environmental variables for 1990-
2014, zonally averaged from 54°E to 60°E in the SWTIO. The standard

deviations were calculated from the annual means

of the variables.

Each column represents a different variable: (a) temperature, (b)
salinity, (c) zonal current velocity, and (d) meridional current velocity.
The thick dashed/dotted lines and solid lines indicate the mean
thermocline depth and 20°C isotherm depth (D20), respectively. The
vertical dashed lines denote 12°S, the boundary between the northern

and southern regions of the SWTIO.
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The temporal variations of the environmental variables also
exhibit Due to the strong subsurface upwelling variability in the SCTR,
the standard deviation of temperature in the upper ocean (< 400 m) is
larger near the thermocline depth and D20 in the northern region. In
both regions, salinity displays significant variability from the surface
to the thermocline depth, which is deeper in the southern region. The
standard deviations of the zonal and meridional currents are larger in
the northern region, where the SECC flows southeast. The different
ocean environmental conditions in the northern and southern regions
shown in Figure 2.2 may contribute to the YFT and BET catch

variability in the SWTIO.

Figure 2.3 shows the annual catch of YFT and BET in the SWTIO
for 1990-2014. The YFT and BET catch amounts exhibit similar
variability throughout the SWTIO, except for a few years in the early
2000s (Figure 2.3a). This similarity between YFT and BET catches is
also observed separately in the northern and southern regions (Figure
2.3b-c). In the northern region, both YFT and BET catches were larger
in the 1990s and early 2000s compared to the late 2000s and early
2010s. In the southern region, however, catches were smaller in the
1990s than in later years. The difference in YFT and BET catch

variability does not appear to be as significant as the difference in
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catch variability between the northern and southern regions.
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Figure 2.3 (a) The annual catch amounts of yellowfin tuna and bigeye
tuna during 1990-2014 in the four exclusive economic zones (EEZs)
of the entire SWTIO. (b) The same as (a), but only for the northern
region of the SWTIO. (c) The same as (b), but only for the southern
region of the SWTIO.
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Figure 2.4 illustrates the regressed anomalies of ocean conditions
during the increase in YFT and BET in the northern and southern
regions of the SWTIO. The R-squared values of the regression for
each variable and each depth are presented in Figure 2.5. The
temperature conditions during the increase of YFT and BET catches
in the northern region represent strong positive anomalies near the
mean thermocline depth and D20 in the northern region (top two rows
in Figure 2.4a). They also display the negative anomalies below the
thermocline depth and D20 in the northern SCTR. The temperature
anomalies indicate the deeper isotherms in the southern SCTR and the
shallower isotherms in the northern SCTR, hence the flattening of the
isotherms in the SCTR during the increase in the catch in the northern
region. The flattening of the isotherms indicates the suppression of
the subsurface upwelling in the SCTR. On the contrary, the
temperature conditions, during the increase of YFT and BET catches
in the southern region, represent relatively weak positive anomalies in

the southern region (bottom two rows in Figure 2.4a).
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Figure 2.4 Meridional distributions of the regressed and reconstructed
anomalies of the ocean environmental variables during 1990-2014.
Target time series are the annual catch amounts of YFT and BET in
the northern (top two rows) and southern (bottom two rows) regions;
the target time series are referred as YFT-Northern, BET-Northern,
YET-Southern, and BET-Southern, respectively. The anomalies are
presented after zonal averages from 54°E to 60°E. Each column
represents a different variable: (a) temperature (shading intervals:
0.05°C), (b) salinity (shading intervals: 0.015 psu), (c) zonal current
velocity (shading intervals: 0.5 cm/s), and (d) meridional current
velocity (shading intervals: 0.1 cm/s). The thick dashed/dotted lines
and solid lines indicate the mean thermocline depth and D20,
respectively. The gray boxes indicate the northern or southern region
of the SWTIO, denoting the region of each target time series.
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Figure 2.5 The R-squared values of the regression for 1990-2014
from the (a) temperature, (b) salinity, and (c) current velocity at each
depth in the tropical Indian Ocean, targeting the YFT (red) and BET
(blue) catches in the entire SWTIO (top), northern (middle) and
southern (bottom) regions of the SWTIO. The shadings display the 95%
confidence intervals of the R—squared values for each depth.

The salinity conditions during the increase of YFT and BET
catches in the northern region exhibit similar anomalies with the near-
surface (< D20) freshening in the northern region (top two rows in
Figure 2.4b). This freshening in the northern region is consistent with
an increase in precipitation in this region (top row in Figure 2.6). On
the other hand, the positive salinity anomalies and the decrease of
precipitation in the southern region are detected during the increase

of YFT and BET catches in the southern region (bottom two rows in
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Figure 2.4b and middle row in Figure 2.6). The negative anomalies in
the north and the positive anomalies in the south contribute to the
similar near—-surface salinity ranges of 34.8-35.2 psu, which is within
the favorable salinity range for an increase in YFT and BET catches
reported in the Indian Ocean (Song et al., 2008; Song et al., 2009). The
current velocity conditions in the northern region during the increase
of the YFT and the BET catches show westward anomalies at the
latitude near the SCTR upwelling peak and eastward anomalies north
of the peak (top two rows in Figure 2.4c-d). It shows the equatorward
shift of the SEC compared to the mean current velocity in Figure 2.2¢c-
d. The equatorward shift is consistent with the eastward wind
anomalies near the equator during the increase in YFT and BET
catches in the northern region (top row in Figure 2.6). The regressed
current velocity anomalies targeting the YFT and BET catches in the
southern region are relatively smaller (bottom two rows in Figure

2.4c-d), similar to the results of the temperature regression.

28



- - 0.4

e

48°E 60°E 72°E 84°E 96°E 48°E 60°E 72°E 84°E 96°E
(d)SB
— =

o -

-0.1

-0.2

-0.3

-0.4

-0.5

Figure 2.6 The regressed and reconstructed anomalies of the total
precipitation (color) and 10-m wind velocity (vector) in the tropical
Indian Ocean during 1990-2014 with respect to: (a) the catch amounts
of yellowfin tuna in the northern region (NY), (b) the catch amounts of
bigeye tuna in the northern region (NB), (¢) the catch amounts of
yellowfin tuna in the southern region (SY), (d) the catch amounts of
bigeye tuna in the southern region (SB), (e) the normalized DMI, and
(f) the MEL
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Figure 2.7 illustrates the ocean environmental conditions in the
SWTIO during the positive phase of 10D and ENSO. The R-squared
values of the regressions are shown in Figure 2.8. Strong positive
temperature anomalies are observed near the thermocline depth and
D20 in the northern region during the positive phase of both IOD and
ENSO, indicating the suppression of SCTR upwelling (Figure 2.7a).
The current velocity conditions show an equatorward shift of the SEC

during the positive phase of both IOD and ENSO (Figure 2.7c-d).

However, the salinity conditions are different between the positive
phase of the IOD and the ENSO (Figure 2.7b). During the positive phase
of the IOD, the salinity anomalies show different signs between the
northern and southern regions (top of Figure 2.7b). The dipole-like
pattern of the salinity anomaly was previously reported as a salinity
IOD mode originating from the eastern tropical Indian Ocean (Zhang et
al., 2016). On the other hand, during the positive phase of ENSO, the
salinity condition reflects a general near—-surface freshening in both
the northern and southern regions (bottom of Figure 2.7b). The
regression of precipitation generally shows consistent patterns with

the regressed salinity anomalies (bottom row in Figure 2.6).
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Figure 2.7 Meridional distribution of the regressed and reconstructed

anomalies of the ocean environmental variables with respect to the
normalized DMI (top) and normalized MEI (bottom) for 1990-2014. The

anomalies are presented after zonal averages from 54°E to 60°E. Each

column represents a different variable: (a) temperature (shading
intervals: 0.05°C), (b) salinity (shading intervals: 0.015 psu), (¢) zonal
current velocity (shading intervals: 0.5 cm/s), and (d) meridional
current velocity (shading intervals: 0.1 cm/s). The thick dashed/dotted
lines and solid lines indicate the mean thermocline depth and D20,

respectively. The vertical dashed lines denote 12°S, the boundary
between the northern and southern regions of the SWTIO.
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Figure 2.8 The R-squared values of the regression targeting the
normalized indices of the DMI and the MEI for 1990-2014. The
predictor variables are the (a) temperature, (b) salinity, and (c) current
velocity at each depth in the tropical Indian Ocean. The positive sign
of the lags denotes that climate indices lead the ocean environment.
The shadings display the 95% confidence intervals of the R—squared

values for each depth.
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2.4. Discussion

The southern region exhibits lower temporal variability in both
temperature and current velocity compared to the northern region (see
Figure 2.2, bottom panel). In addition, the regressed anomalies of
temperature and current velocity show relatively weak associations
with the catch in the southern region, indicating challenges in
identifying favorable fishing conditions. The R-squared values for the
southern region are also lower than those for the northern region,
suggesting difficulties in investigating favorable ocean conditions for
fishing in regions with weaker natural variability (Figure 2.5). Despite
the greater variability in ocean conditions in the northern region,
primarily influenced by the presence of the Seychelles—-Chagos
Thermocline Ridge as a permanent upwelling region, the variability in

catch amounts does not exceed that of the southern region.

The results in this chapter indicate that the magnitude of the ocean
environmental variability contributes to explaining the relationship
between variability in the ocean environment and the catch amounts.
However, establishing a specific relationship between the magnitude
of ocean environmental variability and catch variability remains

inconclusive. Therefore, factors other than the magnitude of
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environmental variability should be considered in explaining catch

variability.

According to the results in this chapter, the relatively small
variability of the ocean environment in the southern region of the
SWTIO made it difficult to explain the favorable ocean conditions for
the tuna catches. In comparison, the relatively large variability of the
ocean environment in the northern region of the SWTIO showed that
the favorable ocean condition associated with the catch is statistically
significant. Therefore, factors other than the physical ocean
environmnetal variables should be considered when explaining the
catch in the southern region. One of these factors is the existence of
competing ocean areas. The northern region and the southern region
are competing ocean areas, and the amplitude of environmental
variability in the northern region is greater than in the southern region.
Therefore, the migration of tuna is expected to occur more actively in
the northern region than in the southern region, and the migration of
tuna in the southern region is expected to occur relatively passively
(in response to the variability in the northern region). As a result, the
variability in catch in the northern region may be the main influence
on the variability in catch in the southern region (a relatively passive

fishing area).
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Figure 2.5 shows the R-squared values of the regression for each
tuna species. The R-squared values for YFT in the northern region
show statistical significance, while those in the southern region are
not statistically significant. This indicates the challenges associated
with explaining the variability in YFT catch using ocean environmental
variables in the southern region. However, there is a slight difference
when considering the R-squared values for BET in both the northern
and southern regions. The R-squared values for BET suggest similar
levels of explanatory power using ocean environmental variables in
both regions. The varied responses of different tuna species in each
region indicate the complexity involved in investigating the variability
of ocean environmental factors and their relationship to catch amounts.
Consequently, this may lead to a greater discrepancy in explaining the
variability of YFT catches compared to BET catches using ocean
environmental variables in this chapter. Therefore, it is crucial to
approach the examination of ocean conditions related to the target

species with caution in each region.

The SCTR upwelling is suppressed during the increase in the catch
in the northern region, where the natural background variability is
strong. Previous studies have suggested that upwelling—induced

shallower isotherms are associated with increases in YFT and BET
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catches in the western Indian Ocean (Marsac and Le Blanc, 1999;
Lehodey et al., 2006; Ménard et al., 2007; Lan et al., 2020). This seems
reasonable because upwelling generally increases near—surface
productivity, which would be favorable for pelagic tuna (Hermes and
Reason, 2008; Vialard et al., 2009). However, the regression results
illustrate a meridional flattening of the isotherms, indicating the
suppression of SCTR upwelling (top two rows in Figure 2.4). This
discrepancy can be explained by the different ocean environments of

the subsurface upwelling in the northern SWTIO.

Figure 2.9 shows the mean and regressed anomalies of net
primary production and chlorophyll concentration targeting tuna
catches in the SWTIO for 1993-2014 (22 years). The R-squared
values of the regression for each depth are shown in Figure 2.10. In
the northern region, mean net primary production is higher in the
near-surface layer, and mean chlorophyll concentration exhibits a
maximum near D20 and the thermocline depth. The regressed
anomalies, targeting the catch variability in the northern SWTIO,
illustrate both positive and negative anomalies at different depths and
latitudes. However, the depth-integrated anomalies are generally
positive north of the peak of the SCTR, but negative to the south, which

contributes to the area—averaged anomalies becoming close to zero.
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This suggests that there is no significant increase in biological activity
as YFT and BET catches increase. A plausible hypothesis would be
that in the northern SWTIO, where the mean biological activity is high,
upwelling suppression may vertically extend the favorable habitat for
pelagic tuna even without an increase in biological activity. The
deepening of the isotherms itself could contribute to an extension of
the fishing grounds and thus increase the YFT and BET catches. The
overall suppression of the SCTR upwelling and the equatorward shift
of the SEC appears to occur during the positive phase of both the I0D
and the ENSO. Despite the similarities, the salinity state during the
positive phase of the IOD is significantly different (top of Figure 2.7b).
This indicates that the ocean environmental conditions during the
increase in the catch in the northern region are more similar to those
during the El Nifio years (positive phase of ENSO) than those during
the positive phase of IOD. The direct correlation coefficients between
the MEI and the YFT and BET catches in the northern region are 0.29
and 0.30, respectively, while those between the DMI and the YFT and
BET catches in the northern region are 0.18 and 0.06, respectively.
The correlation coefficients between the climate indices and catches

in the southern region are all insignificant.
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Figure 2.9 Meridional distribution of the mean (first column) and the
regressed and reconstructed anomalies of the NPP (upper row) and
Chl (lower row) during 1993-2014. Target time series are the annual
catch amounts of YFT and BET in the northern (second and third
columns) and southern (fourth and last columns) regions of the SWTIO.
The anomalies are presented after zonal average from 54°E to 60°E.
The thick dashed/dotted lines and solid lines indicate the mean
thermocline depth and D20, respectively.
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Figure 2.10 The R-squared values of the regression for 1993-2014
from the (a) NPP and (b) CHL at each depth in the tropical Indian Ocean,
targeting the YFT (red) and BET (blue) catches in the entire SWTIO
(top), northern (middle) and southern (bottom) regions of the SWTIO.
The shadings display the 95% confidence intervals of the R—squared
values for each depth.
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The lagged regression results between catch wvariability and
climate indices also suggest a possible closer relationship with ENSO
than with IOD (Figure 2.11-12). The R-squared values of the
regression for each depth are shown in Figure 2.13. The clear
temperature anomalies from the zero-lag regression in Figure 2.7
develop in the northern region during El Nifio years and continue in
the following years, while the temperature anomalies almost disappear
one year after positive 10D years. The direct correlation coefficients
between the MEI and the YFT and BET catches in the northern region
are 0.53 and 0.52, respectively, using the one—year lag. Those of the
DMI are all insignificant, which may support the closer relationship
between ENSO and catch variability in the northern region. Finally,
this chapter used annual catch as the target time series, not normalized
by—-catch Considering this limitation, this chapter limited the analysis
period after the 1990s, assuming that the possible changes in catch
effort and fishing methods do not significantly affect the relationship
between catch and ocean environmental variability for recent decades
(1990-2014). The temporal changes in catch effort and fishing
methods can be considered "anthropogenic" factors and become a
source of regression error in finding a relationship with "natural" ocean

environmental variability. The reliable use of catch data for specific
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EEZs in recent decades in place of CPUE data has also been
demonstrated for skipjack tuna in the western tropical Pacific (Kim et

al., 2020).
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Figure 2.11 Meridional distribution of the regressed and reconstructed
anomalies of the ocean environmental variables with respect to the
normalized DMI. The target indices are for 1990-2014, and the ocean
environmental variables are for 1988-2016, applying time lags of £2
years. Numbers in parenthesis indicate the time lags, and positive
values denote that the DMI leads the ocean environmental variables.
The anomalies are based on the zonal averages from 54°E to 60°E.
Each column represents a different variable: (a) temperature, (b)
salinity, (c¢) zonal current velocity, and (d) meridional current velocity.
The thick dashed/dotted and solid lines indicate the mean thermocline
depth and D20, respectively. The vertical dashed lines denote 12°S,
the boundary between the northern and southern regions of the SWTIO.
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Figure 2.12 same as Figure 2.11, but for the normalized MEI.
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4 4



Between 2001 and 2004, BET catches increased in both the
northern and southern regions, while YFT catches increased in the
northern region but decreased in the southern region during the same
period (Figure 2.3). Excluding this period (2001-2004), the remaining
21 years exhibited similar variability in YFT and BET catches. It is
plausible that the expansion of BET habitat occurred not only in the
northern region, but also to some extent in the southern region, leading
to an increase in BET catches in the southern region. However, given
that YET and BET catches have shown consistent patterns since 2005,
it becomes challenging to explain the continued presence of BET in
the southern region from 2001 to 2004 based solely on their
relationships with physical oceanographic variables. Therefore,
further studies are required to explore the biological dynamics

associated with the BET habitat.

Significantly, catches of YFT and BET in the northern region have
declined since 2005, as shown in Figure 2.3. Figure 2.14 shows the
yearly averaged third mode of temperature anomaly and the second
mode of salinity anomaly at 200 m depth, which have significant R-
squared values in relation to the catches in the northern region of the

SWTIO during the period 1990-2014.
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Figure 2.14 The yearly averaged third mode of temperature anomaly
and the second mode of salinity anomaly at a depth of 200 m,
respectively. The upper panel displays the cyclostationary loading
vectors, while the lower panel presents their principal component (PC)
time series alongside tuna catches in the northern region of the SWTIO
during the period of 1990-2014.

The third mode of temperature anomaly at 200 m depth shows a
broad cold anomaly in the SWTIO, with a warm anomaly extending
approximately from 50° E to 95° E near the equator. The prominent
cold anomaly is located in the middle of the SWTIO. Considering the
SCTR, this mode indicates suppressed upwelling in the SCTR, which
1s associated with an increase in the catches in the northern region of
the SWTIO. The PC time series of this mode shows more variability

before 2005, while its variability decreases after 2005. The second
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mode of salinity anomaly at 200 m depth shows a significant positive
anomaly from 12° S to 25° S, with a slight freshening in the northern
region of the SWTIO. The freshening in the northern region
corresponds to an increase in the catches in this area. Similar to the
temperature mode, the PC time series of the salinity mode shows more

variability before 2005 and less variability thereafter.

The amplitude variability observed in the ocean environmental
variables indicates a significant change in the overall ocean condition
after 2005. Simultaneously, YFT and BET catches show significant
decreases after 2005. These comprehensive changes can be attributed

to long—term ocean environmental variability.

Figure 2.15 presents mean temperature and temperature
anomalies for two different periods: 1990-2004 and 2005-2014 in the
SWTIO. The former period illustrates a generally cold ocean
environment, while the latter period illustrates a generally warm ocean
environment. A large—scale and long-term change in the ocean
environment, occurred around 2004-2005, known as a regime shift,
may have contributed to the sharp decline in the catches in the
northern region since 2005. This decline is consistent with the overall

warming trend of the ocean environment in the SWTIO. Consequently,
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it may suggest that tuna catches in the SWTIO are influenced not only
by interannual variability, such as ENSO, but also by long-term
variability, such as the Pacific Decadal Oscillation. To understand the
variability of tuna catches in the SWTIQO, it is important to consider the
relationship between the catches and the ocean environment on a

long—term time scale.
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Figure 2.15 Mean temperature and temperature anomaly in the SWTIO.
(a) mean temperature during the period of 1990-2014, (b) temperature
anomaly during the period of 1990-2004, and (c) same as (b) but for
the 2005-2014. The vertical dashed lines denote 12°S, the boundary
between the northern and southern regions of the SWTIO.
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2.5. Conclusions

This chapter has presented the ocean environmental conditions
during the increase of YFT and BET catches in the SWTIO on an
interannual time scale. The favorable ocean environment is only
pronounced in the northern region, where the subsurface upwelling
variability over the SCTR is pronounced. The meridional flattening of
the isotherms, resulting in the suppression of the subsurface upwelling,
is associated with the increase in both YFT and BET catches in the
northern region. This is in contrast to previous studies in the western
Indian Ocean, which suggested an increase in upper ocean productivity
in the fishery during upwelling, suggesting a complex relationship
between ocean conditions and catch variability. The regressed
anomalies in the southern region are relatively weak when examining
their relationship with tuna catches. This suggests that it may be
difficult to determine the favorable ocean conditions for the catches in
the southern region. In addition, the R-squared values for the
relationship between the ocean environment and the catches in the
southern region are smaller than those in the northern region,
suggesting that it may be difficult to investigate favorable ocean
conditions in regions where natural variability is low. The ocean

environmental conditions associated with the increase in YFT and BET
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catches in the northern region appear to develop during El Nifio years
and persist into the following year. The significant relationship
between catch and ENSO with a one-year lag suggests the possible
predictability of YFT and BET catches for sustainable fisheries in the

SWTIO.
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3. Relationship between upper—ocean
variability and tuna catches in the western
central Pacific Ocean

3.1. Introduction

The countries of the Pacific Island region are critically dependent
on the fishing industry for the maintenance of their economies. The
collection of exclusive economic zone (EEZ) access fees from foreign
fishing fleets contribute significantly to these countries' financial
resources, and the fish processing industry also provides employment
for local people (Williams and Terawasi, 2011). The five island nations,
Federated States of Micronesia (FSM), Marshall Islands (MS), Kiribati
(Ki), Nauru (Na), and Tuvalu (Tu), are located in the Western Central
Pacific (WCP), a subdivision 71 assigned by the Food and Agriculture
Organization of the United Nations (FAO, 2013) (Figure 3.1). Skipjack
tuna (Katsuwonus pelamis; SKJ), yellowfin tuna (Thunnus albacares;
YFT), and bigeye tuna (Thunnus obesus; BET) are three tuna species
commonly found in various oceans and have been the most abundant
in recent decades in the WCP (Williams & Terawasi, 2010; Remola &

Gudmundsson, 2018) (Figure 3.2).
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Figure 3.1 The exclusive economic zones (EEZs) of the FSM and the
FOUR in the WCP.
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Figure 3.2 (a—c) The catch amounts of the five dominant species in the
EEZs of each nation during 1990-2018: (a) the sum of catch amounts
in the FSM and FOUR, (b) the catch amounts in the FSM, and (c) the
catch amounts in the FOUR.
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A significant proportion of the SKJ, YFT, and BET caught in the
EEZs of the FSM, located in the western part of the WCP, and the
FOUR (Marshall Islands, Kiribati, Nauru, and Tuvalu) are taken using
the purse seine (PS) method (Figure 3.3). Specifically, the PS method
was reported to be responsible for over 99% of the SKJ caught in the
FSM and FOUR, with approximately 90% of the YFT and 70% of the
BET also caught by this method. In addition, a relatively smaller
proportion of these tuna species are caught using the longline (LL)
method over the period 1990-2018, with approximately 12% of the
YET and 30% of the BET being caught using this method in the FSM
and 10% of the YFT and 31% of the BET being caught using this

method in the FOUR (not shown).

The spatial distribution of SKJ catches in the WCP is influenced
by ENSO, as their habitat expands eastward during El Nifio and
contracts westward during La Nifia (Lehodey et al., 1997). The EEZ of
FSM is located in the western part of the WCP, so SKJ catches in the
FSM would increase (decrease) when the warm pool and ITCZ contract
(expand) westward during La Nifia (El Nifio) (Lehodey et al., 1997).
Variability in the thermal structure associated with ENSO has been
observed to affect the vertical extent of YFT and BET habitats,

thereby affecting the catchability of adult tuna in the surface layer
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(Lehodey, 2000; Harley et al., 2011). During El Nifio years, vertical
habitat compression of the YFT and BET occurs due to shallowing of
the vertical thermal structure and increases catchability for the
surface tuna fishery in the western Pacific (Marsac & Le Blanc, 1998;
Lu et al., 2001; De Anda-Montafiez et al., 2004). In contrast, regions
such as the FSM could experience a deepening of this habitat during

La Nifia years, which could reduce YFT and BET catchability.

'gs x10% __(a) Total catch amounts in the FSM 8 X 10°  (b) Total catch amounts in the FOUR

3 —o-Skipjack tuna

£ 4[]-=-Yellowfin tuna

§ 3 H—*—Bigeye tuna ]

Oshl 4

g2 //\/\/\/*W\ﬂ

=1F 4

‘20: -"‘:h{:: 22222 7208 0

01990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020

x10* (c) Yellowfin tuna in the FSM 2 X 10° (d) Yellowfin tuna in the FOUR

-o- Yellowfin tuna (LL)
—+— Yellowfin tuna (PS) 1.5¢

;/W ‘ [ -
05F 1
o
te®°® Yop000 o
" 1 29009 00-000s000%°900 Y 0-00?e®009000090000¢%0o

-
o

Catch amount (tonnes)
o«

0 0
1990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020
?’3 x10% (e) Bigeye tuna in the FSM 5 X 10* (f) Bigeye tuna in the FOUR
£ |[-> Bigeye tuna (LL) .
S M= Bigeye tuna (PS)
€ 3r
3
E1¢ 2
o [,/
s | / 1
S L) T, e v’ 0
20 1 ! ' I 1 ' | l !
01990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020
Year Year

Figure 3.3 The catch amounts of the SKJ (black), the YFT (blue), and
the BET (red) in the EEZs of the FSM and the FOUR during 1990-2018:
the total catch amounts of tuna species (a, b), the catch amounts of the
yellowfin tuna caught by the LL (dotted lines) and the PS (solid lines)
fishing methods (c, d), and the catch amounts of the bigeye tuna caught
by the LL and the PS (e, f).
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ENSO has also been shown to affect the catchability of tuna using
different fishing techniques, such as LL and PS methods, by affecting
the thermocline depth (Lehodey et al., 1997; Lehodey, 2000; Lennert-
Cody & Hall, 2000; Syamsuddin et al., 2013; Abascal et al., 2018). The
LL method is typically used in deep ocean waters to target deep—sea
tuna species (Nakano et al., 1997; Morato et al., 2010), while the PS
method is used to target pelagic, small-sized juvenile tuna in waters
shallower than about 200 m (Green, 1967). For example, during El Nifio
years, higher SKJ captured by the PS method is observed in Pacific
[sland countries and territories in the central Pacific, such as Kiribati
(Lehodey et al., 2011). Therefore, understanding the relationship
between ENSO and its impact on the catches, as well as the different
fishing methods used, is critical to the effective management of these

valuable resources in the WCP region.

This chapter aims to investigate the favorable ocean conditions in
the equatorial Pacific that may lead to an increase in three tuna catches
across the WCP between the FSM, located in the western part of the
WCP, and the FOUR (Marshall Islands, Kiribati, Nauru, and Tuvalu),
located in the eastern part of the WCP, considering the potential

influence of different fishing methods.
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3.2. Materials and methods

The annual catches of SKJ, YFT, and BET in each EEZ in the WCP
from 1990 to 2018 were obtained from Sea Around Us (SAU,
http://www.seaaroundus.org), which combines officially reported data
from the Food and Agriculture Organization of the United Nations
((http://www.fao.org/fishery/statistics/en), obtained using the LL and
the PS fishing methods, as well as estimates of unreported catches and
major discards (Vali et al., 2014; Derrick et al., 2020). The EEZ-based
annual dataset was compared to a spatially gridded monthly dataset
provided by the Western Central Pacific Fisheries Commission
(WCPFC, https://www.wcpfc.int/public-domain). The WCPFC data
have a spatial resolution of 1° and include catch and effort data using
the PS fishing method, as well as tuna school location information from
Global Positioning System devices. However, the WCPFC data have an
inconsistent number of empty grids over time in the gridded dataset.
Therefore, the predictability of the three tuna species caught in the
FSM and FOUR was examined using the SAU EEZ dataset. Comparison
of the SAU EEZ annual catch data with the WCPFC catch per unit effort
(CPUE, in this dissertation, catch per day) data for the corresponding

grids in each EEZ showed similar temporal variability (Figure 3.4).
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Figure 3.4 Comparison of normalized annual catches of tuna in the
FSM and the FOUR during 1990-2018 SAU EEZ data (solid lines),
WCPFC gridded data (dotted line): (a) SKJ, (b) YFT, and (c) BET. The
black lines represent normalized data in the FSM, while the red lines
represent normalized data in the FOUR.
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This chapter analyzed monthly upper 500 m temperature, salinity,
and current velocity data from the Simple Ocean Data Assimilation
(SODA) 3.4.2, with a spatial resolution of 0.5° x 0.5° , from 1990-
2018 (Carton et al., 2018). The thermocline depth was calculated using
vertical linear interpolation of temperature at 1 m intervals at each
grid point. Monthly chlorophyll concentration (CHL) and dissolved
oxygen (DO) in the upper 500 m during 1993-2018 were obtained with
a resolution of 0.25° x0.25° from the Global Ocean Biogeochemistry
Hindcast provided by the Copernicus Marine Environment Monitoring
System Service. The CHL and the DO data were based on the PISCES
biogeochemical model from the Nucleus for European Modelling of the
Ocean modeling platform (Perruche et al., 2019). This chapter also
used the ERA5 monthly averaged total precipitation (prep) and 10 m
wind velocity data, with a horizontal resolution of 0.25° , from the
ECMWF for the period 1990-2018 (Hersbach et al., 2020). This
chapter investigated the statistical relationships between annual tuna
catches in the FSM and the FOUR and ocean environmental variables
in the equatorial Pacific (30° N-30° S, 100° -300° E) on the

interannual time scale.

For the ocean environmental variables, the CSEOF analysis is used

(Kim et al., 1996; Kim and North, 1997; see Appendix). To understand
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the physical relationship between the target and predictor, regression
analysis can be used. This results in a spatial pattern of predictor and

target variables corresponding to their physical evolution.
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3.3. Ocean conditions related to the tuna catches

Figure 3.5 shows the zonal distribution of the mean and interannual
standard deviation (STD) of various ocean environmental variables in
the equatorial Pacific from 1990 to 2018 (except chlorophyll
concentration (CHL) and dissolved oxygen (DO), which are illustrated
from 1993 to 2018). These variables, which include temperature,
salinity, zonal current velocity (ZC), CHL, and DO, have been

meridionally averaged from 15° N to 15° S.
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Figure 3.5 The zonal distribution of the mean (top panel) and standard
deviation (bottom panel) of various ocean environmental variables in
the equatorial Pacific during 1990-2018 (except for CHL and DO which
are presented during 1993-2018). The variables are meridionally
averaged from 15° N to 15° S and the standard deviations are
calculated from the annual means. Each column represents different
variables: temperature (a, f), salinity (b, g), ZC velocity (c, h), CHL (d,
1), and DO (e, j).
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In the equatorial Pacific, the mean temperature displays the warm
pool with a deep thermocline in the western region and a shallow
thermocline in the eastern region due to coastal upwelling (Toggweiler
et al., 1991; Picaut et al., 1996). The STD of temperature in the
equatorial Pacific reveals significant variability in the subsurface
temperature from 100 to 200 m depth in the western region, and in the
near-surface temperature in the eastern region because of coastal
upwelling (Zeller et al., 2004) The STD of temperature also illustrates
that the temporal variance of subsurface temperature is higher in the
EEZ of the FSM (longitudinal band: approximately 135° -165° E) than
that of the FOUR (longitudinal band: approximately 157° -183° E).
Due to high amounts of precipitation (prep) caused by the Intertropical
Convergence Zone (ITCZ) and South Pacific Convergence Zone (SPCZ)
(top row in Figure 3.6) (Waliser et al., 1993; Vincent, 1994), the mean
salinity is relatively low from the surface to near—surface layers (less
than 100 m depth) in the western region. Due to the influence of the
ITCZ and the SPCZ, the STD of salinity in the equatorial Pacific
displays substantial fluctuation in the surface to near—surface layers
in the western region (Delcroix et al., 1996; Delcroix & McPhaden,
2002). The mean ZC in the equatorial Pacific displays a westward

surface current, the Equatorial Surface Current (Wyrtki, 1967;
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Reverdin et al., 1994), with the easterly wind (top row in Figure 3.6).
From the near—surface to approximately 200 m depth in the central to
the eastern region, the subsurface ZC exhibits a considerable
eastward current, the Equatorial Undercurrent (Taft et al., 1974; Lu et
al., 1998). In the near-surface layer of the equatorial Pacific, the STD
of ZC significantly varies, but the ZC below near the surface displays

relatively modest variability.

6 2



(a) Moan prep and wind A mm/d

24°N i
12°N I - ‘.

0° 10
12°S N
24°S {\\ 0

120°E 160°E 160°W 120°W 80°W

(c) Regressed onto the Skipjack tuna (the FSM)

®%: 0.61,0.66) munvdey
24N e TRt I
P N .
0 0
12°s & Vo & :
24°8 Lo AT Ton NN/ 7ZZE SN TTRNEZZIS0N )

120°E 160°E 160°W 120°W  80°W

(e) Regressed onto the Yellowfin tuna (the FSM)
mm/d:y

120
(g) Regressed onto the Bigeye tuna (the FSM)
(R 0.29, 0.45) mm/day
4°N&J gt
29Nl & P -..
0° :
12%1&”%. ==l

24°8 1.

160°E 160°W 120°W 80°W

120"E

(b)STDofpropandwind

mmlday

. :,1;/;—;;;/’/141/“, 7R
rers s 7

120°E 160°E 160°W 120°W B80°W

(d) Regressed onto the Skipjack tuna (the FOUR)
(R 0.43, 0.35)

% ~\\\,
’/’ \?\"'1/"““

120°E 160‘E 160°W 120°W 80’W
(f) Regressed onto the Yellowfin tuna (the FOUR)

(R? 0.44, 0.54) _ mdey
24°N § AT -“-‘\?‘“C:’c"/,é NGERC
PVIL it WA Syl

0° Y 0
sy AN
24°S ’;_‘ ' . ’III"__ :_...\\\x. i ¥ 1
120°E 160°E 160°W 120°W 80°W
(h) Regressed onto the Bigeye tuna (the FOUR)

(R%: 0.40, 0.59) mmyday
240N £ AT NI T N R
120N :"’/l/l/ LR -

0° ' ro
12°S =37
24°8 A Ton NN 11

120°E 160°E 160°W 120°W 80°’W

Figure 3.6 The mean (a) and standard deviation (b) of total
precipitation and 10 m height wind velocity in the equatorial Pacific
during 1990-2018. (c-h) regressed precipitation and wind anomalies
with respect to the catch amounts of tuna in the EEZ of the FSM (left
column) and the FOUR (right column). The standard deviation is
calculated from the annual means. The R-squared values of total
precipitation and 10 m height wind velocity for each regression are
presented in parentheses, respectively.
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The mean CHL in the equatorial Pacific is only explicable in the
upper 200 m depth (shallower than the twilight zone) (Figure 3.5)
(Martin et al., 2020). The CHL in the eastern region is greater than in
other regions, probably because of coastal upwelling, which
supplies nutrient-rich water near the surface (Fiedler et al., 1991).
The mean DO increases from the subsurface to the surface and from
east to west (Garcia et al., 2019). The western area has a higher mean
DO from the surface to the subsurface than the eastern region. The
temporal variability of the CHL exhibits substantial fluctuation only in
the upper 200 m. In the western region, the STD of CHL is highly
variable in the near—surface layer, but in the eastern region, it mostly
varies around the surface layer. Below the surface, the STD of DO in
the equatorial Pacific varies considerably (Schlitzer et al., 2004). In
the western region, substantial variability 1s observed at
approximately 100 m depth, whereas in the eastern region, it is
observed near the surface at approximately 50 m depth. Notably,
considerable DO variability is found between 200-400 m depth in the
central Pacific. The temporal variance of CHL and DO in the equatorial
Pacific indicates that there is a higher degree of temporal variability
in the subsurface of the EEZ of the FSM compared to the EEZ of the

FOUR, similar to the variance observed in temperature (Figure 3.5).
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Figure 3.7 presents the catch amounts of SKJ, YFT, and BET with
the trend (upper panel) and their detrended variability (lower panel)
during 1990-2018 in FSM and FOUR. In both regions, the catch
amounts of SKJ have increased over the past 30 years, with a stronger
increasing trend observed in FOUR than in FSM (Figure 3.7a).
Conversely, YFT catches have shown a decreasing trend in the FSM,
but an increasing trend in the FOUR (Figure 3.7b). Similarly, the
catches of BET in FSM have been decreasing while those in FOUR
have been increasing (Figure 3.7¢). In addition, the catch amounts of
YEFT caught by the PS method and BET caught by the PS and LL
methods in FSM illustrate a decreasing trend, while those in FOUR
show an increasing trend (Figure 3.3). The CPUE of YFT and BET in
FSM and FOUR also exhibit a decreasing and increasing trend,
respectively (Figure 3.4). When comparing the variability of the
detrended catch amounts of all three tuna species in FSM and FOUR,

negative correlations between the catches in the two regions can be

observed, especially during the early 2000s (lower panel of Figure 3.3).
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Figure 3.7 The catch amounts of the SKJ, YFT, and BET in the EEZs
of the FSM and FOUR during 1990-2018: (top) the catch amounts (solid
lines) and their linear trends (dotted lines) and (bottom) detrended (det)
the catch amounts during the same period.

Table 3.1 presents the correlation coefficients of the catch
amounts of the SKJ, the YFT, and the BET in the EEZs of the FSM and
the FOUR from 1990 to 2018. Only statistically significant correlation
coefficients (p < .05) are displayed. There is a positive relationship
between the YFT and the BET catches in the EEZ of the FSM. However,
there is no statistical correlation between the catches of the SKJ and
the YFT, and between the catches of the SKJ and the BET. This may
suggest that the ocean conditions contributing to an increase in the

YFT and the BET catches in the FSM are similar, whereas those
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driving an increase in the SKJ in this region are distinct. In the EEZ
of the FOUR, catch amounts of all three tuna species also exhibit
positive relationships. The correlation coefficients in this region
suggest that ocean conditions leading to increased catches of all three
species are comparable. The correlation coefficients between the
catches in the FSM and the FOUR, except for the SKJ (FSM)-SKJ
(FOUR) and SKJ (FSM)-YFT (FOUR) pairs, show significant inverse
relationships, suggesting that there may be different ocean conditions

that lead to increased the catches in each region.
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Table 3.1 The correlation coefficients among the catch amounts of the
SKJ, YFT, and BET in the EEZs of the FSM and FOUR during 1990-
2018. Only statically significant correlation coefficients (p < .05) are
shown.

SKJ YFT BET  SKJ YFT  BET
(FSM) (FSM) (FSM) (FOUR) (FOUR) (FOUR)

SKJ

(FSM) 0.53 - - - -0.52

YFT

(FSM) 0.53 0.68 -0.48 -0.54 -0.50

BET

(FSM) 0.68 -0.68 -0.56 -0.35

SKJ

(FOUR) -0.48  -0.68 0.78 0.57

YFT

(FOUR) -0.54  -0.56 0.78 0.76

BET

(FOUR) -0.52 -0.50 -0.35 0.57 0.76
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It 1s worth noting that the correlation coefficient between SKJ
catches in FSM and FOUR during the 1990-2018 period is insignificant,
which contradicts previous studies (Lehodey et al., 1997; Kim et al.,
2020). However, the correlation coefficients between the detrended
catch amounts of SKJ during the same period in FSM and FOUR show
a negative relationship (r = -0.48, p < .05), which is consistent with
previous study (Lehodey et al., 1997; Kim et al., 2020) (Table 3.2).
This may indicate that long-term trends and recent variability in SKJ
catches in the FSM and FOUR have weakened the negative relationship
between the FSM and FOUR regions. Because it is unclear whether
this trend is a result of natural variability or anthropogenic factors (e.g.,
global warming, increased effort, etc.), this chapter investigates the

detrend of tuna catch variability during 1990-2018.
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Table 3.2 same as Table 3.1, but with detrended annual catch amounts
of tuna during 1990-2018.

SKJ YFT BET  SKJ YFT  BET
(FSM) (FSM) (FSM) (FOUR) (FOUR) (FOUR)

SKJ

(FSM) 072 039  -048  -0.66  -0.67
(E{SFDT@ 0.72 0.68  -038  -045  -045
(gs],EnTa) 0.39  0.68 ] ) ]
(F%%'R) 048 -038 - 0.63 0.57
(F‘({)F;JTR) 0.66 -045 - 0.63 0.76
(F%EUTR) 0.67 -045 - 0.57 0.76
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Figure 3.8 shows the R-squared values obtained from the
regression of each depth with the detrended catch amounts of SKJ
(black), YFT (blue), and BET (red) in the EEZ of the FSM (upper panel)
and FOUR (lower panel) from 1990 to 2018, except for CHL and DO
from 1993 to 2018. Overall, the R-squared values for the catches in
the FSM and FOUR show statistically significant results. However, for
SKJ in the FOUR, the R-squared values are generally insignificant,
except for temperature at approximately 100-200 m depth, CHL near
the surface, and DO near the surface to approximately 100 m depth
(lower panel of Figure 3.8). In general, the R-squared values for the
catches in the FSM are higher than those in the FOUR. Among the
three tuna species, the R—squared values for the catches of BET tend
to be the highest, followed by those for YFT and SKJ. Notably, the R-
squared values for CHL and DO are higher than those for the other
variables in both the FSM and the FOUR, suggesting that CHL and DO
may have a stronger association with the biological responses of tuna
catches than the other variables. In particular, temperature and CHL
have particularly high R-squared values in the 100-200 m depth range
and at the surface to approximately 100 m depth, respectively, where
significant temporal variations are observed for these variables

(Figure 3.5).
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Figure 3.8 The R-squared values of the regression at each depth with
respect to the SKJ, YFT, and BET in the EEZs of the FSM (top panel)
and the FOUR (bottom panel) during 1990-2018 (except for
chlorophyll concentration and dissolved oxygen during 1993-2018) for
temperature (a, f), salinity (b, g), current velocity (c, h), CHL (d, i), and
DO (e, j). The vertical dashed lines denote the e-folding value.
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Figure 3.9 displays the zonal distributions of the regressed and
reconstructed anomalies of ocean environmental variables in the
equatorial Pacific during the periods of increased catches of SKJ (left
column), YFT (middle column), and BET (right column) within the EEZ
of the FSM. The vertical black lines indicate the longitudinal
boundaries of the Five Nations (135-183° E), while the dotted gray
lines indicate the boundaries of the FSM and FOUR regions (161° E).
During an increase in SKJ catches, upper ocean warming has been
observed in the central Pacific and cooling in the western and eastern
Pacific, while for YFT and BET catches, cooling in the western Pacific
and warming in the eastern Pacific is observed at 100-150 m depth
(Figure 3.9a-c). In the FSM region, higher SKJ catches align with
surface cooling to around 100 m depth, while increased YFT and BET
catches correspond to surface to subsurface cooling, indicating a
shallower thermocline in the FSM region. Salinity anomalies during the
increase in all three species show surface to near—-surface freshening
from 150° E to 200° E, with larger amplitudes for YFT and BET. The
precipitation anomaly, which is statistically significant only for SKJ, is
positive in the western Pacific during an increase in SKJ (Figure 3.6¢),
consistent with near—-surface freshening, indicating an intensification

of the ITCZ and SPCZ (Cravatte et al., 2009; Yu et al., 2015).
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Figure 3.9 The zonal distributions of the regressed and reconstructed
anomalies of the ocean environmental variables in the equatorial
Pacific during 1990-2018 (except for CHL and DO during 1993-2018).
Target time series are the annual catch amounts of the SKJ (left
column), the YFT (middle column), and the BET (right column) in the
EEZ of the FSM, respectively. The anomalies are presented after
meridional averages from 15° N to 15° S. Each row represents a
different variable: temperature (a—c), salinity (d-f), zonal current
velocity (g-1), CHL (-1), and DO (m-o).
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During an increase in SKJ catches, the wind anomaly is westerly
in the western Pacific and easterly in the central-eastern region
(Figure 3.6¢). Similarly, YFT and BET show westerly winds in the
western Pacific, but the direction of the easterly winds in the central—
eastern Pacific is unclear (Figure 3.6e-g). Anomalous westward
currents are observed from the surface to approximately 100 m depth
during the increase in SKJ catches, while eastward current anomalies
are observed below approximately 100 m depth (Figure 3.9g).
Conversely, the YFT and BET display upright, oblique patterns with
eastward current anomalies in the western Pacific from the surface to
approximately 100 m depth and westward current anomalies in the
central-eastern Pacific below 100 m depth (Figure 3.9h-i). These
current anomalies indicate an intensification of the Equatorial Surface
Current and a weakening of the Equatorial Undercurrent during the
increase in SKJ catches in the FSM and vice versa for the YFT and
BET. The CHL and DO anomalies show increased CHL from the
surface to approximately 100 m depth during an increase in SKJ
catches in the FSM region and decreased DO below approximately 100
m depth. In the eastern Pacific, DO anomalies were significant (Figure
3.9m). During an increase in YFT and BET catches, CHL anomalies

show increased CHL in the FSM region from approximately 50-150 m
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depth and decreased CHL from the surface to approximately 100 m
depth in the FOUR region (Figure 3.9k-1). DO shows a decrease in DO
from 200-300 m depth in the central Pacific and an increase in DO
from the surface to approximately 200 m depth, which is more

pronounced in the BET (Figure 3.9n-0).

Figure 3.10 illustrates the zonal distributions of the regressed and
reconstructed anomalies of ocean environmental variables in the
equatorial Pacific during periods of increased catches of SKJ (left
column), YFT (middle column), and BET (right column) within the EEZ
of the FOUR. It is important to note that during an increase in SKJ
catches in the FOUR, only temperature at approximately 100-200 m
depth, CHL near the surface, and DO near the surface to approximately

100 m depth display statistical significance.

Ocean conditions during increased catches of YFT and BET
exhibit similarities, as seen in the middle and right columns of Figure
3.10, which is consistent with the correlation coefficients among the
tuna species in the FOUR, as shown in Table 3.1. However, ocean
conditions during increased catches of SKJ are different from those of
other species, as seen in the left column of Figure 3.10. During an

increase in YFT and BET catches, the temperature anomalies show
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upper—ocean warming in the western and eastern Pacific and cooling
in the central Pacific (Figure 3.10b-c¢), while those in SKJ exhibit
upper—ocean cooling in the western Pacific and warming in the eastern
Pacific (Figure 3.10a). Saline conditions are present near the surface
from 150° -200° E over the EEZs of five nations (Figure 3.10d-1),
while the prep anomalies have a negative anomaly over the EEZs of
five nations during increases in YFT and BET catches, and prep
anomaly is positive in the EEZs of the FOUR during an increase of SKJ
catches (Figure 3.6¢c—g), consistent with the presence of near—surface
freshening in that region (Figure 3.10d-f). This suggests that the ITCZ
and the SPCZ are weakened during an increase in YFT and BET
catches. The wind anomalies associated with increased SKJ catches
are westerlies in the EEZs of the FOUR and central Pacific, while those
in YFT and BET display easterlies over the EEZs of five nations and
westerlies equatorial central Pacific to eastern Pacific (Figure 3.6d-

h).
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Figure 3.10 same as Figure 3.9, but for the FOUR.
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During an increase in YFT and BET catches, the current anomalies
show upright patterns that are skewed, with westward anomalies in
the western Pacific from the surface to 200 m depth and eastward
anomalies in the central to eastern Pacific, mostly below 100 m depth
(Figure 3.10h-1). Therefore, these current anomalies show the
strengthening of the Equatorial Surface Current and the Equatorial
Undercurrent during increased YFT and BET catches in the FOUR.
With respect to CHL anomalies, an increase in CHL from the surface
to 100 m depth and a decrease below 100 m are observed in the FOUR
region during an increase in YFT and BET catches, while the FSM
region shows a decrease from the surface to approximately 100 m
depth and an increase below approximately 100 m (Figure 3.10k-1). In
addition, DO anomalies show negative DO anomalies in the central
Pacific and positive DO anomalies in the eastern Pacific during an

increase in all three tuna species (Figure 3.10m-o).

As illustrated in Figures 3.9 and 3.10, ocean conditions during
increases in the catches in the FSM and FOUR show similar ocean
conditions in the YFT and BET, while those in the SKJ are different
from other species. The ocean conditions during an increase in YFT
and BET catches in the FSM and FOUR are generally opposite to each

other (e.g., upper ocean temperature anomaly and surface to near-
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surface CHL), which is consistent with the negative relationship
between the catches in each EEZ (Table 3.1). It is noteworthy that the
relationship between ENSO and tuna catches in the FSM and FOUR is
evident from the comparable ocean environmental patterns observed
in the equatorial Pacific (Figure 3.11). The catch of SKJ in the FSM is
known to increase during La Nifla—like ocean conditions (left column
of Figure 3.9), which is consistent with previous studies (Lehodey et
al., 1997; Kim et al., 2020). Conversely, catches of YFT and BET tend
to increase during El Nifio-like ocean conditions (middle and right
columns of Figure 3.9). In the FOUR, an increase in YFT and BET
catches is associated with La Nifla-like ocean conditions (middle and
right columns of Figure 3.10), while an increase in SKJ catches may
be associated with El Nifio-like ocean conditions, as indicated by the
temperature at approximately 100-200 m depth, CHL near the surface,
and DO near the surface to approximately 100 m depth (left column of
Figure 3.10). The ocean conditions associated with the increase in the
catches suggest a possible relationship between ENSO and tuna

catches in the FSM and FOUR.
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Figure 3.11 The zonal distributions of the regressed and
reconstructed anomalies of the ocean environmental variables in the
equatorial Pacific with respect to 2-yr low-pass filtered Southern
Oscillation Index during 1990-2018 (except for CHL and DO during
1993-2018). The ocean conditions during the La Nifia years can be
observed through the regressed and reconstructed anomalies of the
ocean environmental variables. The anomalies are presented after
meridional averages from 15° N to 15° S: temperature (a), salinity (b),
zonal current (ZC) velocity (¢), CHL (d), DO (e), and precipitation with
the 10 m height wind (f). The R-squared values of total precipitation
and 10 m height wind velocity for each regression are presented in
parentheses, respectively.
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The R-squared values for the regression of ocean environmental

variables on the catches in the FSM were found to be statistically

significant for both the LL and PS methods (upper panel of Figure 3.12).

Among the two tuna species, the R-squared values were highest for
BET using the LL method, followed by those for BET using the PS
method, YFT using the LL method, and YFT using the PS method. The
ocean conditions during an increase in YFT and BET catches in the
FSM using both the LL and PS methods are similar to the total YFT

and BET catches in the FSM (Figure 3.13), as shown in Figure 3.9.

In the FOUR, the LL method produced statistically insignificant R-
squared values, while the PS method was statistically significant
(lower panel of Figure 3.12). Among the two species in the FOUR, the
R-squared values for the BET using the PS method were highest,
followed by those for the YFT using the PS method. In the EEZs of
Kiribati and the Marshall Islands, which account for a significant
proportion of total YFT and BET catches in the FOUR (56% and 53%
in Kiribati and 14% and 18% in the Marshall Islands, respectively), YFET
and BET using the LL method contributed statistically insignificant R-
squared values to the catches in the FOUR using the LL method. In the
FOUR, the ocean conditions during an increase in the YFT and BET

catches using the PS method are also similar to the total YFT and BET
8 2



catches in the FOUR (Figure 3.14), as shown in Figure 3.10.
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Figure 3.12 The R-squared values of the regression at each depth
with respect to the YFT (blue) and the BET (red) caught by the LL
(dotted lines) and the PS (solid lines) fishing methods in the EEZ of the
FSM (top panel) and the FOUR (bottom panel) during 1990-2018
(except for CHL and DO during 1993-2018) for temperature (a, f),
salinity (b, g), current velocity (c, h), CHL (d, i), DO (e, j). The vertical

dashed lines denote the e-folding value.
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Figure 3.13 The zonal distributions of the regressed and
reconstructed anomalies of the ocean environmental variables in the
equatorial Pacific during 1990-2018 (except for CHL and DO during
1993-2018). Target time series are the annual catch amounts of the
YFT caught by the LL (the first column) and PS (the second column)
fishing methods and the BET caught by the LL (the third column) and
PS (the fourth column) methods in the EEZ of the FSM, respectively.
The anomalies are presented after meridional averages from 15° N to
15° S. Each row represents a different variable: temperature (a—d),
salinity (e-h), zonal current velocity (i-1), chlorophyll concentration
(m-p), and dissolved oxygen (g-t).
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Figure 3.14 same as Figure 3.13, but for the FOUR.
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3.4. Discussion

The habitat suitable for tuna may be determined by a variety of
factors, including the species’ temperature tolerance, diving
capabilities, and oxygen tolerance (Senina et al., 2018). The vertical
habitat characteristics of the species, such as the depth of the isotherm
and the thermocline, may also be relevant (Schaefer & Fuller, 2010).
The distinct habitats of each tuna species may result in unique
relationships between ocean environmental variability and the
abundance of each species (Bertignac et al., 1998). Factors that may
impact tuna catches include the availability of sufficient plankton, rich
levels of the DO, and accumulation of preferred prey (Lehodey et al.,
2003; Lehodey et al., 2008). However, this chapter primarily
demonstrates the statistical relationship between ocean environment
in the equatorial Pacific and tuna catches in the FSM and FOUR,
without considering the physiological conditions of the tuna in the

region.

This chapter shows that the negative relationship is not
statistically significant in SKJ catches during 1990-2018 (Table 3.1)
which is in contrast to previous studies that there is an inverse

relationship (zonal difference) between the catches in the FSM and the
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FOUR (Lehodey et al., 1997, Kim et al., 2020). This suggests a lack of
zonal variation in the distribution of SKJ in the WCP, in contrast to the
significant zonal variation observed in the catches of the YFT and BET
(middle and right columns of Figure 3.9-10). Nevertheless, detrended
catch amounts of SKJ in the FSM and FOUR show a negative
relationship (r = -0.48, p < .05; Table 3.2), which is consistent with
previous reports of zonal variation in SKJ catches (Lehodey et al.,
1997; Kim et al., 2020). Similarly, regression results of detrended SKJ
catches in FSM and FOUR show La Nifia-like and El Nifio-like ocean
conditions (left column in Figure 3.9-10), indicating that warm pool
contraction and expansion can still explain variability in SKJ catches

in the WCP region (Lehodey et al., 1997).

The expansion of the Pacific warm pool due to upper ocean
warming in recent years has been suggested as a contributing factor
to warm pool variability and its impact on SKJ habitat (Lehodey et al.,
1997). The warm pool has continued to expand eastward possibly due
to ongoing climate change (Weller et al., 2016). This expansion has
caused SKJ to migrate eastward, following the warm pool, resulting in
a higher increasing trend in catches in the eastern region of the WCP
(the FOUR region) compared to the western region of the WCP (the

FSM region). The zonal difference in SKJ catches between the FSM
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and FOUR regions was evident from 1990 to 2014, but lost statistical
significance by 2018. This disappearance of the zonal difference can
be attributed to the pronounced positive trend in SKJ catch observed
in the FOUR region (Figure 3.7a), which was influenced by the recent
expansion of the warm pool and the occurrence of high—-temperature
regions in the eastern area of the WCP since 2014 (Figure 3.15). In
particular, the expansion of the warm pool along with the occurrence
of high—temperature regions in recent years likely contributed to a
significant increase in SKJ catches in the FOUR region (Figure 3.7a).
This, in turn, has caused the difference in the catches between the
FSM and FOUR regions to become uni-sign, leading to the
disappearance of the zonal difference between the two regions in
recent years. These results highlight the complex relationship
between warm pool expansion, SKJ habitat shifts, and resulting
changes in catch patterns, and emphasize the need for further study

and monitoring in the context of climate change.
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Figure 3.15 Mean 5 m depth temperature during 1990-2014 and yearly
averaged 5 m depth temperature in 2015, 2016, 2017, and 2018. Only
the temperature exceeding 26°C is displayed.
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The correlation coefficients and regression results may suggest
that the previously established inverse relationship between SKIJ
catches in the FSM and FOUR is not robust and may not have been
consistently evident in recent decades. This may be due to
anthropogenic effects such as increased fishing efforts. If there were
arapid increase in the number of fishing vessels in the fishery, it would
be expected that the CPUE would decrease significantly due to the
finite availability of fish. To mitigate the effects of this increase in
vessels, this chapter focused on analyzing relatively recent data

beginning in 1990. No significant decrease in CPUE was observed

when examining the CPUE data obtained from the WCPFC gridded data.

In addition, the analysis results showed statistically significant R-
squared values, indicating that the anthropogenic factors resulting
from the increase in fishing vessels did not have a significant impact
in explaining the relationship between the ocean environment and tuna

catch.

The spatial patterns of ocean conditions associated with increases
in YFT and BET catches exhibit opposite characteristics in the FSM
and FOUR, consistent with the negative correlation observed between
the catches in these two regions (Table 3.1). Specifically, in the FSM

region, an increase in YFT and BET catches is associated with a
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cooling of the subsurface temperature (shallow thermocline) and an
increase in CHL from the near—surface to the subsurface
(approximately 50 to 150 m depth) (middle and right columns of Figure
3.9). Conversely, the FOUR region experiences a decrease in CHL
from the surface to approximately 100 m depth with relatively weak
subsurface cooling. Similarly, as YFT and BET catches increase in the
FOUR region, the ocean environment in the FOUR region shows
subsurface cooling accompanied by an increase in CHL concentrations
from the surface to approximately 100 m depth (the middle and right
columns of Figure 3.10). In contrast, the FSM region experiences
subsurface warming with a decrease in CHL from the surface to the

subsurface (approximately 50 to 150 m depth).

In terms of temperature, the notable variability is attributed to the

thermocline and warm pool in the WCP region, posing a challenge in

identifying the optimal temperature range associated with tuna catches.

Consequently, the investigation focused on examining the relationship
between the expansion and contraction of the warm pool, which is
influenced by SST, and the variability in thermocline depth, which

influences the subsurface temperature, about tuna catches.

The migration pattern of SKJ is closely linked to the warm pool,
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which is characterized by sea surface temperatures above 26° C
(Lehodey et al., 1997). Consequently, the catch of SKJ tends to
increase in the eastern region and decrease in the western region,
depending on the east-west expansion and contraction of the warm
pool (Lehodey et al.,, 1997; Kim et al., 2020). While YFT and BET
cannot dive through the thermocline until they reach maturity, as
adults they have the ability to dive to depths beyond the thermocline
(Senina et al., 2018). Variability in thermocline depth can affect the
vertical distribution of YFT and BET, resulting in shifts in their habitat
depth (Senina et al., 2018). In the WCP region, purse seine fisheries
dominate YFT and BET catches, accounting for 90% and 70%,
respectively (Lehodey, 2000; Lennert-Cody & Hall, 2000). Purse
seine nets are typically deployed at depths of approximately 200 m,
making YFT or BET closer to the surface more susceptible to capture
(increased catchability). The depth of the thermocline plays a role in
the vertical habitat distribution of YFT and BET. As the thermocline
becomes shallower, the proximity of YFT and BET to the surface

increases, creating favorable conditions for purse seine catchability.

In addition, wvariations in chlorophyll concentration can be

considered as a biological factor associated with improved catchability.

Regions with higher chlorophyll concentrations indicate a more
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productive marine ecosystem characterized by an abundance of
nutrients and prey for tuna (Lehodey, 2001; Lehodey et al., 2011).
Such conditions provide an optimal environment for tuna, resulting in
increased catch potential. Therefore, chlorophyll concentration serves
as an indicator of the biological productivity of the ocean, causing
schools of tuna to migrate to areas with elevated chlorophyll

concentrations, thereby increasing potential catchability.

The ocean conditions associated with increases in YFT and BET
catches in the WCP are similar to those of the ENSO (Figure 3.9-14).
During El Nifio-like conditions, the YFT and BET catches in the FSM
region increase while those in the FOUR region decrease. Conversely,
during La Nifia—like conditions, the YFT and BET catches in the FOUR
region increase while those in the FSM region decrease. These
opposing catch-related ocean conditions suggest that the habitat of
tuna (the catch-favorable ocean condition) in the WCP has a zonal
fluctuation, contracting westward during El Nifio-like conditions and
expanding eastward during La Nifa-like conditions (Lehodey et al.,
1997; Lehodey, 2000; Lu et al., 2001; Gouriou & Delcroix, 2002; Leung
et al., 2019). As a result of this zonal expansion and contraction of
fishing ground, catch amounts of the YFT and the BET in the FOUR

may increase during La Nifia-like conditions and increase in the FSM
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during El Nifio-like conditions (Figure 3.16). This suggests that the
ENSO plays a role in the tuna catches in the FSM and the FOUR
through zonal habitat (fishing ground) shifts (Lehodey et al., 1997;

Lehodey et al., 2011).
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Figure 3.16 Schematic representation of the shift in habitat of the SKJ,
YFT, and BET and the corresponding warm pool, thermocline depth
and CHL anomalies during ENSO-like ocean conditions. The left panel
depicts La Nifia—like ocean conditions while the right panel shows El
Nifio-like ocean conditions. Arrows indicate the direction of vertical
tuna habitat movement.
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The ocean environment in the EEZ of the FSM exhibits higher
temporal variability in subsurface temperature and the CHL compared
to the EEZ of the FOUR (Figure 3.5). This is also reflected in the
overall R-squared values for environmental variables (Figure 3.8),
which tend to be higher in the FSM than in the FOUR. This may suggest
that regions with higher environmental variability have a stronger
ability to predict and explain variations in the catches using ocean
environmental variables (Kim and Na, 2022). The use of different
fishing techniques has little effect on tuna catches within the EEZ of
the FSM (Figure 3.13). However, it may be challenging to explain the
catches using the LL method in the EEZ of the FOUR (Figure 3.14),
possibly due to the low quantities of tuna caught by this method (e.g.,
the YFT in the FOUR) and the relatively stable ocean condition in the

FOUR.

The BET has higher overall R-squared values than the YFT and
the SKJ among ocean environmental variables (Figure 3.8), indicating
that it may be more sensitive to temporal ocean environmental
variability. It is worth noting that each tuna species may have distinct
responses and sensitivities to ocean environmental variability and that
catch amounts may also be influenced by the fluctuation and movement

of their prey, which is related to ocean conditions (Schaefer & Fuller,
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2005; Senina et al., 2018). Further studies could benefit from defining
the dynamics between each tuna species and ocean environmental
variability based on the response of the prey during specific ocean

conditions.

It is worth noting that each tuna species may have distinct
responses and sensitivities to ocean conditions and that catch amounts
may also be influenced by the fluctuation and movement of their prey,
which is related to ocean conditions (Schaefer & Fuller, 2005; Senina
et al., 2018). Although the ocean environmental variables perform
good at prediction, relying on these variables would not always be the
best option for an operational application because of their limited
availability and/or accuracy over longer time periods. An alternative
option would be to obtain a statistical relationship between the ocean
environmental variables from the long—term best available dataset and
then apply the relationship to predict the target tuna catch variability.
Moreover, further studies could benefit from defining the dynamics
between each tuna species and ocean environmental variables based

on the response of the prey during specific ocean conditions.
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3.5. Conclusions

This chapter investigates the relationship between ocean
environmental variability in the equatorial Pacific and the tuna catches
(skipjack, yellowfin, and bigeye tuna) in the WCP. This chapter shows
the favorable ocean conditions of the annual catch amounts of the SKJ,
the YFT, and the BET in the WCP region. The habitat of the YFT and
the BET in the WCP may expand eastward during La Nifa-like
conditions and contract westward during El Nifio-like conditions,
resulting in a negative relationship between the catches in the FSM
and the FOUR. However, previously observed zonal differences in
ocean conditions for an increase in SKJ catches in the WCP are not
evident in recent decades, which may be due to the eastward
expansion of the warm pool as a result of warm pool expansion in

recent years.

The region with relatively high ocean environmental variability
exhibits higher levels of explanation and predictability of the catches
using ocean environmental variables. The use of different fishing
techniques has little effect on the catches within the EEZ of the FSM.
However, it may be challenging to explain the catches using the LL
method in the EEZ of the FOUR, possibly due to the low quantities of

tuna caught by this method (e.g., the YFT in the FOUR) and the
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relatively stable ocean environmental variability in the FOUR.

The statistical relationships observed in this chapter between tuna
catches and ocean environmental variability in the equatorial Pacific
have significant implications for the sustainable management of tuna
fisheries in the WCP. These findings can be used to make informed
predictions and implement effective strategies for the long-term
sustainability of tuna fisheries in the WCP in the context of climate

change.
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4. Potential predictability of the tuna catches
in the Western Central Pacific

4.1. Introduction

The ENSO events have a significant impact on the spatial
distribution of skipjack tuna (SKJ) catches in the Western Central
Pacific (WCP), as evidenced by their habitat expansion towards the
east during El Nifio and contraction towards the west during La Nifia
(Lehodey et al., 1997). Given that the EEZ of the Federated States of
Micronesia (FSM) is situated in the western region of the WCP, SKJ
catches in FSM are expected to increase (decrease) when the warm
pool shift westward (eastward) during La Nifia (El Nifio) events

(Lehodey et al., 1997).

If this ENSO-dependent availability of SKJ catches in the WCP is
robust on an interannual time scale, then the annual catch in the WCP
should have a significant correlation with ENSO indices. However, the
catch amounts of the FSM show insignificant correlation coefficients
of -0.30 with the Southern Oscillation index and 0.11 with the
multivariate ENSO index during 1990-2014. Correlations with the Nifio
3, Nifio 3.4, and Nifio 4 indices are also insignificant, with correlation

coefficients of —-0.23, 0.25, and 0.03, respectively. This suggests that
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the catch amounts of SKJ cannot be explained by analyzing their
relationship with ENSO indices alone. Instead, it is necessary to
investigate the connection between the ENSO-related ocean

environment and the catch amounts of SKJ.

This chapter examines the interannual relationship between SKJ
catches in the FSM, the western part of the WCP, and the equatorial
Pacific. Statistical analysis is used to examine the relationship between
SKJ catches in the FSM and ocean environmental variables, including
temperature, current velocity, salinity, and precipitation on the
interannual time scale. Finally, the catch amounts of SKJ in the FSM is
presented to be potentially predictable on an interannual time scale
based on the statistical relationship between the catch amounts and

ocean environmental variables in the equatorial Pacific.
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4.2. Materials and methods

The annual catches of SKJ in the EEZ of the FSM from 1990 to
2014 were obtained  from  Sea  Around  Us (SAU,
http://www.seaaroundus.org), which combines officially reported data
from the Food and Agriculture Organization of the United Nations
((http://www.fao.org/fishery/statistics/en), as well as estimates of
unreported catches and major discards (Vali et al., 2014; Derrick et al.,
2020). The EEZ-based annual dataset was compared to a spatially
gridded monthly dataset provided by the WCPFC. The autocorrelations
of the SKJ catches in the FSM, which is the target time series for
evaluating potential predictability, show a significant decrease over
time (Figure 4.1). The e—folding time scale over the period 1990-2014

1S approximately one year.

Monthly mean values of upper-ocean (5-200 m) temperature and
salinity were acquired from EN4.1.1, and those of current velocity
were obtained from Simple Ocean Data Assimilation (SODA) 3.4.2.
Surface precipitation data were obtained from CPC Merged Analysis
of Precipitation (CMAP). The EN4.1.1 dataset is spatially gridded
based on quality—controlled in situ vertical profiles of temperature and
salinity. The SODA 3.4.2 dataset is a reanalysis product with ERA-

Interim forcing and the National Oceanic and Atmospheric
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Administration (NOAA)/Geophysical Fluid Dynamics Laboratory
CM2.5 coupled model. The CMAP dataset is a merged product of
precipitation estimates from satellites, gauges, and NCEP/NCAR
reanalysis. All ocean environmental datasets were analyzed from 1990
to 2014 over the equatorial Pacific Ocean (30° S-30° N, 100° E-
60° W) to determine the statistical correlations between the ocean

environmental variability and the catch amounts of the SKJ.

The ocean environmental variables are analyzed using CSEOF
analysis (Kim et al., 1996; Kim and North, 1997; see Appendix).
Regression analysis i1s then used to Investigate the physical
relationship between the target and predictor variables and to extract
the spatial patterns that correspond to their physical evolution. The
prediction was conducted by using the statistical relationship
a,, during the learning period, L, within the total length of the time
series of the regression analysis. The learning period, L is 24, 23, and
22 years (1990-2013, 1990-2012, and 1990-2011) years and the
prediction period, P is 1, 2, or 3 years (2014, 2013-2014, and 2012-
2014), respectively (Kim, 2000; see Appendix). The number of modes
that were used in the regression was set to 10. Note that the
regression error during the learning period would be reduced by

increasing the number of modes used for the regression (i.e., a greater
103



m), but this does not guarantee better predictive accuracy during the

predictive period, P.

. Autocorrelatlon of the annual catch amount of sklpjack tuna in the FSM

05F
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Figure 4.1 The autocorrelations of the annual mean catch amount of
the FSM during 1990-2014.
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4.3. Results

Figure 4.2 exhibit the R-squared values of ocean environmental
variables at different depths regressed onto the SKJ catches in the
FSM during 1990-2014 without detrending. Generally, temperature
and salinity show higher R-squared values in comparison to those of
current velocity. The subsurface temperature at approximately 100 m
and near-surface salinity present stronger statistical relationships
with the target time series, and the interannual variability of SKJ
catches in the FSM. Note that the near—surface temperature exhibits
lower R-squared values than the subsurface temperature and surface
salinity. The different depths of maximum R-squared values for
different variables suggest that the regression results can be a
reflection of both/either the favorable habitat of SKJ and/or the

representability of the particular variable at a particular depth.

Figure 4.3 shows the reconstructed anomalies of 100 m
temperature, 60 m current velocity, 5 m salinity, and surface
precipitation regressed onto the SKJ catches in the FSM during 1990-
2014 without detrending. Thus, the spatial patterns in Figure 4.3 are
related to the interannual variability of the SKJ catches in the FSM
with the corresponding R-squared values. The depths of each variable

(except precipitation) are chosen to be displayed based on their high
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R-squared values (100 m temperature 0.75; 60 m current velocity:
0.53; 5 m salinity: 0.77; precipitation: 0.55). 100 m temperature
anomalies show positive values in the western to central equatorial
Pacific and negative values in the eastern equatorial Pacific (Figure
4.3). Regression results indicate that under these La Nifia-like ocean
conditions (McPhaden and Picaut, 1990; Picaut et al., 1996), tuna
catches increase in the FSM. The 60 m current velocity shows
westward anomalies along the equator, also indicating La Nifia-like
conditions. Negative anomalies of the 5 m salinity in the western
equatorial Pacific and positive anomalies in the eastern equatorial
Pacific suggest a westward shift of the ITCZ associated with La Nifia
(Figure 4.3) (Choi et al., 2015). The westward shift of the ITCZ can
also be seen in precipitation anomalies, which show consistent spatial
patterns similar to those of 5 m salinity. All of these ocean
environmental variables at different depths are independently
regressed on the annual catches of SKJ in the FSM and show La Nifia—
like ocean conditions, suggesting that the interannual variability in tuna

catches is associated with ENSO-like variability.
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Figure 4.2 R-squared values of the regression at each depth with
respect to the SKJ catches in the FSM from 1990 to 2014 for (a)
temperature, (b) current velocity, and (c) salinity.
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Figure 4.3 Regressed and reconstructed anomalies of ocean
environmental variables in the equatorial Pacific Ocean with respect
to the SKJ catches in the FSM from 1990-2014: (a) temperature at 100

m, (b) current velocity at 60 m (shading: zonal velocity), (c) salinity at
5 m, and (d) precipitation.
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The statistical relationship between SKJ catches in the FSM and
ENSO-like variability (Figure 4.3) can be used to predict the amount
of catch given information about the ocean environment, specifically
the 100 m temperature or 5 m salinity in the equatorial Pacific. Figure
4.4 shows the regression results for the 25 years of the data set
(1990-2014). The correlation coefficients between the observed
annual catches and those estimated from 100 m temperature and 5 m
salinity are 0.87 and 0.88, respectively. By performing the regression
analysis of temperature or salinity on the catch for a limited period
(i.e., shorter than the total length of the dataset), called the learning
period, the catch for the remaining years can be predicted and the
performance for the prediction years can be evaluated. Figure 4.4b-d
shows the regression relationship obtained from different learning
periods and their application for annual predictions up to 3 years. The
1-year prediction based on the regression relationship for a 24-year
learning period (Figure 4.4b) shows plausible results; the correlation
coefficients for the entire period (24-year prediction plus l-year
prediction) based on 100 m temperature and 5 m salinity are 0.84 and
0.83, respectively. Predictions based on 23- and 22-year learning
periods also show acceptable results, although the actual values are

higher than the predicted catch amounts (Figure 4.4c-d).
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Also, the regression coefficients of each mode of 5 m salinity and
100 m temperature show no significant change during the different
learning periods (Table 4.1-2), which indicates that the main ocean
variability that explains the variability of tuna catch amounts does not
change even if the learning period is different. Therefore, it suggests
the robustness of the statistical prediction using the ocean

environmental variables.
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Figure 4.4 Observed (red), estimated and predicted annual catch
amount of SKJ in the FSM based on the relationship with the 5 m
salinity (blue) and 100 m temperature (black): (a) regression during
1990-2014, (b) regression during 1990-2013 and prediction for 2014,
(c) regression during 1990-2012 and prediction for 2013-2014, and (d)
regression during 1990-2012 and prediction for the 2012-2014 period.
The prediction period is shaded in orange.
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Table 4.1 Regression coefficients of each mode of 5 m salinity to the
catch amounts of SKJ in the FSM during the learning period.

Mode

Mode

Mode

Mode

Mode

Mode

Mode

Mode

Mode

Mode
10

1990-
2018

0.387

0.256

0.150

0.270

0.034

0.268

0.291

0.109

0.136

0.286

1990-
2017

0.356

0.284

0.147

0.312

0.032

0.290

0.325

0.106

0.164

0.329

1990-
2016

0.347

0.280

0.167

0.300

0.035

0.281

0.314

0.093

0.156

0.336

1990-
2015

0.323

0.277

0.165

0.317

0.006

0.276

0.307

0.098

0.160

0.335
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Table 4.2 Regression coefficients of each mode of 100 m temperature
to the catch amounts of SKJ in the FSM during the learning period.

Mode

Mode

Mode

Mode

Mode

Mode

Mode

Mode

Mode

Mode
10

1990-
2018

0.077

0.056

0.071

0.283

0.328

0.235

0.377

0.147

0.320

0.134

1990-
2017

0.097

0.021

0.006

0.285

0.373

0.314

0.429

0.134

0.306

0.208

1990-
2016

0.079

0.014

0.021

0.300

0.357

0.358

0.365

0.223

0.263

0.179

1990-
2015

0.094

0.030

0.064

0.270

0.369

0.310

0.404

0.234

0.234

0.269
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The FSM region experienced abrupt changes in SKJ catches
during the 2007-2008 period, suggesting that predictability using
statistical relationships between the catches and ocean environmental
variables may be low during this period. To investigate the continued
potential predictability of SKJ catches based on ocean environmental
variables, several learning periods were established before and after
the catch reduction period. The learning periods consisted of 1990-
2007/1990-2008/1990-2009, and subsequent predictions were
conducted for durations of 3 years (2008-2010)/2 years (2009-
2010)/1 year (2010) (Figure 4.5). Using bm salinity and 100m
temperature, the potential predictability of SKJ catches in the FSM
region was assessed. The correlation coefficients between the target
SKJ catch and the predicted SKJ catch were found to be 0.81 and 0.75
(for bm salinity and 100m temperature, respectively) based on the
1990-2009 learning period, 0.79 and 0.76 for the 1990-2008 learning
period, and 0.74 and 0.73 for the 1990-2007 learning period. These
prediction results indicate the existence of potential predictability for
SKIJ catches during periods of sudden catch changes when using ocean

environmental variables over 3 years.
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Figure 4.5 Observed (red), estimated, and predicted annual catch
amount of SKJ in the FSM based on the relationship with the 5 m
salinity (blue) and 100 m temperature (black): (a) regression during
1990-2010, (b) regression during 1990-2009 and prediction for 2010,
(c) regression during 1990-2008 and prediction for 2009-2010, and (d)
regression during 1990-2007 and prediction for the 2008-2010 period.

The prediction period is shaded in orange.
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Similar to the bootstrap method, the potential predictability was
examined by excluding the intermediate 3 years (2007-2009)/5 years
(2006-2010) during the learning period (Figure 4.6). The 5m salinity
and 100m temperature were also used to estimate the potential
predictability of SKJ catches in the FSM. The correlation coefficients
between the target SKJ catch and the predicted SKJ catch were found
to be 0.82 and 0.75 (for 5m salinity and 100m temperature,
respectively) based on the 1990-2006 and 2007-2009 learning period
and 0.85 and 0.61 for the 1990-2005 and 2011-2014 learning period.
It suggests that despite the exclusion of the intermediate data, the
potential predictability of SKJ catch in FSM was evident using ocean

environment variables.
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Figure 4.6 Observed (red), estimated, and predicted annual catch
amount of SKJ in the FSM based on the relationship with the 5 m
salinity (blue) and 100 m temperature (black): (a) regression during
1990-2014, (b) regression during 1990-2006 and 2010-2014 and
prediction for 2007-2009 and (c) regression during 1990-2005 and
2011-2014 and prediction for 2006-2010 period. The prediction period

1s shaded in orange.
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4.4, Discussion

One of the most successful fishing grounds for SKJ is located in
the convergence zone between the warm pool and equatorial upwelling
in the central Pacific where the warm, low—salinity water and the cold,
saline water converge in the upper ocean. It should be pointed out that,
however, this analysis is not based on a prior understanding of the
physiological conditions of SKJ caught in the equatorial Pacific. Rather,
the higher R—squared values of the specific variables at specific depths
(Figure 4.2) suggest that they would be associated with favorable
conditions for SKJ, for example, regions with enhanced availability of
food, sufficient plankton, and an accumulation of preferred prey. The
warm pool, however, is known to be oligotrophic with low chlorophyll
and primary production, which can be counter—intuitive. Studies have
indicated that chlorophyll may be advected to the warm pool region by
the westward current during the transition phase of the ENSO in the
equatorial Pacific. Regression analysis of surface chlorophyll,
conducted only from 1998 to 2014 only due to the shorter length of
the available chlorophyll dataset, indeed exhibits relatively high R-
squared values of 0.76 (not shown). This suggests that sea surface
chlorophyll variability could also be a potential predictor when longer

data is available to obtain a robust statistical relationship.
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The predictability of SKJ catches in the FSM was estimated by
utilizing the statistical relationships between ocean environmental
variables, specifically upper ocean temperature, and salinity, and SKJ
catches in the FSM, which represents ENSO-like variability (Figure
4.3). In particular, the ENSO-like variability represented by 100 m
temperature and 5 m salinity in the equatorial Pacific showed
significant predictability for the annual catch in the FSM over several

years, with a learning period of over 20 years (Figure 4.4).

To evaluate the possibility of predicting abrupt changes in SKJ
catch in the FSM region during 2007-2008, different learning periods
were established both before and after the catch reduction period
(Figure 4.5). The learning periods included 1990-2007/1990-
2008/1990-2009, and predictions were made for 3 years (2008-
2010)/2 years (2009-2010)/1 year (2010), respectively. By analyzing

ocean variables such as bm salinity and 100m temperature, the

potential predictability of SKJ catches in the FSM region was evaluated.

The results indicated a high level of predictability, especially when
predicting changes over 3 years following sudden variations in SKJ
catches. Similarly, predictability was examined by excluding the
intermediate 3 years (2007-2009)/5 years (2006-2010) during the

learning period (Figure 4.6). The potential predictability of SKJ catch
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in FSM using ocean environmental variables was evident despite the
exclusion of intermediate data. Therefore, utilizing the relationship
between the catches and ocean environmental variables demonstrates

strong predictive performance for future tuna catches.

Most of the climate indices associated with ENSO are computed
using sea surface temperature. Notably, the low correlation, thus low
predictability, between the single ENSO indices and the catch amount
1s explained by the lower R-squared values of the sea surface
temperature compared to those of the subsurface temperature. The
higher R—squared values of the subsurface temperature compared to
that of surface temperature would be partly due to the larger temporal
variability of the subsurface temperature. The smaller amplitude of
temperature anomalies at the sea surface may not be great enough to
induce physiological or behavioral responses of the SKJ. Indeed, the
surface salinity exhibits a larger temporal variability and a higher R-
squared value with the catch amount compared to the subsurface
salinity. Furthermore, this chapter highlights that surface salinity can
provide a better basis for predicting the SKJ catch amount in the FSM
than the surface temperature, possibly because the amplitude of sea
surface temperature anomalies tends to decrease rapidly due to active

heat exchanges between the ocean and the atmosphere.
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4.5. Conclusions

This chapter focused on evaluating the potential predictability of
SKJ catches in the WCP region using statistical relationships with
ocean environmental variables. The results revealed a strong
statistical relationship between SKJ catches and ENSO-like ocean
conditions, specifically the contraction of the warm pool during La
Nifia-like periods. This chapter used ocean variables such as 5 m
salinity and 100 m temperature as potential predictors, which showed
better predictability for SKJ catches in the FSM compared to ENSO

indices based on sea surface temperature.

Although a statistical relationship generally becomes more robust
when the analysis is conducted using a longer dataset, the inclusion of
catch data prior to 1990s is not helpful for increasing the predictability.
This is because temporal changes in the anthropogenic effect, which
are not depicted in the ocean environment, would be larger. However,
if the anthropogenic effect is something that is depicted in the ocean
environment (e.g. if the temperature and salinity variability related to
the SKJ catches somehow occurs more frequently in the future induced
by the anthropogenic effect), then the prediction would tell the catch

amount of SKJ would increase in the FSM.
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The predictability presented in this chapter is based on the
statistical relationship established between annual catches and ocean
environmental variability in the equatorial Pacific. Future predictions
can be made if future ocean environmental data are available,
particularly for the equatorial Pacific, although the quality and
perspectives of such data may vary. Extending the time series of
ocean environmental variables using methods such as autoregressive
modeling can improve prediction capabilities. The accuracy of
predictions depends primarily on the extent to which the selected
variables represent the ocean environmental variability associated
with the target variability, assuming that SKJ abundance is adequately

represented by the target time series.

It is important to acknowledge that the presence of anthropogenic
effects, such as illegal fishing, may affect the SKJ population and
introduce regression errors into the predictions, as the target time
series may not fully capture the natural variability in catch amounts.
However, the statistical significance of the regression relationship
established in this study indicates that the target time series can

effectively represent the variability of SKJ during the learning period.

Overall, the statistical relationships identified in this study provide
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a solid foundation for making informed predictions and developing
effective strategies for the long-term sustainable management of tuna
fisheries in the WCP region. By considering the complex interactions
between SKJ and ocean environmental variables, stakeholders can
make informed decisions and adapt their approaches to the challenges

posed by climate change and anthropogenic impacts in the future.
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5. Conclusions

The suitability of tuna habitats is determined by a variety of
factors, including the availability of food sources and the physical
characteristics of the ocean environment. The availability of food
sources, such as plankton and preferred prey plays a role in the
distribution of tuna in the oceans. Temperature, depth, and oxygen
concentrations are among the important environmental variables that
affect habitat suitability for tuna. The ocean currents and vertical
mixing are also related to the habitat. However, each tuna species has
specific physiological requirements that influence its habitat

preferences.

The primary objective of this dissertation is to investigate the
relationship between ocean environmental variables and the catch
amounts of three tuna species (the SKJ, YFT, and BET) in different
regions of the tropical oceans. The statistical relationships between
ocean environmental variables and annual catches of tuna are
presented using regression and reconstruction analysis. The results of
this dissertation highlight that the climate variability, including the
ENSO, plays an important role in influencing the horizontal and vertical

distribution of tuna and, in turn, the catch amount.
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Both in the SWTIO and WCP, chlorophyll concentration increases
at certain depths when the YFT and BET catch increase, indicating
enrichment of biological factors associated with tuna (nutrients, prey,
etc.). The increase of chlorophyll concentration is observed at the
subsurface in the SWTIO and at the near—surface in the WCP. In the
SWTIO, the increase in the subsurface chlorophyll concentration and
suppression of upwelling contribute to a vertical extension of the tuna
fishery, thus an increase of the YFT and BET catch. However, in the
WCP, the increase in chlorophyll concentration from surface to near—
surface and enhancement of upwelling (shallowing of thermocline)
shift the location of favorable fishing grounds to near—surface and

surface, increasing catchability in the WCP (Figure 5.1).
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This dissertation also presents how much variability of the annual
catch amount can be explained and predicted based on the relationship
with ocean conditions. The results indicate that regions with higher
environmental variability are more effective in explaining and
predicting variations in tuna catch. However, it is difficult to identify
favorable ocean conditions for the catches in regions with low
variability in the ocean environmental variables. More studies are
required to fully understand the complex relationship between ocean
environmental variables and catch amounts, especially in the areas

where the environmental variability is relatively weak.

In the tuna fishery, the IOTC and the WCPFC implement species—
specific quotas to reduce the overfishing. Therefore, it is important to
examine whether these quotas have an impact when examining the
relationship between the ocean environment and catch data. If the
anthropogenic effects of species—specific quotas outweigh the natural
variability, regression analyses would be expected to have low
explainability. However, the regression showed statistically significant
R-squared values in both the SWTIO and the WCP regions. This
suggests that the anthropogenic effects such as the quota system did

not significantly affect the results of this dissertation.
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The available data, which includes information from the SAU and
WCPFC, lacks specific details on the use of certain types of fishing
gear, such as fish aggregating devices (FADs). The FADs play an
important role in the tuna fishery as a means of increasing fishing
efficiency and reducing operating costs (Morgan, 2011). This reliance
on FADs can be attributed to the migratory nature of tuna, as they
travel long distances, making them difficult to track and catch. By
strategically positioning their nets and lines near FADs, tuna vessels
can achieve significant improvements in catch rates and reduce time

at sea, ultimately increasing CPUE.

However, this reliance on FADs poses a challenge in explaining
the variability of tuna catches based on natural variability in the ocean
environment. Therefore, in order to fully understand the variability of
the catches, it is essential to first assess the potential impact of
anthropogenic factors associated with the deployment of FADs. It
should be noted that, due to the lack of data, this dissertation confirms
the limited anthropogenic impact of quotas and the use of specific
fishing gears on tuna catches only using statistical methods. If the use
of a particular fishing gear had a significant impact on the catch, it
would be expected to reduce the explainability of the catches using

ocean environmental variables. However, the R—squared values in the
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regression analysis using the ocean environmental variables are
statistically significant in the target regions of this dissertation. Future
studies are recommended to use numerical models for a more
comprehensive confirmation of the effects of anthropogenic impacts

on tuna fisheries.

The relationship between SKJ catches in the WCP and ocean
environmental variables in this dissertation is statistically robust.
Chapter 3 examined catch data from 1990 to 2018 to investigate the
ocean conditions that are associated with the increase in SKJ catches
in the FSM region. Chapter 4 examined catch data from 1990 to 2014
in the FSM region to evaluate the predictability of SKJ catches. The
four—year difference in data coverage between the two studies was
considered to evaluate its impact on the results. Both studies showed
the presence of La Nifla-like ocean conditions during periods of
increased SKJ catches in the FSM region from 1990 to 2014 and 1990
to 2018, respectively. Despite the data gap, the two studies exhibit
similar results, indicating a statistically robust relationship between
SKJ catches and ENSO in the FSM region. Therefore, assuming no
future changes in the ocean environment that differ from current
conditions, the favorable ocean conditions and potential predictability

of SKJ catches in the FSM region are expected to continue.
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The La Nifia occurred from the late 2010s through 2022. If the
robust relationship between ocean conditions and tuna continues
beyond 2018, then certain trends would be expected. Specifically, in
the northern region of the SWTIO, there would be a decreasing trend
in YFT and BET catches from the late 2010s through 2022
(L" Heureux_2019; Li et al., 2022). In contrast, the western/eastern
region of the WCP would experience an increase/decrease in SKJ
catches and a decrease/increase in YFT and BET catches during the
same period. Given the predicted transition from La Nifia to El Nifio in
2023 (NOAA, n.d.), YFT and BET catch are expected to increase in
the northern region of the SWTIO and the western region of the WCP

in 2023.

This study uses statistical methods to examine the relationship
between the catches and ocean environmental variables. While these
methods effectively capture the favorable ocean conditions associated
with catch variability, they do not provide insight into the specific
habitat suitability for particular tuna species or allow forecasting of
future habitat distribution. Alternative methods such as the maximum
entropy method and the habitat suitability index have been used in
various studies to model the geographic distribution of species

(Phillips et al.,, 2006) and to assess habitat quality and make
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predictions (Chen et al., 2008). In addition to the statistical methods
used in this study, the incorporation of different modeling approaches
proves beneficial in understanding the tuna fishery by exploring the
relationship between ocean environment and fishery, as well as
examining habitat variability driven by surrounding environmental

factors.

Previous studies have highlighted the potential impact of future
ocean conditions influenced by ongoing global warming on extreme
ENSO events (Grothe et al., 2020; Cai et al., 2021). This dissertation
examines the robust statistical relationship between ocean conditions
and the catches, even in the presence of extreme ocean variability.
Consequently, the study expects a corresponding variability in catch
amounts within the SWTIO and WCP regions. The results gained from
this dissertation will facilitate the development of effective
management strategies and accurate projections of future tuna
populations and yields, allowing for informed decision—making. These
findings will help protect and conserve tuna populations in the face of
changing ocean conditions and climate change, ensuring their long-—

term sustainability.
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Appendix I: Cyclostationary EOF analysis

A cyclostationary empirical orthogonal function (CSEOF) analysis
(Kim et al., 1996; Kim and North, 1997) was conducted for extracting
the spatio—temporal variability of ocean environmental variables. The
CSEOF method has been utilized by various studies to investigate the
relationship between a specific time series and the physical variability
of the environmental variables (Kim et al., 2015; Kim et al., 2020; Kim
and Na, 2022). The geophysical variables, G(r,t), are decomposed into
cyclostationary loading vectors (CSLVs), A4,(r,t) and their

corresponding principal component (PC) time series, B,(t) as in Eq.

(1):

G(T: t) = ZnAn(r: t)Bn(t)’ (D

where n, r, and ¢ denote the mode number, 2—-dimensional space,
and time, respectively. The current velocity was analyzed as a single
variable by combining both the zonal and meridional components. The

CSEOF analysis was conducted separately on each environmental

147



variable at each depth, and the CSLVs were obtained to demonstrate
the physical evolution of environmental variables over a nested period
d of 12 months. The nth mode of the CSLVs is expressed with

periodicity d, as in Eq. (2):

A,(r,t) = A,(r,t+d) (2)

Thus, A,(r,t) consists of 12 monthly spatial patterns which that
illustrate the spatio—temporal evolution of the nth mode. Its
corresponding PC time series, B, (t), illustrates the temporal variation
of the nth mode of spatial variation. Each of the PC time series is
statistically independent and the CSLVs are perpendicular to one

another.
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Appendix II: Regression analysis and

statistical prediction

The statistical relationship between the annual tuna catches in the
each EEZ, F(t), and ocean environmental variability was obtained by

conducting regression analysis in the CSEOF space, as described by

Eq. (3):

F(t) = Y= @mBpn (0, (3)

where m denotes the mode number, «,, is the regression
coefficient, and B,,(t) is annually averaged the PC time series of each
ocean environmental variable. Through the regression coefficient, a,,,
the regressed and reconstructed ocean environmental variability,

R(r,t), can be obtained as in Eq. (4):

R(T, t) = Z}r?:l amAm (T, t): (4)
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Thus, the resulting physical evolutions of the ocean environment,
R(r,t), share the long—term variability of the fishery data, F(t), with
some regression error. In this dissertation, the first ten CSEOF PC
time series of the predictors were used for the regression analysis to
minimize the chance of overfitting, which can lead to unstable
predictability. If the R-squared value is relatively low for a specific
variable at a specific depth, it indicates that the ocean environmental
variables at the depth is not closely related to the target variability.
To investigate the interannual relationship between the tuna catches
and ocean conditions, the annual mean spatial patterns of R(r,t) are

illustrated.

The annual catch amount of tuna, F(t), was predicted for the
prediction period, Z, using the statistical relationship, B, derived
from each training period (learning period), Z, which is a subset of the
total length of the time series used in the regression analysis (Kim et
al., 2000). The estimated and predicted annual catch amount, F(t),

including the prediction period, P can be written as in Eq. (5):

F()=3¥M_ BmBm (1), teL+P. (5)
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The first ten modes were utilized for the prediction (M = 10). In

this dissertation, the prediction period, 7, was set to 3, 2, and 1 years.
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