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EXECUTIVE SUMMARY 
 
 Within the past several decades, Pacific bluefin tuna (Thunnus orientalis; PBT) stocks 

have dropped to historically low levels, currently estimated at just 3.3% of unfished levels. All 

PBT are spawned in the Western Pacific Ocean (WPO) and an unknown proportion of juveniles 

(Ages 1 and 2) make trans-Pacific migrations across the Northern Pacific Ocean (NPO). This 

study was conducted to investigate potential environmental drivers of PBT trans-Pacific 

migration and support management of the stock through a better understanding of when and 

where they interact with fisheries.  

Two primary questions were explored: (1) what are the environmental correlates that 

drive the residency of Age-1 and Age-2 PBT in the WPO; and (2) what environmental correlates 

increase the residency duration in the Eastern Pacific Ocean (EPO)? We used long term (1952-

2014) oceanographic and catch data, which allowed us to examine the influence of decadal scale 

environmental regime shifts. Generalized Additive Models (GAMs) were used to quantify the 

strength in relationships between modeled PBT catch-at-age (CAA) data, and focal explanatory 

variables. The effects of sea surface temperature (SST), sea surface height anomalies (SSHa), the 

Pacific Decadal Oscillation (PDO), the Arctic Oscillation (AO), upwelling, iron input from 

Asian dust, and prey availability on the proportion of PBT making eastward and westward trans-

Pacific migrations were examined.  

Residency of Age-1 PBT in the WPO was positively correlated with anchovy and sardine 

landings in the WPO, as well as SSHa, while Age-2 PBT had significant relationships with 

sardine landings, SST, aeolian dust, and the PDO. In the EPO residency of both Age-4 and Age-

5 PBT were significantly correlated with increased sardine and lower mackerel landings. These 
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findings are aligned with previous hypotheses that prey abundance is a key influencing factor on 

PBT residency in the WPO.  
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1. Introduction 
 

PBT are a highly migratory species of fish, with primary aggregations found throughout 

the Pacific Ocean, from the coastal waters of Japan and Taiwan, across the North Pacific to 

Mexico and the United States, and into the Southern Ocean off the coast of New Zealand and 

Australia. Globally, PBT are one of the world’s most commercially valuable fish species, with 

individuals frequently selling for thousands of dollars in Japanese fish markets and one recent 

record of $3.1 million (Pew Environmental Group, 2014a; Specia, 2019). High demand has 

greatly reduced the PBT population, with current estimates suggesting it is 3.3% of its historical 

spawning stock biomass (NOAA, 2017; ISC 2016).  

The largest threats to PBT come in the form of commercial overfishing and the inherent 

difficulties associated with the international management of highly migratory species. The 

species comprises a single stock (Bayliff, 1994; Tseng & Smith, 2012), however, its far-ranging 

geographic boundaries create a complex assemblage of stakeholders from multiple nations. 

Furthermore, the two international Regional Fisheries Management Organizations (RFMOs) 

responsible for managing the PBT fishery, the Western and Central Pacific Fisheries 

Commission (WCPFC) and the Inter-American Tropical Tuna Commission (IATTC), have only 

recently imposed catch limits within the past decade (Pew Environmental Group, 2014b).  Of 

particular concern is the proportion of juvenile PBT caught in the WPO, which accounts for 

roughly 90% of the total catch (Pew Environmental Group, 2014b; ISC 2018). 

PBT spawn during summer months in two separate areas—in the Sea of Japan and off the 

coast of Taiwan (Sund et al., 1981). The Kuroshio and Tsushima currents transport a large 

portion of the larvae northward throughout Japanese waters and the East China Sea, where they 

develop into juveniles over the following few months (Itoh, 2003). While some individuals will 
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experience the entirety of their lifecycle in the WPO, there is an unknown proportion that 

migrate to the EPO to the coasts of California and Baja, Mexico in their first and second year of 

life (Inagake et al., 2001). Once in the EPO, PBT can remain there for 1-3 years before returning 

to the WPO to spawn (Itoh, 2003; Kitagawa et al., 2007). Generally, migrations back to the WPO 

begin in the winter, while migrations to the EPO often begin in the summer (Boustany et al., 

2010; Fujioka et al., 2018). 

Prey availability, as well as other environmental correlates, may be key factors 

contributing to those migrations (Polovina, 1996). PBT are highly opportunistic feeders, with 

stomach content analyses showing diverse prey items, including sardines, anchovies, pomfrets, 

zooplankton, squid, mackerel, saury, pelagic red crabs, and more (SWFSC, 2016; Madigan et al., 

2016; Fig. 1). Their varying diets are as much a product of their distribution as their changing 

physiology. Between Age-0 and Age-1, juvenile PBT rapidly shift their primary diet from 

zooplankton and squid, to a variety of fish species (Kitagawa & Fujioka, 2017). Spatial 

distribution of juvenile PBT also plays a role in their early diet, with individuals in the Tsushima 

current predating mostly squid, and individuals in the Kuroshio current predating mostly 

zooplankton (Shimose et al., 2013). 

The availability of PBT prey ultimately may be driven by long-term climate fluctuations. 

Multi-decadal climate oscillations correlate with forage fish regime shifts that alternate between 

sardine and anchovy dominated ecosystems in both the WPO and EPO (Chavez et al. 2003). 

Polovina (1996) argued that the proportion of Age-1 and Age-2 PBT that stayed in the WPO was 

related to the local sardine abundance and distribution. Similarly, movements in the EPO have 

been shown to correlate with local prey abundance and with environmental drivers, such as 

upwelling (Boustany et al 2010; Polovina 1996; Kitagawa et al. 2007). Due to the relatively short   
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Fig. 1. Stomach content analysis of Age-1 to Age-5 PBT in the EPO from 2008-2016. Prey item 

prevalence is indicated in percentages and data is from the Southwest Fisheries Science Center.  

 

period for which data were available (1951-1992), Polovina (1996) was able to show an 

increased proportion of PBT remaining in the WPO as sardine populations increased, but was not 

able to determine whether more PBT traveled to the EPO as this cycle shifted and WPO sardine 

populations declined. In addition, previous studies have not examined the underlying 

environmental drivers that may drive prey availability or the proportion of PBT that make trans-

Pacific migrations. 

By using a longer time series of PBT catch data, prey availability, and physical 

oceanographic variables, it is possible to examine the drivers that may determine trans-Pacific 

movements of PBT. Using PBT CAA data from 1952-2014, this study will specifically address: 

(1) what are the environmental correlates that drive the retention of Age-1 and Age-2 PBT in the 

WPO; and (2) what are the environmental correlates that drive the residency duration in the 

EPO? This study examined SST, SSHa, the PDO, the AO, prey availability, upwelling, and iron 

input from Asian dust as potential explanatory variables to address these questions. Successful 
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management of PBT is important from both an economic and environmental standpoint. Gaining 

a better understanding of the yearly proportions of PBT migrating will assist coordination 

between the International Scientific Committee for Tuna and Tuna-like Species in the North 

Pacific Ocean (ISC), the WCPFC, and the IATTC in setting sustainable harvest quotas. 

 

2. Methods 

2.1 PBT Catch Data 

 In this study, PBT CAA data were obtained from the ISC (ISC, 2016). The dataset 

consists of the catch proportion of each age class of fish from Age-0 to Age-20, classified by 

fleet and year. Fishing fleets were classified as either EPO or WPO and all the catch reported by 

individual fleets was assigned to that part of the ocean. Total catch for each age-class was 

calculated for both the EPO and WPO by summing the catches of each age-class across fishing 

fleets. Proportion of age-class 1-2 and 4-5 caught in both the EPO and WPO was then calculated 

from the raw landings data. We use catch proportion as a proxy for proportion of PBT of each 

age-class in the WPO and EPO for a given year. 

 

2.2 Prey Landings 

 All landings data of common prey species were compiled from the Food and Agriculture 

Organization (FAO; http://www.fao.org/fishery/statistics/collections/en; Accessed July 16, 

2018), with the exception of Pacific mackerel (Scomber japonicus), which was compiled from 

the 2003-2004, 2009-2010, and 2015-2016 stock assessments. WPO prey species consisted of 

Japanese sardine (Sardinops melanostictus), Japanese anchovy (Engraulis japonicus), Japanese 

mackerel (Trachurus japonicus), and Japanese squid (Todarodes pacificus). EPO prey species 
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consisted of California sardine (Sardinops caeruleus), California anchovy (Engraulis mordax), 

and Pacific mackerel (Scomber japonicus). Multiple species known to be prey of PBT were 

excluded due to lack of available data, including Pacific saury (Cololabis saira), California 

market squid (Doryteuthis opalescens), pelagic red crab (Pleuroncodes planipes), and meso-

pelagic fishes (e.g. Myctophids, Gonostomatids). 

 The reported landings by FAO were used for several reasons. In the EPO, stock 

assessment landings and National Marine Fisheries Service (NMFS) landings, paired with 

Mexican landings (Chavez & Chavez-Hidalgo, 2013), were compared to FAO values. While 

similar trends were observed, some years showed drastically different values—in some cases 

over 200,000 tons. Since underreporting is more likely to occur than overreporting, and the FAO 

values were generally highest, FAO datasets were used in the analyses. Biomass measurements 

were also initially considered in lieu of landings, however, none of the prey species of interest 

had available abundance data for the vast majority of the time period of interest. Landings data 

were therefore used as a proxy for abundance for each of the prey species examined.  

 

2.3 Environmental Correlates 

 Monthly PDO and AO values were compiled from the NOAA/National Centers for 

Environmental Education website (https://www.ncei.noaa.gov/; Accessed June 14, 2018). Per 

Manatua and Hare (2002), October through March is the period most indicative of the PDO 

climatic phenomenon, and these months were used to calculate a seasonal mean for each year. 

For example, October through December of 1951 were combined with January through March of 

1952 to calculate the seasonal mean for 1952. Similarly, for the AO, January through March 
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were the months that best represented an annual AO value, and a seasonal mean over these 

months was calculated for each year in the dataset (Thompson & Wallace, 2000). 

 Aeolian dust data were obtained from two different organizations, the Japanese 

Meteorological Agency (https://www.jma.go.jp/jma/indexe.html; Accessed July 2, 2018) 

 and the Korean Meteorological Administration (http://web.kma.go.kr/eng/index.jsp; Accessed 

July 2, 2018). Japanese data were recorded across 59 stations from 1967-2014 and Korean data 

from four stations from 1952-2002. “Dust days” are a measure of days for which a high amount 

of terrestrial particulate matter is blown from northern China or southern Mongolia to the 

Northwest Pacific, due to a combination of precipitation and wind conditions. A “dust day” was 

recorded when particles reached 100µg/m3 at any single station (Kashima et al., 2016). As 

neither dataset covered the entire time series of interest, periods of overlap were averaged from 

both datasets. 

 Upwelling index data in the EPO was downloaded from the NOAA/Pacific Fisheries 

Environmental Laboratory website (https://www.pfeg.noaa.gov/; Accessed June 13, 2018) for 

1952-2014, with units of m3/s/100m coastline. Seven stations were selected to include in the 

study, as they fell within the latitudinal range of PBT distribution in North American coastal 

waters. Four sites north and three sites south of Point Conception, CA were averaged into 

northern and southern upwelling values, respectively (Fig. 2). Upwelling is not a primary feature 

in the area of interest in the WPO and was therefore not investigated. 
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Fig. 2. Locations of the seven upwelling monitoring stations of interest in the EPO. Sites 1-3 

correspond to the average southern upwelling, and sites 4-7 correspond to northern upwelling. 

 

 The Kuroshio Index was also examined as a potential driver influencing PBT migration 

proportions from the WPO to the EPO. As values for the Kuroshio Index were not available for 

the entirety of our time series, SSHa were used as a suitable proxy (Qiu et al. 2016). SSHa values 

were gathered from the Ocean General Circulation Model for the Earth Simulator (OFES) from 

the Asia-Pacific Data Research Center (APDRC; 

http://apdrc.soest.hawaii.edu/dods/public_ofes/OfES/ncep_0.1_global_mmean/eta; Accessed 

March 31, 2019). Monthly SSHa values within the region 140˚- 160˚E | 31˚- 36˚N were extracted 

from the OFES model data (Fig. 3). From these monthly values, a yearly mean was derived by 

taking the average of all months for a given year. 



 11 

 
Fig. 3. SSHa bounding box for the Kuroshio Index in the WPO (140˚- 160˚E | 31˚- 36˚N). 
 

 Similarly, SST data were also obtained from OFES for regions of interest in both the 

WPO and EPO 

(http://apdrc.soest.hawaii.edu/dods/public_ofes/OfES/ncep_0.1_global_mmean/eta; Accessed 

March 31, 2019). In the WPO, multiple areas were selected as boundaries of interest: the 

Kuroshio Current Region (142˚- 160˚E | 35˚- 36˚N), the Mixed Water Region (142˚- 160˚E | 36˚- 

40˚N), the Oyashio Current Region (142˚- 160˚E | 40˚- 41˚N), and the southernmost and 

northernmost bounds (142˚-160˚E | 30˚- 35˚N and 142˚- 160˚E | 41˚- 45˚N, respectively; Figs. 4-

8). The overall WPO boundary (142˚- 160˚E | 30˚- 45˚N) encompassed the region where the 

majority of PBT begin their eastward migration, as determined by tagging studies (Itoh, 2003; 

Fujioka et al., 2018). Similarly, in the EPO, the bounding box of interest (120˚- 130˚W | 32˚- 

40˚N) was based on multiple tagging studies (Boustany et al., 2010; Whitlock et al., 2012; Fig. 

9). 
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Fig. 4. SST bounding box for the Northernmost limit of interest in the WPO (142˚-160˚E | 30˚- 

35˚N). 

 

 
Fig. 5. SST bounding box for the Oyashio Current Region in the WPO (142˚- 160˚E | 40˚- 41˚N). 

 

 
Fig. 6. SST bounding box for the Mixed Water Region in the WPO (142˚- 160˚E | 36˚- 40˚N). 
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Fig. 7. SST bounding box for the Kuroshio Current Region in the WPO (142˚- 160˚E | 35˚- 

36˚N). 

 

 
Fig. 8. SST bounding box for the Southernmost limit of interest in the WPO (142˚- 160˚E | 41˚- 

45˚N). 

 

Fig. 9. SST bounding box for the area of interest in the EPO (120˚- 130˚W | 32˚- 40˚N). 
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2.4 Data Analysis 

 Generalized additive models (GAMs) were used to explore the relationship between the 

response and explanatory variables in the R statistical programming language using the mgcv 

v1.8-28 package. Models were run independently for the EPO and WPO and for each age-class 

of interest within each region (ages 1-2 for the WPO and ages 4-5 for the EPO). Model reduction 

was conducted in a step-wise manner by removing the least significant variable from the model, 

then re-running the updated version. This was repeated until all remaining variables were 

determined to be significant (p-value < .05). The most-reduced model was compared against all 

others via an Akaike information criterion (AIC). The model with AICmin < 2 and the fewest 

remaining parameters was chosen as the best-fit model. 

 

3. Results 

3.1 PBT Catch Data 

 PBT catch showed large scale fluctuations over the time period examined. For age-class 1 

PBT, landings data showed a period of high WPO residency from 1952-1960, followed by a 

period of greater EPO catches from 1961 to 1976 (Fig. 10a). This was followed by a period of 

increased WPO catches through the mid 2000’s until EPO catches began to increase again.  

Catches of age 2 PBT showed similar trends, with a period of higher WPO catches before 1960, 

followed by an increasing EPO proportion through 1975, and then a period of predominately 

WPO catches from 1975-2002 (Fig. 10b). However, for age-2 fish, this was followed by a period 

through 2014 where EPO catches predominated, making up over 85% of total landings in some 

years. The pattern for both age classes suggests periods of high retention of PBT through the 

1950’s and during the late 70’s through the 90’s, and higher trans-Pacific migration to the EPO 
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during the 1960’s through mid 70’s. Both age-1 and age-2 catches showed increasing proportion 

of EPO catches, and presumably higher west to east migration rates, starting in the late 1990’s, 

although this trend was much stronger in age-2 than in age-1 fish. 

 

 

Fig. 10. (a) Proportion of Age-1 PBT (left) and (b) Age-2 PBT (right) caught in the WPO from 

1952-2014. Each figure is overlaid with its respective trend-line.  

 

 Proportional landings for age-classes 4 and 5 also showed similar patterns to one another.  

Both age-classes showed highest EPO catches in the 1950’s through 1970’s, low to non-existent 

catches in the 1980’s to 2000, and then the highest EPO catches after 2000 (Fig. 11a, b). This 

pattern would suggest higher proportions of age 4 and 5 PBT in the EPO during the earliest and 

latest part of the times series, with the lowest proportion in the EPO during the middle portion of 

the time series.   

 



 16 

 

Fig. 11. (a) Proportion of Age-4 PBT (left) and (b) Age-5 PBT (right) caught in the EPO from 

1952-2014. Each figure is overlaid with its respective trend-line.  

 

3.2 Prey Landings 

 Similar to catches of PBT in the WPO and EPO, landings of the main prey species 

showed long term fluctuations over the study period. Total landings in the WPO showed 

relatively low landings from 1952 to the late 70’s, followed by a period of higher landings until 

1990 (Fig. 12a). This increase in landings was driven mainly by a large increase in catch of 

Japanese sardine, which then dropped off greatly as the 1990’s ended, concurrent with an 

increase in Japanese anchovy landings from the late 1990’s through the rest of the time series.  

However, the increase in anchovy landings was not enough to replace the decline in landings of 

sardine, and the total landings declined to ~50% of the 1980’s peak and remained there. In the 

EPO, landings of the main prey species were low through the 1960’s, before increasing in the 

mid 1970’s, where they remained high through the end of the time series (Fig. 12b). The increase 

in total landings during the 1970’s and early 80’s was driven mainly by an increase in anchovy 

catch until sardine became the main fishery species in the mid 1980’s through 2014.   
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Fig. 12. (a) Landings of three prey species from the WPO (left) and (b) EPO (right) from 1952-

2014, overlaid with their respective cumulative landings trend-line.  

 

3.3 Environmental Correlates 

 Environmental variables also showed decadal-term fluctuations throughout the study 

period. The PDO showed relatively low values from 1952 into the late 1970’s (Fig. 13). Values 

were higher in the 1980’s through 1990’s, before decreasing again, showing the lowest values 

during the latest years of the time series. Similarly, the AO showed low values through the 

1970’s, increasing through the 1980’s and staying high through the 90’s, before declining again 

in the last decade of the study period (Fig. 14). Dust days were low in the early part of the time 

series continuously increasing until peaking in the early 2000’s, before decreasing again in the 

final decade of the time series (Fig. 15).   
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Fig. 13. Average seasonal (October-March) PDO index values overlaid with a trend-line. 
 

 
Fig. 14. Average seasonal (January-March) AO index values overlaid with a trend-line. 
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Fig. 15. Average cumulative “dust days” from the Japanese and Korean datasets, overlaid with a 

trend-line. 

 

 WPO specific environmental variables likewise showed long-term trends. SSHa in the 

region 140˚- 160˚E | 31˚- 36˚N, a proxy for the Kuroshio Index, showed a trend of decreasing, 

but positive anomalies from the 1950’s through the early 1970’s, with a subsequent dip into 

negative values throughout the 1980’s. SSHa then increased and remained positive for the 

remainder of the time series (Fig. 16). 

 

Fig. 16. Average yearly SSHa values in the region 140˚- 160˚E | 31˚- 36˚N, overlaid with a 

trend-line. 
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 Trends in SST for four of the five regions (Fig 17a, b, c, d) examined in the WPO showed 

similar patterns, with a steady decrease in temperature from the 1950’s until 1990, and a 

subsequent increase in temperature until the end of the time series. The SST of one of the regions 

(Fig. 17e), remained relatively constant until the early 1980’s, at which point it began to slowly 

increase until 2014.   

 
Fig. 17a. Yearly average SST in the northernmost region of interest in 142˚-160˚E | 41˚- 45˚N. 
 

 
Fig. 17b. Yearly average SST in the Oyashio region of interest in 142˚-160˚E | 40˚- 41˚N. 
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Fig. 17c. Yearly average SST in the Mixed Water region of interest in 142˚-160˚E | 36˚- 40˚N. 
 

 
Fig. 17d. Yearly average SST in the Kuroshio region of interest in 142˚-160˚E | 35˚- 36˚N. 
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Fig. 17e. Yearly average SST in the Oyashio region of interest in 142˚-160˚E | 30˚- 35˚N. 
 

 In the EPO, environmental variables also showed decadal phase shifts over the study 

period. SST measured at six coastal buoys showed an overall cooler period from the 1950’s to 

late 1970’s, before progressing into a warm phase from 1978-1998 (Fig. 18). This was followed 

by a cooler regime continuing through the 2000’s. Upwelling anomalies measured at seven 

offshore stations showed an opposite pattern from SST, with higher upwelling from the 

beginning of the time series until ~1980, low upwelling in the 1980’s and 90’s, and then 

increased upwelling from 1998 to 2014 (Fig. 19). Similarly, SST measured over a broader region 

(120˚- 130˚W | 32˚- 40˚N) showed a pattern of cooling from the 1950’s through the mid-1970’s, 

warming through the 1980’s and 1990’s, followed by another cooling period through 2014 (Fig. 

20). 
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Fig. 18. Average monthly SST anomalies from six coastal buoys off California. Periods missing 

data are symbolized in grey. 

 

Fig. 19. Average monthly upwelling anomalies from seven monitoring stations in the EPO.  
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Fig. 20. Yearly average SST in the EPO region of interest in 120˚- 130˚W | 32˚- 40˚N. 

 

3.4 Data Analysis 

 Results of the GAM identified biological and physical variables that correlated with 

higher retention of PBT in the WPO and EPO (Tables 1-8). In the WPO, sardine and anchovy 

landings, as well as SSHa were significantly positively correlated with higher retention of Age-1 

PBT (p-values = < .05, R2 = 0.533). Table 1 shows the original model for Age-1 fish, the order 

of parameter reduction, and the AIC score for each respective reduced model. Table 2 shows the 

parameters remaining in the selected model for Age-1 fish, as well as the summary statistics. For 

Age-2 fish, sardine landings (positive correlation), dust days (positive correlation), SST in the 

southern boundary (negative correlation), and the PDO (negative correlation) were significantly 

correlated (p-values < .06, R2 = 0.512) with PBT retention. Table 3 displays the order of 

parameter reduction and AIC scores that were used for the selection of the best-fit model for 

Age-2 fish. Table 4 shows the remaining parameters in the best fit model, as well as the 

summary statistics. Age-4 and Age-5 fish in the EPO were significantly correlated with sardine 
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(positive correlation) and mackerel landings (negative correlation) as well (p-values < .01, R2 = 

0.263 and 0.332, respectively). Tables 5 and 7 present the initial models, order of parameter 

removal, and subsequent AIC scores for Age-4 and Age-5 fish, respectively. Tables 6 and 8 

show the remaining reduced model parameters and general summary statistics for Age-4 and 

Age-5 fish, respectively.   

 
 
Table 1: Model reduction order for Age-1 fish in the WPO and respective AIC scores. 

 
 
Table 2: Remaining significant parameters and their respective summary statistics. 

 
 
 
 
 
 
 
 
 

Full Model: Age-1 CAA ~ Anchovies + Sardines + Mackerel + Squid + PDO + AO + Dust + 
Kuroshio SST+ Oyashio SST + Mixed Water SST + Southernmost SST + Northernmost SST + 

SSHa 
Model Number Parameter Removed AIC Score DAIC 

1 - -37.87950 13.71623 
2 Mixed Water SST -39.88499 11.71074 
3 Dust -41.85855 9.73718 
4 PDO -43.83949 7.75624 
5 AO -45.78556 5.81017 
6 Oyashio -47.66314 3.93259 
7 Northernmost SST -49.25744 2.33829 
8 Squid -50.08590 1.50983 
9 Mackerel -49.54154 2.05419 
10 Kuroshio SST -50.25241 1.34332 
11 Southernmost SST -51.59573 0 

Significant 
Parameter p-value R2 Value of Best 

Fit Model 
Deviance 
Explained Model DF Residual 

DF 
Sardines < 0.001  

0.533 56.2% 4.866 58.134 Anchovies < 0.001 
SSHa 0.045 
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Table 3: Model reduction order for Age-2 fish in the WPO and respective AIC scores. 

 

Table 4: Remaining significant parameters and their respective summary statistics. 

 
 
Table 5: Model reduction order for Age-4 fish in the EPO and respective AIC scores. 

 
 

Full Model: Age-2 CAA ~ Anchovies + Sardines + Mackerel + Squid + PDO + AO + Dust + 
Kuroshio SST+ Oyashio SST + Mixed Water SST + Southernmost SST + Northernmost SST + 

SSHa 
Model Number Parameter Removed AIC Score DAIC 

1 - -30.61386 9.31086 
2 Mackerel -32.60082 7.3239 
3 Anchovies -34.30192 5.6228 
4 Oyashio SST -36.09614 3.82858 
5 SSHa -37.09160 2.83312 
6 Mixed Water SST -38.13977 1.78495 
7 Northernmost SST -39.05580 0.86892 
8 Squid -38.72047 1.20425 
9 AO -39.92472 0 
10 Kuroshio SST -39.40826 0.51646 
11 Dust -35.41428 4.51044 
12 PDO -34.06456 5.86016 

Parameter p-value R2 Value of 
Best Fit Model 

Deviance 
Explained Model DF Residual DF 

Sardines < 0.001 

0.512 55.7% 6.692 56.308 Southernmost SST  0.001 
PDO .04541 
Dust 0.05246 

Full Model: Age-4 CAA ~ Anchovies + Sardines + Mackerel + PDO + AO + EPO SST + 
Northern Upwelling + Southern Upwelling 

Model Number Parameter Removed AIC Score DAIC 
1 - -55.61964 7.68001 
2 AO -57.59760 5.70205 
3 EPO SST -59.42324 3.87641 
4 Anchovies -60.97996 2.31969 
5 Southern Upwelling -62.42406 0.87559 
6 PDO -63.29965 0 
7 Northern Upwelling -63.15916 0.14049 
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Table 6: Remaining significant parameters and their respective summary statistics. 

 
 
Table 7: Model reduction order for Age-5 fish in the EPO and respective AIC scores. 

 

Table 8: Remaining significant parameters and their respective summary statistics. 

 

 

4. Discussion 

 The trans-Pacific migratory behavior of PBT creates a complex management issue 

amongst a diverse array of stakeholder groups. The lack of information on relative abundance 

fluctuations between the WPO and EPO only serves to compound that problem. This study 

determined that biological and oceanographic variables influenced the retention of specific age-

classes of PBT in both the WPO and EPO. In both the WPO and EPO and across all age classes, 

fish prey species predicted PBT retention. Early in their life history, PBT switch their primary 

diet to fish, which have higher caloric content than squid and zooplankton (Kitagawa & Fujioka, 

Significant 
Parameter 

p-value R2 Value of Best 
Fit Model 

Deviance 
Explained Model DF Residual DF 

Sardines < 0.01 0.263 28.7% 3.000 60.000 Mackerel < 0.001 

Full Model: Age-5 CAA ~ Anchovies + Sardines + Mackerel + PDO + AO + EPO SST + 
Northern Upwelling + Southern Upwelling 

Model Number Parameter Removed AIC Score DAIC 
1 - -98.98583 9.51754 
2 AO -100.98343 7.51994 
3 EPO SST -102.96454 5.53883 
4 Southern Upwelling -104.90156 3.60181 
5 PDO -106.69757 1.8058 
6 Anchovies -108.50337 0 
7 Northern Upwelling -107.87234 0.63103 

Significant 
Parameter 

p-value R2 Value of Best 
Fit Model 

Deviance 
Explained Model DF Residual DF 

Sardines < 0.001 0.332 35.4% 3.000 60.000 Mackerel < 0.001 
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2017). Increased abundance of preferential food items influenced the residency of PBT, likely 

due to the substantial energetic requirements of their foraging strategy and endothermy. As such, 

prey type availability and abundance are likely to influence PBT migration patterns, in both the 

meso-scale and over ocean basins.  

Catches of PBT and their major prey species showed large fluctuations in both the EPO 

and WPO over the study period. While the use of prey landings data was done out of necessity 

due to insufficient stock assessment data, there is still the debate about whether landings reflect 

abundance. Two of the world’s leading fisheries scientists, Daniel Pauly and Ray Hilborn, have 

differing views on the matter, with Pauly believing landings are an important indicator of 

abundance, while Hilborn believes they are misleading (Pauly et al., 2013). Similarly, the PBT 

CAA dataset was modeled landings proportions, which may not necessarily be perfectly 

indicative of the local abundance of PBT in either the WPO or EPO. Current efforts are 

underway, however, to increase the efficacy of that dataset.  

Although many factors can affect catch rates independent of abundance, landings can be 

a good proxy for abundance, especially for abundant species that support large, industrial 

fisheries (Pauly et al., 2013). Since the prey species used in this analysis support large-scale 

fisheries, the large fluctuations in landings likely represent a good proxy for relative abundance 

in both the EPO and WPO. One of the factors that can impact fisheries landings independent of 

abundance of the underlying fish stock is the implementation of management measures to control 

catch (Branch et al., 2011). For PBT, there were no major management measures implemented in 

the EPO or WPO fisheries until 2014, which was the terminus of the period examined so 

landings data are likely a useful proxy for relative abundance for this species (ISC, 2018).  

Likewise, with the major prey species examined, large-scale fluctuations in catch occurred 
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independent of and prior to regulatory restrictions, and are therefore a good proxy for relative 

abundance of these species (PFMC, 2018). 

There have been a number of studies that have examined the correlation between 

environmental drivers and fish catch and abundance (Chavez et al., 2003; Hsieh et al., 2005).  

Particularly in the Pacific Ocean, long-term environmental forcing mechanisms like the PDO 

have been shown to have large impacts on sardine and anchovy abundance in both the WPO and 

EPO, driven through environmental variables such as SST, SSH and upwelling (Chavez et al., 

2003; Yatsu et al., 2005; Takasuka et al., 2008). Visual inspection of the phases of the PDO and 

AO in relation to SST, SSHa, dust days, and upwelling, showed that the large-scale drivers 

appeared to shift in tandem with the environmental variables and fish abundance throughout the 

time series. All SST values in the WPO displayed inversely increasing and decreasing values 

relative to the PDO and AO over the same time periods (Figs. 13, 14, 17a-e). Similarly, SSHa 

showed an inverse trend over the same periods in a less striking manner (Fig. 16). In the WPO, 

prey landings provide a particularly noticeable trend that rises and falls in tandem with both the 

PDO and AO (Fig. 12). 

Although visual inspection of the data appear to show correlations among forcing 

mechanisms (PDO, AO), oceanographic variables (SST, SSHa, upwelling, dust days), and fish 

landings (sardine, anchovy, PBT), it is necessary to build a model of these variables to fully 

examine what environmental drivers most impact the catch of PBT in both the WPO and EPO.  

Since the environmental factors and prey types may impact different age-classes of PBT 

differently, separate models were built for each age class examined (Tables 1, 3, 5, 7). Model fits 

were generally good, with a high proportion of the variance explained. The best-fit models 

explained 56.2%, 55.7%, 28.7%, and 35.4% of the deviance for age-class 1, 2, 4, and 5 fish, 
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respectively (Tables 2, 4, 6, 8, respectively). Model results suggested size-based prey selectivity 

across PBT age classes. In the WPO, Age-1 fish were influenced by both anchovy and sardine 

landings, but Age-2 fish were only influenced by sardines. Based on the von Bertalanffy growth 

curve, the average length of Age-1 fish is 58.6cm, whereas Age-2 fish average 91.4cm (ISC, 

2016). This difference in size may lead Age-2 PBT to preferentially predate larger prey, with 

sardines being larger than anchovies and providing more calories per fish. These results support 

previous studies which found that increased sardine abundance in Japan coincided with increased 

PBT landings in the WPO (Polovina, 1996). 

In the WPO, SSHa was significantly correlated with the proportion of Age-1 fish present. 

Age-1 fish were caught in higher proportions in the WPO during years of increased stability in 

the Kuroshio Extension, as indicated by higher SSHa values (Qiu et al. 2016). There is evidence 

that increased oceanographic stability, such as that of currents, strongly influences larval 

recruitment of fish species, anchovies in particular (Lasker, 1981). Furthermore, Aoki and 

Miyashita (2000) found that anchovy larva and juveniles are frequently carried from their 

spawning grounds on the coastal side of the Kuroshio Current into the Kuroshio Extension. 

Increased recruitment of young anchovies in the Kuroshio Extension, due to increased 

oceanographic stability, likely increased the retention of Age-1 PBT.  

Another oceanographic correlate, SST in the southernmost bounding box, was negatively 

correlated with Age-2 fish. Sardines preferentially inhabit cooler, more saline waters, and their 

spawning grounds are found within the borders of the southernmost bounding box (Chavez et al, 

2003; Wada & Jacobson, 1998). Therefore, the correlation between increased Age-2 PBT and 

these cooler temperatures may be driven by sardine preference in that region. 
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 Iron-containing Asian dust displayed a positive correlation with Age-2 fish retention. 

This dust is transported from arid regions of northern China and southern Mongolia eastward 

across South Korea, Japan, and the Pacific Ocean (Yongxiang et al., 2007). Boyd et al. (2007) 

used multiple mesoscale iron fertilization experiments to illustrate the unmistakable impact that 

iron plays as a key limiting factor of production in one-third of the world’s oceans. Sardines in 

the WPO may particularly benefit from this process, as they preferentially feed on large diatoms 

that proliferate in the presence of the iron and silica rich dust deposits (Kawasaki & Kumagi, 

1984; Yoshida, 1987; Boyd et al. 2007; Jones, 2011). Consequently, the increased nutrient 

loading of airborne dust may influence the availability of local sardines for Age-2 PBT to 

predate. 

In the EPO, Age-4 and Age-5 fish were positively correlated with sardines and negatively 

correlated with mackerel. Since sardine and mackerel abundance are negatively correlated with 

one another, the negative correlation between mackerel and PBT may be driven more by the 

positive correlation between sardine and PBT than by the relationship between PBT and 

mackerel, per se. Since sardine and anchovy abundances are much higher than that of mackerel 

in the EPO, it is likely the former two species are the main drivers of PBT catch, with the 

relationship between the mackerel and PBT being an artifact.  

Increased information related to the migratory habits of PBT can help in the management 

of the species. The ISC conducts stock assessments every two years to determine PBT 

population health and trends. Those assessments are then utilized by the WCPFC and the 

IATTC, which are responsible for setting sustainable fishing quotas in the WPO and EPO, 

respectively. The initial biomass rebuilding target for PBT was calculated as the median 

spawning stock biomass (SSB) from 1952 through 2014, to be met by 2024 with no less than 
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60% probability (ISC, 2016). In 2017, the WCPFC required that, among other stipulations, “total 

fishing effort…for Pacific bluefin tuna in the area north of the 20° N shall stay below the 2002–

2004 annual average levels” (WCPFC, 2017). In 2018, the IATTC reduced EPO commercial 

limits from 6,600mt per two years, to 6,000mt per two years. Such measures will hopefully allow 

for more juvenile individuals to reach maturity and contribute to the reproductive population.  

If the ISC could incorporate the findings of this project into their stock assessments of 

PBT, it is possible that they could positively impact future management by the IATTC and 

WCPFC. These results should lend insight as to what proportions of the stock are residing in 

either the WPO or EPO and, consequently, quotas could be determined and allocated 

accordingly.  

 

5. Conclusion 

 PBT have varying migratory proportions each year which is influenced by multiple 

factors. The array of prey items and oceanographic correlates that were analyzed in this study 

were by no means an exhaustive compilation, but they serve as a strong foundation. In support of 

Polovina’s (1996) original work, investigating the correlation of prey abundance and PBT 

landings, this study also found significant relationships between PBT and their prey abundances. 

Sardines were particularly striking, as they were positively correlated with all four age classes of 

PBT examined. This result could have important management implications, as it would aid in 

identifying the proportion of the total population caught in the WPO relative to the proportion 

caught in the EPO. Gaining a better understanding of the changing number of migratory PBT 

would allow for better informed stock assessments by the ISC and, subsequently, better 

management guidelines for the IATTC and the WCPFC.  
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