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Abstract. The effects of changing climate on numerous commercially and ecologically important fish 
species including the South Pacific albacore tuna, Thunnus alalunga have been documented over the past 
decades. The objective of this study was to explore and elucidate the relationship of environmental 
variables with the stock parameters of albacore tuna. The relationship of the North Pacific albacore tuna 
recruitment (R), female spawning stock biomass (SSB) and recruits per spawning biomass (RPS) from 
1970 to 2012 with the environmental factors of sea surface temperature (SST), Pacific decadal oscillation 
(PDO) and El Niño southern oscillation (ENSO) was construed. SST and PDO were used as independent 
variables with SSB to construct stock reproduction models for R and RPS as they showed most 
significant relationship with the dependent variables. Model selections were based on Akaike Information 
Criterion (AIC) with the condition of significant parameter estimates at p<0.05. Models with single 
independent variables of SST, PDO and ENSO were also constructed to illuminate their individual effect 
on albacore R and RPS. From the results it can be stated that SST and PDO resulted in the most 
significant models for reproducing North Pacific albacore tuna R and RPS time series. 
Keywords: spawning stock biomass, sea surface temperature, El Niño southern oscillation, Pacific 
Decadal Oscillation 

Introduction  

Albacore tuna is a commercially important species of tuna in the Pacific Ocean. 
The economy and livelihood of various Pacific Island countries and territories 
(PICTs) depend heavily on commercial tuna fisheries (SPC, 2012; Bell et al., 
2009; Gillett, 2009). It is therefore important that fishery managers take measures 
to ensure the economic and biological sustainability of albacore tuna in the Pacific 
Ocean. Albacore tuna fishery has a long history in the Pacific Ocean; however its 
ecological characteristics are still not sufficiently understood. The North Pacific 
albacore and the South Pacific albacore are recognized as two reproductively 
isolated distinct stocks in the Pacific Ocean with negligible mixing (Takagi et al., 
2001; Ramon and Bailey, 1996; Ueyanagi, 1969). Albacore reaches sexual 
maturity at around 5 years and they are mostly harvested using troll, pole-and-line 
and longline gears in the North Pacific where most of the fish caught range 
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between 2-5 year olds (Zhang et al., 2014; Farley et al., 2014; ISC, 2014; Wells et 
al., 2013; Chen et al., 2012; ISC, 2011; Ueyanagi, 1957). 

The Albacore Working Group of the International Scientific Committee for 
Tuna and Tuna-like Species (ISC) carries out stock assessments for the North 
Pacific albacore tuna (ISC, 2014). These assessments do not extensively analyze 
the influence of climatic conditions on the stock patterns and time-series 
trajectory. The importance of alterations in climatic conditions and their effects in 
structuring the ecological conditions supporting commercially important tuna 
species have been documented.  

Changes in SST have been linked to primary productivity and albacore tuna 
stock dynamics in New Caledonia's EEZ (Briand, 2011). The early life stages, 
spatial distribution and spawning favorability of the South Pacific, North Pacific 
and North Atlantic albacore tuna have been shown to be related to the varying 
gradients of oceanic surface temperatures (Nieto et al., 2015; Lehodey et al., 2015; 
Dragon et al., 2015; Pearcy, 1973). Laurs et. al. (1984) studied the catch activities 
of the North Pacific albacore tuna off California in the summer of 1981 and 
established significant links between the satellite images of the SST and albacore 
aggregation pattern. The spawning oceanic temperature preferences for the South 
Pacific albacore tuna tends to be warmer surface water which occurs near the 
equatorial zone at the warm pool (Lehodey et al., 2008; Lehodey et al., 2015; 
Dragon et al., 2015) and albacore population has been projected to relocate in 
following the geographical movement of the preferable warm pool waters 
(Lehodey et al., 2011; SPC, 2012; Le Borgne et al., 2011; Ganachaud et al., 2013; 
Bell et al., 2013; Ganachaud et al., 2011). The effect of the warm pool SST index 
on the South Pacific albacore tuna stock has been demonstrated previously by 
Singh et al., (2015).   

The negative and positive phase of the climatic variable of the Pacific decadal 
oscillation (PDO) has been shown to affect the recruitment stage of albacore tuna 
in the South Pacific (Lehodey et al., 2003). Links between the albacore tuna catch 
per unit effort (CPUE) and the PDO has also been established by Singh et al. 
(2015). Phillips et al. (2014) determined the presence of significant relationship 
between the PDO and SST variability and the spatial distribution of the juvenile 
North Pacific albacore tuna catch per unit effort (CPUE) off the United States 
West coast. In the South Pacific, albacore recruitment has been shown to be 
correlated to the El Niño Southern Oscillation (ENSO) climatic index and the 
related El Niño and La Niña events (Lehodey et al., 2003; Zainuddin et al., 2004). 
The North Pacific albacore productivity has been shown to have significant link 
with the dynamics of ENSO (Zhang et al., 2014).  

It is evident that oceanic temperature indices and climatic conditions have 
substantial affect the stock parameters of albacore tuna and it needs to be 
elucidated in order for albacore fishery managers to be able to incorporate such 
effects into their management plans for the conservation and sustainability of 
albacore tuna stock in the Pacific. This study was undertaken to determine the 
effect of the SST and the environmental conditions of PDO and ENSO on the 
recruitment (R), spawning stock biomass (SSB) and recruits per spawning biomass 
of the North Pacific albacore tuna and use those independent variables exhibiting 
significant correlation with the albacore tuna stock parameters to construct suitable 
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models that can significantly reproduce the R and RPS trajectory of the North 
Pacific albacore tuna.  

Materials and Methods 

The data  

Stock data 

The albacore working group of the ISC compiles the report on the stock assessment 
of the North Pacific albacore tuna (Thunnus alalunga) in the North Pacific Ocean (ISC, 
2014). The assessments are based on data from longline, troll, pole and line, gillnet, 
purse seine fishing gears as well as recreational gear, hand lines and harpoons. ISC 
collected catch and size composition data from its member countries of Canada, 
Chinese Taipei, Japan, Korea and USA including some member countries of the 
Western and Central Pacific Fisheries Commission (WCPFC) and Inter-American 
Tropical Tuna Commission (IATTC) including China. These data were used by the ISC 
to estimate the annual recruitment (R) and female spawning stock biomass (SSB) using 
the base case assessment model. The 2011 stock assessment estimated of the ISC (ISC, 
2011) were independently reviewed (Chen, 2011; Cordue, 2011) and shortfalls were 
Identified. In addition, different studies that were conduct post-assessment (Brodziak et 
al., 2011; Iwata et al., 2011; Childers et al., 2011; Chen et al., 2012; Wells et al., 2013; 
Cosgrove et al., 2014) provided improvement on the understanding of albacore biology. 
These information and findings were used to conduct improved assessment of the North 
Pacific albacore stock by the ISC (ISC, 2014).  The annual R and SSB data for albacore 
tuna from 1970 to 2012 was obtained from the 2014 stock assessment report, stock 
synthesis 3 results of the ISC (ISC, 2014).  

The study area and distribution of the North Pacific albacore tuna stock falls within 
the geographical coordinates of 50ºN - 120ºE, 10ºN - 120ºE, 50ºN - 120ºW, 10ºN - 
120ºW as shown in Fig. 1. For this study the stock of albacore tuna within the study 
area in the North Pacific (Fig. 1) was treated as a distinct and reproductively isolated 
stock as previous work (Ichinokawa et al., 2008; Takagi et al., 2001; Ramon and Bailey, 
1996; Chow and Ushiama, 1995; Suzuki et al., 1977; Ueyanagi, 1969) have shown the 
discreteness of this stock in comparison to the albacore tuna stock in the Southern 
Pacific Ocean.   

The annual recruits per spawning biomass (RPS) from 1970 to 2012 was calculated 
from the R and SSB data. The trajectory of R, SSB and RPS are shown in Fig. 2. Also 
shown is the stock recruitment plot for albacore. Recruitment for each year is defined as 
the number fish at age-0 for that particular year. Annually, a single recruitment and 
single spawning period occurs based on assessments by Chen et al. (2010). The maturity 
ogive used for the calculation of the SSB was based on the estimation by Ueyanagi 
(1957) where it was determined that 50% of albacore tuna maturity occurs at age-5 and 
100% at age 6. This estimation has been used in previous assessments of albacore tuna 
(ISC, 2011) and also supported by recent work by Farley et al. (2014). The annual SSB 
for this study was the total weight of sexually mature female fish for that year. 
Spawning of albacore tuna occurs between the longitudes of 155ºW and 120ºE and 
between the latitudes of 10ºN and 25ºN (Fig. 1) between Hawaii, Taiwan and Philippine 
waters (Chen et al., 2010; Yoshida, 1968; Otsu and Uchida, 1959; Ueyanagi, 1957). The 
SSB trajectory shows a decreasing pattern from 1970 to 1993 followed by some 
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recovery up to 1999 which is followed by a gradual declining pattern (Fig. 2). R has 
chaotic behavior throughout the years with a general declining pattern from 1971 to 
1987 and a stable pattern on average up to 2012. For the RPS the trajectory exhibits a 
lower average from 1970 to 1988 and a distinctively higher average from 1989 to 2012. 

 

120ºE 140ºE 160ºE 180ºE 160ºW 140ºW 120ºW

10
ºN

20
ºN

30
ºN

40
ºN

50
ºN

60
ºN

Longitude

La
tit

ud
e

0 1000 2000 km

N

Japan
USA

Hawaii
Taiwan

Philippines

 
Figure 1. Map showing the recruitment and female spawning stock biomass data distribution 
(represented by the red enclosure box) of the albacore tuna (T. alalunga) in the North Pacific 
Ocean between 10ºN to 50ºN and 120ºE to 120ºW for the years 1970 to 2012. The spawning 

area is also shown by the orange enclosure box as determined by Ueyanagi, (1957), Otsu and 
Uchida (1959), Yoshida, (1968) and Chen et. al., (2010).  
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Figure 2. The recruitment (R), female spawning stock biomass (SSB) and recruits per spawning 

biomass (RPS) time series trajectory of the albacore tuna (T. alalunga) in the North Pacific 
Ocean for the years ranging from 1970-2012. Also shown is the stock recruitment scatterplot 

plot for albacore tuna.  
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Environmental data 

The mean SST observation data for the North Pacific Oceanic study area (Fig. 1) on a 1º 
by 1º resolution (Rayner et al., 2003) from 1970 to 2012 on a monthly scale from January to 
December was obtained from the monthly compiled Hadley Centre Sea Ice and Sea Surface 
Temperature data set (HadISST), complied by the Meteorological Office Hadley Center, 
UK. Monthly and annual SST anomalies were retrieved from this data set and the means 
calculated for the coordinates between 10ºN to 50ºN and 120ºE to 120ºW for the standard 
period of 1965 to 2012. The public domain data is available from the following link 
http://www.metoffice.gov.uk/hadobs/hadisst/. The detailed description of the SST dataset 
and its production process is decribed in Rayner et al. (2003). 

The PDO is a dominant mode of climatic variability of the North Pacific oceanic surface 
temperature over decadal timescales (Linsley et al., 2015; Chhak et al., 2009; Deser et al., 
2004; Mantua et al., 1997; Zhang et al., 1997). The Multivariate El Niño Southern 
Oscillation Index (ENSO) is an important climatic variability index occurring over sub-
decadal time scales and affecting most part of the tropics and sub-tropics. Its calculation is 
based on multiples variables of SST, sea-level pressure, surface air temperature, 
atmospheric conditions and surface wind indexes (Wolter and Timlin, 1998). The monthly 
climatic data from January to December from 1965 to 2012 on the PDO and ENSO was 
obtained from the National Oceanic and Atmospheric Administration (NOAA), Earth 
System Research Laboratory (ESRL), Physical Sciences Division. 

 
Exploration and comparison of variables   

Relationships between the dependent variables of R, SSB and RPS and the 
independent variables of SST, PDO and ENSO were determined using absolute 
correlations and linear regression. Correlations with R>0.500 at p<0.05 were considered 
as significant. R, SSB and RPS from 1970 to 2012 were compared with monthly and 
annual mean SST (from the raw 1º by 1º resolution HadISST data), PDO and ENSO 
from 1965 to 2012 for lag periods of t-n years where n=(0,1,…,5). The lag periods were 
based on the age group of most of the harvested stock in the Pacific Ocean which ranges 
between 2-5 years (ISC, 2014; Wells et al., 2013; Chen et al., 2012; ISC, 2011) and 
albacore tuna becomes reproductively active at around 4-5 years of age (Farley et al., 
2014; ISC, 2011; Ueyanagi, 1957). Data exploration for the independent and dependent 
variables were carried out using scatterplots, boxplots, histograms and kernel density 
overlays. This was used to assess data distribution and identify collinearity effects 
among independent variables and possible outliers which can affect the outcomes of 
statistical analysis and contribute to assessment bias. The data exploration protocol as 
outlined by Zuur et al. (2010) was followed to avoid violations of assumptions from the 
statistical methods utilized.   

Time series data normally have two kinds of trends, stationary and stochastic. When 
significant changes or shocks have transitory effect, the time series is classified as 
having a stationary process. Trends where shocks permanently alter the trajectory are 
classified as stochastic trend or having a unit root. Stochastic trends can results in false 
correlations among variables and unit roots tests are designed to detect such trends 
(Kwiatkowski et al., 1992; Dickey and Fuller, 1979). The dependent variables and 
independent variables where subjected to MacKinnon’s (MacKinnon, 1996) and the 
Augmented Dickey-Fuller (Dickey and Fuller, 1979) unit root tests.     
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Model formulation for R and RPS       

Independent variables which exhibit significant correlations with the dependent 
variables of R and RPS with reference to R values at p<0.05 were used to develop 
suitable stock reproduction models which can significantly reproduce the R and RPS 
trajectory for the North Pacific albacore tuna from 1970 to 2012. We attempted to 
explain the trajectory of the R and RPS by fitting of a stock-recruitment model to the 
albacore data and obtaining the Akaike Information Criterion (AIC) for each model. 
Similar modeling techniques have been used in previous work (Sakuramoto, 2016; 
Singh et al., 2014; Sakuramoto, 2013; Cahuin et al., 2009). To ease the 
comprehensiveness and complexity of the models, only two environmental variables 
were incorporated in the final models for R and RPS. The Generalized Linear Model 
(GLM) used for R (Equation 1) and RPS (Equation 2) are shown below     
         

tntntnntnntnntnt ccccSSBR εαααα +××+×+×+×= −−−−− )()log()log()log( ,2,1,3,2,2,1,1,0   (Eq.1) 

 

tntntnntnntnntt ccccSSBR εββββ +××+×+×+= −−−− )()log()log( ,2,1,3,2,2,1,1,0  (Eq.2) 

                                                                                  
where R is the albacore recruitment for year t, α0 and β0 are the intercept parameters, α1, 
α2, α3 and β1, β2, β3 are parameter estimates, SSB is the albacore tuna spawning stock 
biomass, c1, c2 are the independent environmental variables, R/SSB is the recruits per 
spawning biomass and ε is an unsolved normally distributed random variable.  

To test the non-linear responses of the predictor variables on the dependent variables 
the generalized additive models (GAMs) (Hastie and Tibshirani, 1986) were used. 
When using environmental condition as predictor variables, GAMs have frequently 
shown to perform better in comparison to other types of predictive modeling techniques 
(Drexler and Ainsworth, 2013; Moisen and Frescino, 2002; Guisan et al., 2002; Walsh 
and Kleiber, 2001). Second and third order polynomial functions were inserted into 
Equation 1 and Equation 2 to investigate if these models (GAMs) performed better. The 
resulting Equation 3 and Equation 4 are shown below 

 

txntntn
x

ntxnx
x

ntxnxntnxt ccccSSBR ,,2,1,3,,2,,2,,1,,1,,0 )()log()log()log( εγγγγ +××+×+×+×= −−−−−    
(Eq.3) 

 

txntntn
x

ntxnx
x

ntxnxnxtt ccccSSBR ,,2,1,3,,2,,2,,1,,1,,0 )()log()/log( εδδδδ +××+×+×+= −−−−               
(Eq.4) 

 
where γ0 and δ0 represent the intercept parameters, γ1, γ2, γ3 and δ1, δ2, δ3 are parameter 
estimates and x= (1, 2, 3). The dependent variables and intercept parameter were log 
transformed in order to reduce the effect of possible outliers and skewness. Equations 3 
and Equation 4 were used and independent environmental variables were successively 
incorporated and various combinations were investigated by successive elimination. 
Model selection was based on the AIC (Akaike, 1981) values.  

All residuals for the selected models were subjected to tests for homogeneity of 
variance. The residual variance in all cases should be <4.00 or there will be significant 
degradation of the least square estimators (Fox, 2008) which may result in the selection 
of false models. The referred and estimated trajectory for albacore tuna R and RPS were 
plotted and compared. All statistical analysis for this study was carried out using the 
statistical software “R”, version 3.0.1(R Core Team., 2014). 
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Results 

Exploration and comparison of variables  

For comparison of predictor and response variables, the scatterplot matrix showing 
the histograms, kernel density overlays, absolute correlations and significance asterisks 
(p<0.05*, p<0.01**, p<0.001***) are shown in Fig. 3. The relationships of the North 
Pacific albacore tuna R, RPS and SSB against the monthly and annual independent 
environmental variables of SST, PDO and ENSO with lag periods of t-n years are 
presented. Only selected independent variables and lag periods are shown based on their 
significance and correlations with the response variables. Months, years and lag periods 
not showing significant correlations with the response variables are excluded from 
further analysis. All three stock parameters of R, RPS and SSB exhibited significant 
correlation with SST, PDO and ENSO. From Fig. 3 it can be seen that R has highest 
correlation with SSTa,t-2 for the month of April (a) and the annual (u) average PDOu,t. 
RPS had highly significant correlation with SSTm,t-2 for the month of March (m) and 
PDOv,t-5 for January (v). SSB exhibited highly significant relationship with SSTo,t for 
October (o) and PDOw,t-5 for May (w). ENSO for September (s) and May had significant 
relationship with R and RPS but exhibited lower correlation for albacore stock 
parameters of R, RPS and SSB in comparison to PDO and SST (Fig. 3).To instill 
simplicity into the stock reproduction models only two independent environmental 
variables were selected for modeling.  

The relationships between R and RPS and SSB and RPS are highly significant and 
the correlation between R and SSB is quite low in significance (Fig. 3). This is an 
indication that a signficant fraction of the R is not determined by SSB but other 
ecological factors. Fig. 4 shows the boxplots for the spread of the dependent and 
independent variables. All variables have quite uniform distribution except for ENSOs 
and ENSOw where possible outliers are detected; however scatterplots for ENSOs and 
ENSOw do not show any points that are abnormally large or small. Based on this 
argument, we accept that the likelihood of observation or process errors in the 
dependent and independent variables are prominently minimized.    

When statistical techniques such as simple linear regression are used, there is a 
tendency for spurious correlations to arise due to the presence of a unit root in time 
series data. Unit roots tests are techniques to detect such cases (MacKinnon, 1996; 
Kwiatkowski et al., 1992; Dickey and Fuller, 1979). The results of MacKinnon’s (M-
test) and the Augmented Dickey-Fuller (ADF-test) unit root test for the dependent and 
independent variables are shown in Table 1. All the time series data should have a t-test 
value (t-value) of <0 at p<0.05 to have a stationary process and the correlation results to 
be authentic. M-test and ADF-test showed that all variables exhibited stationarity (Table 
1) and did not have unit root processes.    

 
Model formulation for R and RPS  

The most significant stock reproduction models for the albacore tuna R and RPS are 
shown in Table 2. Model significance was taken with reference to the AIC resulting 
from the incorporation of the independent variable of SST and PDO into Equation 3 and 
Equation 4. Modeling results from single independent variable using Equation 3 and 
Equation 4 are also shown in Table 2. Model (i) is the most significant for albacore tuna 
R and incorporates the independent variables of SSTa,t-2 and PDOu,t. For RPS model (v) 
the most significant and has the independent variables of SSTm,t-2 and PDOv,t-5. For the 
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models with single independent variables for R, all models are significant with the 
model incorporating SSTa,t-2 being the most significant followed by PDOu,t and ENSOs,t-

1. For the RPS all models with single independent variables are significant with the most 
significant model incorporating SSTm,t-2 followed by PDOv,t-5 and ENSOw,t-2.  

 
Figure 3. Scatterplot matrix showing histograms, kernel density overlays, absolute correlations 

and significance asterisks (p<0.05*, p<0.01**, p<0.001***) for the relationship of North 
Pacific albacore tuna (T. alalunga) recruitment (R), recruits per spawning biomass (RPS) and 

female spawning stock biomass (SSB) against the environmental variables of sea surface 
temperature (SST), Pacific decadal oscillation (PDO) and El Niño southern oscillation (ENSO). 
The relationship between R, RPS and SSB can also be observed. Correlations are significant at 

p<0.05.  
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Figure 4. Boxplots for the North Pacific albacore tuna (T. alalunga) stock variables and 

environmental variables showing the spread of the data. The median is represented by the line 
in the middle of the boxes. Scatter plots further show the distribution of El Niño southern 

oscillation (ENSO) data to detect for the presence of outliers. The subscripts refer to the months 
and annual averages with: v – January, m – March, a – April, w – May, s – September, o – 

October, u – annual. 
 
 

Table 1. Unit root test results for dependent and independent variables time series 
used in correlation analysis from Fig. 3. The subscripts refer to the months, annual 
averages and lag periods with: v – January, m – March, a – April, w – May, s – 
September, o – October, u – annual. 

Time series M-test ADF-test 
 t-value p-value t-value p-value 

Rt -9.440 1.28�10-11 -9.439 <1.00�10-2 

SSBt -4.329 1.01�10-4 -4.329 <1.00�10-2 

RPSt -9.243 2.27�10-11 -9.243 <1.00�10-2 

SSTa,t-2 -9.213 2.47�10-11 -9.213 <1.00�10-2 

SSTm,t-2 -10.561 5.34�10-13 -10.560 <1.00�10-2 

SSTo,t -8.081 7.38�10-10 -8.081 <1.00�10-2 

PDOu,t -7.803 1.74�10-9 -7.803 <1.00�10-2 

PDOv,t-5 -10.035 2.32�10-12 -10.035 <1.00�10-2 

PDOw,t-5 -7.927 1.18�10-9 -7.928 <1.00�10-2 

ENSOs,t-1 -10.569 5.22�10-13 -10.569 <1.00�10-2 

ENSOw,t-2 -8.653 1.30�10-10 -8.653 <1.00�10-2 

ENSOw,t-3 -8.589 1.58�10-10 -8.589 <1.00�10-2 

 
 
Fig. 5 shows the plot of the predicted R from model (i) (Table 2) and the referred R 

for the North Pacific albacore tuna. The referred RPS and predicted RPS from model (v) 
can also be observed. In both cases the predicted and referred trajectories seem to fit 
well. Fig. 6 shows the trajectories of predicted R using single independent variables 
from models (ii), (iii) and (iv) (Table 2) and the referred R. Model (ii) with SST seems 
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to be the best fit followed by model (iii) with PDO and model iv with ENSO. The 
trajectories for the predicted RPS from models (vi), (vii) and (viii) (Table 2) using 
single variables with the referred RPS are shown in Fig. 7. Model (vi) with SST is the 
best fit followed by model (vii) with PDO and model (viii) with ENSO.  

The linear correlation between the predicted R from models (i)-(iv) and referred R 
and predicted RPS from models (v)-(viii) against referred RPS is shown in Fig. 8. The 
correlation between R predicted and R referred and RPS predicted and RPS referred is 
significantly higher for models incorporating two environmental variables (models (i) 
and (iv)) compared to using single variables. For models with single variables, SST and 
PDO result in models with higher significance compared to ENSO. This justifies the 
incorporation of the SST and PDO in the final models (models (i) and (iv)).  

 
Table 2. Stock reproduction models and some parameters using the female spawning stock 
biomass (SSB) and the independent environmental variables from Fig. 3 for the albacore 
tuna (T. alalunga) recruitment (R) and recruits per spawning biomass (RPS) in the North 
Pacific Ocean. Models using single variables are also shown. Only Models with highest 
significance are shown in each case with reference to the Akaike information criterion 
(AIC) values. The subscripts refer to the months, annual averages and lag periods with: v – 
January, m – March, a – April, w – May, s – September, o – October, u – annual. 

Recruitment  
Model with multiple variables 

i.)  t-value    
F statistic 
DF  

7.945 
63.12 
41 

p-value  

R2       

AIC 

1.41×10-10 
0.606  
875 

Models with single variables 

ii.)  

 

t-value    
F statistic 
DF  

5.298 
28.07 
41 

p-value  

R2       

AIC 

4.28×10-6 
0.406 
893 

iii.)   t-value    
F statistic 
DF  

3.556 
12.65 
41 

p-value  

R2       

AIC 

9.65×10-4 
0.236 
904 

iv.) 

 

t-value    
F statistic 
DF  

2.935 
8.616 
41 

p-value  

R2       

AIC 

5.44×10-3 
0.174 
907 

Recruits per spawning biomass (RPS) 
Model with multiple variables 

v.)  t-value    
F statistic 
DF  

7.620 
58.06 
41 

p-value  

R2       

AIC 

2.23×10-9 
0.586 
478 

Models with single variables 

vi.)  t-value    
F statistic  
DF 

6.481 
42.01 
41 

p-value  

R2       

AIC 

8.94×10-8 
0.506 
486 

vii.)  

 

t-value    
F statistic 
DF  

3.293 
10.84 
41 

p-value  

R2       

AIC 

2.05×10-3 
0.209 
506 

viii.)  t-value    
F statistic 
DF  

3.055 
9.34 
41 

p-value  

R2       

AIC 

3.94×10-3 
0.186 
507 
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Figure 5. Key model plots showing; (A) the referred and the predicted recruitment (R) from 
model (i) (Table 2) and (B) the referred and predicted recruits per spawning biomass (RPS) 

from model (v) (Table 2) time series trajectory of the North Pacific albacore tuna (T. alalunga) 
stock from 1970-2012. The 95% confidence interval for the estimated R and RPS are shown. 
 
 

 

Figure 6. Graph showing the referred recruitment (R) time series trajectory of the North Pacific 
albacore tuna (T. alalunga) stock and the trajectory which resulted from models with single 
variables of sea surface temperature (SST), Pacific decadal oscillation (PDO) and El Niño 
southern oscillation (ENSO) for the years 1970-2012. The 95% confidence interval for the 

estimated R and RPS are also shown. The roman numerals refer to the models from Table 2.   
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Figure 7. Graph showing the referred recruits per spawning biomass (RPS) time series 
trajectory of the North Pacific albacore tuna (T. alalunga) stock and the trajectory which 

resulted from models with single variables of sea surface temperature (SST), Pacific decadal 
oscillation (PDO) and El Niño southern oscillation (ENSO) in red for the years 1970-2012. The 

95% confidence interval for the estimated R and RPS are also shown. The roman numerals 
refer to the models from Table 2. 

 
 

 

Figure 8. The linear relationship between the predicted recruitment (R predicted) and referred 
recruitment (R referred) (i, ii, iii, iv) and recruits per spawning biomass predicted (RPS 

predicted) and recruits per spawning biomass referred (RPS referred) (v, vi, vii, viii) for the 
albacore tuna (T. alalunga) stock in the North Pacific Ocean. The roman numerals refer to the 
model numbers presented in Table 2. Axis values are same for all figures for R and RPS except 

for (viii) where some extreme values can be observed.   
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The histograms for the residuals of models (i)-(viii) from Table 2 are shown in Fig. 9 
to test for the homogeneity of variance. If the model residual variance is >4.00 then the 
least square estimators will be considerably degraded and this can lead to the selection 
of erroneous models (Fox, 2008). Models (i)-(iv) for R had residual variances of <0.9 
and for RPS the models (v)-(viii) had residual variance values of <1.2 in all cases which 
fulfilled the requirements for the homogeneity of variance.     

 

 

Figure 9. Histograms of model residuals from Table 2 against the predicted values. The roman 
numerals refer to the model numbers in Table 2. The residual variance model (i) for recruitment 
(R) and model (v) for recruits per spawning biomass (RPS) are <0.9 and <1.2 respectively. The 

residual variance for models incorporating multiple environmental variables (model i and v) 
are smaller compared to models with single environmental variable.  

 
 
According to Fig. 3 and Table 2 the principle independent variable that has the most 

significant effect on the North Pacific albacore tuna R and RPS trajectory is the SST. 
Fig. 10 shows the heat maps for the spatial distribution of the annual SST from the year 
1970 to 2012. Visual changes in annual spatial SST can be observed including part of 
the warm pool (represented in purple and white) which can be observed to change 
annually.    

It should be noted that the standard deviation (± SD) for albacore SSB and R from 
2014 ISC report was 97,569 ± 30,203 mt for 1993 and 204,401 ± 73,551 mt for the year 
1971 for SSB. For R the SD was 21.8 ± 7.4 million fish for 1987 and 64.6 ± 18.8 
million fish for the year 1971 (ISC, 2014). Most annual deviations were quite 
significant, however this was the best available estimate for the South Pacific albacore 
tuna from 1970 to 2012 and the models presented are based on these estimates.  
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Figure 10. Sea surface temperature (SST) of study area in the North Pacific from 1970 to 2012 
from top left to right. The region in purple and white belong to the warm pool where the sea 
surface temperature is higher than the rest of the geographical oceanic area and seems to 

fluctuate through the years. Note that the warm pool area coincides with the spawning area for 
North Pacific albacore shown in Figure 1. The axis labels for latitude, longitude and scales 
have been removed for enhanced visual representation. Refer to Fig. 1 for study area details. 
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Figure 10. (Cont.) 

Discussion 

This work was undertaken with one of the objectives to identify whether alterations 
in environmental and climatic conditions affected the stock dynamics of the North 
Pacific albacore tuna. Significant relationships were detected between the albacore tuna 
R, RPS and SSB with the environmental variables of SST, PDO and ENSO. GAM 
modeling (Equation 3 and Equation 4) resulted in better fitting of models compared to 
GLM models (Equation 1 and Equation 2) and the selected models (model (i) and (v), 
Table 2) for most significantly explaining R and RPS trend were GAM models. This is 
consistent with the findings that GAM performs better than other types of population 
modeling (Drexler and Ainsworth, 2013; Moisen and Frescino, 2002; Guisan et al., 
2002; Walsh and Kleiber, 2001).  

The incorporation of SST and PDO resulted in stock reproduction models for the 
albacore tuna R and RPS which fit quite well with the referred R and RPS stock 
trajectory (Table 2, Fig. 5). R exhibited highest correlation with PDO and RPS had most 
significant correlation with SST. However, when modeling was performed using single 
variables (Table 2, Fig. 6, Fig. 7), SST resulted in the stock reproduction models with 
highest fitness for both R and RPS. With reference to the combined and individual 
effects of the predictor environmental variables (Table 2) it is evident that SST is the 
principle factor affecting the R and RPS time-series of albacore and the North Pacific 
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SST and PDO act together to result in the stock dynamics pattern for the North Pacific 
albacore tuna R and RPS. 

The importance of SST in structuring the stock characteristics of albacore tuna has 
been shown in previous work. Briand et al. (2011) used the GLM to investigate the links 
between environmental conditions and albacore tuna in New Caledonia EEZ. Findings 
showed that albacore CPUE was significantly linked to the variability in SST and 
primary productivity. Lehodey et al. (2015) investigated the impacts of environmental 
conditions on the spatial dynamics of albacore tuna in the South Pacific. Findings 
indicated possibly large impact of changes in oceanic temperature on larval survival and 
early life stages of albacore. The link between SST affecting dissolved oxygen levels 
and primary productivity was also established. This gives some indication on the 
possible mechanisms on how oceanic temperature affects albacore tuna stock 
abundance and distribution. Dragon et al. (2015) used the Spatial Ecosystem and 
Population Dynamics Model (SEAPODYM) and the maximum likelihood approach to 
understand the spatial distribution, ecological characteristics and migratory behavior of 
the North Atlantic albacore tuna in relation to alterations in the environmental patterns. 
Spawning favorability and foraging behavior of adult fish were shown to be correlated 
to different oceanic temperature gradients. From the positive fit of SST with R and RPS 
(models (i), (ii), (v), (vi), Table 2) it can be inferred that warmer temperatures are 
favorable and cooler temperature are unfavorable for the reproductive success and 
recruitment of albacore.  

The incorporation of PDO results in significant improvement of the models for both 
R and RPS as can be seen from Table 2. Singh et al. (2015) investigated the relationship 
between albacore CPUE and climatic time series using GLM. Significant links were 
established between PDO and albacore time series trajectory from 1957 to 2008 in the 
South Pacific Ocean. Phillips et al. (2014) studied the effect of alterations in the SST 
and large–scale variability in the climatic conditions of PDO and ENSO on the spatial 
distribution of the juvenile North Pacific albacore tuna CPUE off the US West coast. 
Significant relationships were determined between the CPUE and the environmental 
variables. The incorporation of the SST and PDO as independent variables in the 
threshold Generalized Additive Mixed Models resulted in statistically significant 
models with the highest R2 value of 0.290. Lehodey et al. (2003) attempted to deduce 
the mechanisms by which alterations in environmental variables affects the stock of 
important tuna species in the Pacific. Results indicated that albacore tuna recruitment 
was significantly affected by the negative and positive phases of PDO. PDO had highly 
significant correlation with R in the same year and with SSB having a lag period of 5 
years. This indicates that variability in the PDO pattern influences the early life stages 
of the North Pacific albacore tuna. With reference to Figure 3, the relationship of PDO 
with R and SSB is negative. This means that the negative PDO phase is favorable and 
positive PDO phase is unfavorable for the larvae and juvenile stages of albacore. 
Similar explanations have been derived for the South Pacific albacore stock by Lehodey 
et al. (2003) and Singh et al. (2015).       

Although ENSO were excluded from model formulation, it did exhibit 
significant relationship with albacore tuna R, RPS and SSB according to Fig. 3. 
Models with single variables incorporating ENSO are significant for both R and 
RPS (Table 2). Zhang et al. (2014) used a logistic production model to study the 
link between changes in climatic indices and albacore productivity and determined 
significant relationship of the North Pacific albacore tuna productivity with ENSO. 
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Briand et al. (2011) elucidated that extreme ENSO events are favorable for local 
albacore tuna fishery in New Caledonia EEZ.  

The warm pool SST area (Fig. 10) extends from the North to the South Pacific and 
has been shown to also affect the stock trajectory of the South Pacific albacore tuna 
(Singh et al., 2015). The warm pool geographical area coincides with the spawning 
ground for the North Pacific albacore tuna (Fig. 1, Fig. 10) as determined by Chen et al. 
(2010), Yoshida (1968), Otsu and Uchida (1959), Ueyanagi (1957). This makes it 
ecologically viable for the SSB and RPS to correlate with annual changes in the SST of 
this area and affect the stock dynamics of albacore tuna. Albacore tuna prefer warmer 
water temperatures for spawning and larvae habitat (Lehodey et al., 2008; Lehodey et 
al., 2015) which occurs at the warm pool zone (Fig. 10). Dragon et al., (2015) identified 
that the maximum spawning for the North Atlantic albacore tuna occurs at SST of 
25.77ºC with a standard error of 1.74ºC. With reference to Fig. 10, this temperature falls 
within the temperature range at the warm pool which is further evidence of variability in 
the SST affecting the spawning and other stock characteristics of albacore tuna. Further 
work on the specific warmpool area and its influence on the South Pacific albacore tuna 
is needed to quantify its effect.    

Lehodey et al., (2015) showed that both fishing and environmental conditions 
significantly affect the abundance of albacore tuna in the South Pacific. Albacore tuna 
fishery managers and policy makers need to take into account the effects of 
environmental conditions when formulating their stock harvest plans and management 
strategies in order for the biological and economical sustainability of this commercially 
important but limited resource. 

The GAM models developed in this study (model (i) and (v), Table 2) were highly 
significant with reference to the p-values. These models were able to explain a 
substantial component of the y-axis variation for R and RPS trend from 1970 to 2012. 
With reference to the R2 values, there are still considerable portion of the variation that 
is not explained. It is dangerous to assume that environmental and climatic variables are 
the only factors affecting the North Pacific albacore stock trajectory. Other variables, 
such as fishing intensity (effort) and various biotic and abiotic factors are also 
responsible for stock variation. For fishery management it is also dangerous to assume 
that fishing related activities are the only factors affecting a fish stock. Fish stock levels 
are determined by a combination of complex interactions between, fishing related 
activities, environment change, climatic variation and various biotic and abiotic factors. 
Further research is needed in order to elucidate the underlying mechanism by which 
environmental conditions interact with other factors to influence albacore tuna stock 
abundance and distribution in order to develop coherent policies for fisheries 
management.  

The models presented here and the arguments are based on the estimates of the 2014 
ISC report where significant deviation was noted for R and SSB data. Better estimates 
in the future will enable further improvement of the models and analysis.    
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