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Abstract
Over the years there has been growing interest regarding the effects of climatic variations on marine biodiversity. The exclusive economic zones of South Pacific Islands and territories are home
to major international exploitable stocks of albacore tuna (Thunnus alalunga); however the impact of climatic variations on these stocks is not fully understood. This study was aimed at determining the climatic variables which have impact on the time series stock fluctuation pattern of albacore tuna stock in the Eastern and Western South Pacific Ocean which was divided into three
zones. The relationship of the climatic variables for the global mean land and ocean temperature
index (LOTI), the Pacific warm pool index (PWI) and the Pacific decadal oscillation (PDO) was investigated against the albacore tuna catch per unit effort (CPUE) time series in Zone 1, Zone 2 and
Zone 3 of the South Pacific Ocean from 1957 to 2008. From the results it was observed that LOTI,
PWI and PDO at different lag periods exhibited significant correlation with albacore tuna CPUE for
all three areas. LOTI, PWI and PDO were used as independent variables to develop suitable stock
reproduction models for the trajectory of albacore tuna CPUE in Zone 1, Zone 2 and Zone 3. Model
selection was based on Akaike Information Criterion (AIC), R2 values and significant parameter
estimates at p < 0.05. The final models for albacore tuna CPUE in all three zones incorporated all
three independent variables of LOTI, PWI and PDO. From the findings it can be said that the climatic conditions of LOTI, PWI and PDO play significant roles in structuring the stock dynamics of
the albacore tuna in the Eastern and Western South Pacific Ocean. It is imperative to take these
factors into account when making management decisions for albacore tuna in these areas.
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1. Introduction

In the Pacific Ocean, the most dominant fishery can be said to be tuna fisheries which include albacore (Thunnus
alalunga), yellowfin (Thunnus albacores), bigeye (Thunnus obesus) and skipjack (Katsuwonus pelamis) tuna
species that represent >90% of the total global tuna harvests [1]. The exclusive economic zone (EEZ) of the Pacific Island countries and territories (PICTs) within the Western and Central Pacific Convention Area (WCPCA)
between ~25˚N to 25˚S and 130˚E to 130˚W has a coverage area of >27 million∙km2 and the economy and food
security of most of these PICTs are heavily dependent on oceanic fisheries activities [2]-[4]. Albacore tuna is
substantially distributed within the WCPCA and has contributed to ~6% of the global tuna catch in recent years
[5]-[7]. In the Western and Central Pacific Ocean in recent years the total annual catch of albacore tuna has been
~126,000 tonnes with a value of ~USD 342 million. About 50% of these catches originate from the EEZs of
PICTs [2].
Albacore tuna (Thunnus alalunga) is a commercially important species of tuna to the economy of various
countries in the WCPCA in the South Pacific [8] [9]. They are also highly migratory with sexual maturity, age,
season and their catch varies both seasonally and spatially [10]-[12]. Albacore tuna fisheries have expanded
considerably in the South Pacific Ocean with almost three-fold increase in catch compared with the past two
decades from 1990 to 2010 [13]. Even though there has been a long history of albacore tuna fisheries in the Pacific Ocean, their ecological characteristics are not sufficiently understood.
The significant role of climatic conditions in structuring the time series trajectory, spatial distribution and biological processes relating to tuna species has been shown previously in [14]. In the Pacific Ocean the projected
distribution of yellowfin, skipjack and bigeye tuna within the 21st century likely shifts towards the East in response to alterations in the warm pool and the Pacific Equatorial Divergence [14]-[16]. Singh [17] showed that
the time series stock trajectory of yellowfin tuna in the Eastern and Western South Pacific was significantly influenced by the climatic conditions of Pacific warm pool index (PWI), global mean land and ocean temperature
index (LOTI) and Southern oscillation index (SOI). Polovina [12] studied the movement of albacore tuna in relation to the movement of the transition zone chlorophyll front in the North Pacific. Albacore tuna stock was
shown to follow this chlorophyll front movement which was substantially correlated with El Niño and La Niña
events. The relationship of albacore tuna to El Niño and La Niña events has also been shown in [18] and [19]
where albacore shows low recruitment during El Niño and high during La Niña events. Albacore tuna recruitment in the Pacific has been shown to be correlated to the climatic indices of El Niño Southern Oscillation
(ENSO) and Pacific Decadal Oscillation [18]. Dufour [20] studied the feeding migration of albacore tuna from
1967 to 2005 in the Bay of Biscay in relation to climatic variables. Results showed significant relationship of the
albacore tuna to the climatic variables of North Atlantic Oscillation and Northern Hemisphere Temperature
Anomaly. It was also shown that long-time scales are necessary to detect relationships with environmental and
climatic variables.
In the Pacific Ocean the albacore spawning stock and fishing effort are still within sustainable levels; however
during the lifespan of the recorded fishery, the stock by weight has gradually declined and in recent years
catches have continued to increase with increasing effort [21]. In many cases fisheries management decisions for
most fisheries are primarily based on implementing adjustment to the fishing pressure and related activities.
While this may work for some fisheries and over short periods of time, the concept cannot be generalized across
different species and different areas of the globe. Each fishery by species and location is affected by biotic and
abiotic factors in different ways. The extent to which these factors impact a fishery differs significantly, making
it fundamental to understand the role of the intrinsic and extrinsic factors affecting the underlying trajectory of a
fish stock in order to effectively manage the fishery. The objective of this study is to elucidate which climatic
conditions are related to the stock trajectory of the albacore tuna in the Eastern and Western South Pacific Ocean
and to what degree. The climatic variables that exhibit sufficient correlation to albacore tuna stocks shall be incorporated into models with the aim of attempting to significantly reconstruct the stock dynamics of albacore
tuna in the designated areas.

2. Materials and Methods
2.1. Data
The commission members and cooperating non-members of the Western and Central Pacific Fisheries Commission (WCPFC) provide aggregate, operational and annual tuna catch and effort estimates which the WCPFC
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uses to compile a public domain version (https://www.wcpfc.int/) of the aggregated catch and effort data. The
catch and effort data on albacore tuna (T. alalunga) in the Eastern and Western South Pacific from 1957 to 2008
was obtained from the WCPFC public domain data. The stock distribution of albacore tuna data used for this
study is shown in Figure 1.
The albacore tuna data from longline was selected over pole and line and purse seine data as the longline data
was most extensive [21] by time series and the effort was available as the number of hooks which reduced the
possibility and extent of observation errors. Also, due to the difference in the type of effort data, pole and line
and purse seine data could not be used together with longline data. Monthly summaries of catch numbers, total
weights and total number of hooks were georeferenced in 5˚ longitude and latitude grids and separated into three
areas; Zone 1 (2.5˚N - 47.5˚S, 162.5˚W - 152.5˚W, 7.5˚S - 47.5˚S, 152.5˚W - 132.5˚W), Zone 2 (2.5˚N - 47.5˚S,
172.5˚E - 162.5˚W) and Zone 3 (2.5˚N - 47.5˚S, 147.5˚E - 172.5˚E) (Figure 1). Annual albacore tuna catch and
effort was calculated from aggregated longline monthly data by geographical coordinates for Zone 1, Zone 2 and
Zone 3. The catch per unit effort (CPUE) was calculated from the catch and effort data for the three areas with
the catch data being in tonnes and effort as the number of hooks (Figures 2(a)-(c)). It was important to treat albacore tuna data for Zone 1, Zone 2 and Zone 3 as three different stocks as the total area was too large for any
one stock and exploratory analysis showed differences in the catch and CPUE patterns and magnitudes as well
as catch and effort relationships for the three areas.
In Figure 2(a) the fluctuation pattern for the albacore tuna CPUE time series in Zone 1 for the years 1957 to
2008 can be seen. There is an increasing trend for the years 1957-1960, 1964-1966, 1972-1974 1975-1978,
1981-1983, 1984-1986, 1990-1992, 1995-1998, and 2000-2002 and from 1960-1964, 1966-1969, 1970-1972,
1986-1990, 1992-1995, 1998-2000 and 2002-2004 a decreasing trend can be observed with the highest peak in
1960 and the lowest point in 1995. CPUE is distinctively high from 1958-1962 with a sharp decline from 19601964. For Zone 2 (Figure 2(b)) the trajectory of albacore tuna has an increasing trend for the years 1965-1967,
1974-1976, 1979-1981, 1984-1986, 1989-1991, 1995-1997 and 2004-2006 with a decreasing trend for the years
1967-1974, 1991-1993, 1997-2000, 2001-2004 and 2006-2008. The CPUE is at its highest peak in 1962 with
sharp declines from 1960-1963 and 1967-1974 and the lowest values in 1974, 1979, 1982, 1984 and 1989. Figure 2(c) shows the trajectory of albacore tuna in Zone 3 where an increasing trend can be observed from
1957-1959, 1968-1970, 1976-1978, 1996-1998, 2003-2006 with a decreasing trend from 1961-1964, 1970-1972,
1978-1982, 1983-1985 and 1986-1990. The highest peaks can be observed in 1959 and 1970 with sharp declines
from 1959 to 1964 and 1970 to 1974. Zone 1 and Zone 2 CPUE trajectory for albacore tuna have more similarities compared with Zone 3 which is more chaotic in contrast.

Figure 1. Map showing the stock distribution of the albacore tuna (T. alalunga) in the
Eastern and Western South Pacific Ocean. The study area was divided into Zone 1, Zone
2 and Zone 3 shown by the enclosure polygons and the black circles represent the data
distribution in 5˚ by 5˚ geographical grids.
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(a)

(b)

(c)

Figure 2. (a) The CPUE time series trajectory of the albacore tuna (T.
alalunga) stock in Zone 1 for the years ranging from 1957-2008; (b)
The CPUE time series trajectory of the albacore tuna (T. alalunga) stock
in Zone 2 for the years ranging from 1957-2008; (c) The CPUE time series trajectory of the albacore tuna (T. alalunga) stock in Zone 3 for the
years ranging from 1957-2008.

The climatic data for the global mean land and ocean temperature index (LOTI) for the latitude band 44˚S to
64˚S was obtained from the National Aeronautics and Space Administration (NASA), Goddard Institute for
Space studies, Goddard Space Flight Center, Science and Exploration Directorate, Earth Science Division
(http://data.giss.nasa.gov/gistemp) from 1952 to 2008. The LOTI data was calculated on monthly basis by combining and using data files from National Oceanic and Atmospheric Administration (NOAA) Global Historical
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Climatology Network v3 for meteorological stations, Extended Reconstructed Sea Surface Temperature for
ocean areas and Scientific Committee on Antarctic Research for Antarctic stations as outlined in [22]. The calculated monthly data on Pacific warm pool index (PWI) and Pacific decadal oscillation (PDO) was obtained
from NOAA, Earth System Research Laboratory, Physical Sciences Division (http://www.esrl.noaa.gov) from
1952 to 2008.

2.2. Exploratory Analysis and Unit Root Test
Regression analysis was applied to identify if relationships existed between the dependent variables of albacore
tuna CPUE in Zone 1 (Yz1), Zone 2 (Yz2) and Zone 3 (Yz3) against the climatic independent variables of LOTI (L),
PWI (P) and PDO (O). Monthly and annual L, P and O were tested against Yz1, Yz2, and Yz3 at t − n years where
n = 0,1, ,5 since the age of most of the stock harvested in the Pacific Ocean ranges between 2 - 4 years old
[23]-[25]. Results with p < 0.05 were considered as significant relationships. To avoid violations of assumptions
from the statistical techniques utilized, the protocol for data exploration was followed as in [26]. As outlined in
[26], all selected variables were tested for the presence of outliers using scatterplots and boxplots as well as for
correlations among independent variables. Results with coefficient of correlation with R > 0.500 were considered as significant.
When certain variations in a time series has transient effects and does not permanently alter the trend of the
time series, the trend is classified as being stationary. When variations or shocks permanently alter the time series, the trend is classified as stochastic and having a unit root. The presence of a unit root in a time series can
result in specious correlations among variables [27] [28]. The independent variables which exhibited significant
correlation with the dependent variables as well as the albacore tuna CPUE in Zone 1, Zone 2 and Zone 3 were
analyzed to confirm whether any of the time series data were a non-stationary process with the Augmented
Dickey-Fuller and MacKinnons unit root test [27]-[29].

2.3. Stock Reproduction Model
Independent variables which exhibited significant relationship at p < 0.05 and had lowest AIC values with albacore tuna CPUE from exploratory analysis for each climatic condition were incorporated in the development of
stock reproduction models of the albacore tuna CPUE in the South Pacific Zone 1, Zone 2 and Zone 3. The objective was to construct a stock reproduction model which can reconstruct the albacore tuna CPUE trajectory
using climatic data as independent variables at p < 0.05. The Generalized Linear Model (GLM) was used as
parent formula for the stock reproduction model for Yz1, Yz2 and Yz3 as shown in Equation (1)

ln (Yzi=
ln (α 0 ) + α1, n s1,t − n + α 2, n s2,t − n +  + α k , n sk ,t − n + ε zi ,t
,t )

(1)

where Yzi,t is the CPUE of albacore tuna in the South Pacific region, z is the distribution zone with i = 1, 2, 3, α0
is the parameter for the intercept, α1 , α 2 , , α k are parameter estimates, s1 , s2 , , sk are the independent climatic variables with k = 1, 2 and 3, t is the year with n = 0,1, ,5 and εzi,t is an unsolved normally distributed
random variable.
The response surface methodology (RSM) is a set of statistical and mathematical techniques which uses linear
and polynomial functions to incorporate independent variables into mathematical and statistical models to describe a system or data which is under study [30]-[33]. RSM was used to transform Equation (1) by incorporation of second and third order polynomials to determine if variables could be better fit with this technique in
Equation (2)

ln (Yzi=
ln (α 0 ) + α1, q , n s1,qt − n + α 2, q , n s2,q q , n +  + α k , q , n skq,t − n + ε zi ,t
,t )

(2)

where q = 1, 2 and 3. Log transformation of the dependent variable and y-intercept were done to reduce the effects of outliers and skewness. For Equation (1) and Equation (2), independent variables were investigated in
various combinations by successive elimination to identify suitable models for reconstructing the trajectory of
the albacore tuna stock in Zone 1, Zone 2 and Zone 3. Tests for the homogeneity of variance for the residuals of
the model against the fitted values were performed. The least square estimators would be significantly degraded
if the range of variance were ≥4.00 [34]. Akaike Information Criterion (AIC) and R2 values at p < 0.05 were
used for model selection criteria [35]. The predicted and referred trajectory of the albacore tuna CPUE in Zone 1,
Zone 2 and Zone 3 were plotted and compared. The statistical software “R”, version 3.0.1 was used to perform

299

A. A. Singh et al.

all statistical analysis for this study [36].

3. Results
3.1. Catch and Effort Trajectory
From Figure 3 the catch and effort for albacore tuna in the South Pacific Zone 1, Zone 2 and Zone 3 show similar trajectory patterns. The linear relationship of the albacore tuna catch and effort in all three areas are shown in
Figure 4. The points below the slope mostly refer to the years where the CPUE was low and the points above
the slope mostly refer to the years where the CPUE high. In Figure 4, the further (closer) the points disperse
from the slope, the lower (higher) the correlation between the catch and effort. For Zone 2 and Zone 3 the catch
and effort correlate strongly with most of the points lying close to the slope line. For Zone 1, the relationship of
the effort although significant, is much weaker in comparison to Zone 2 and Zone 3. The determination coefficients for Zone 1, Zone 2 and Zone 3 are 0.544, 0.786 and 0.884 respectively which makes it evident that the
catch dynamics of albacore tuna in Zone 1, Zone 2 and Zone 3 are influenced significantly at varying degrees by
the fishing effort which makes the catch trend unsuitable for trend analysis. For this study we decided to use the
CPUE as it standardizes the effort with reference to catch and is a more suitable representative of the albacore
tuna stock dynamics which will enable better trend analysis and determination of relationships with independent
variables.

Figure 3. The catch and effort time series trajectory of the albacore tuna (T. alalunga) stock in Zone 1, Zone 2 and Zone 3 from
1957-2008. The similarities and differences in the time series patterns can be observed.
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Figure 4. The relationship between the catch and effort for the albacore
tuna (T. alalunga) stock in Zone 1, Zone 2 and Zone 3 from 1957-2008.
The determination coefficients are 0.544, 0.786 and 0.884 respectively.

In Figure 5 the differences and similarities between the catch and CPUE of albacore tuna in Zone 1, Zone 2
and Zone 3 can be observed. The catch levels fluctuate around similar magnitudes from 1957 to around 2000
and from around the year 2000 the catch levels begin to diverge and by 2008 there is significantly large
difference in catch among the three zones with Zone 3 being the largest catch followed by Zone 2 and the least
being Zone 1. Between 1958 to 1962, significantly large differences can be observed in the CPUE magnitudes
for the three areas with Zone 1 being the largest followed by Zone 2 and the lowest being Zone 3. From around
1970 the CPUE for the three zones becomes synonimous until 2008. Although the catch magnitudes are quite
different from around the year 2000 the CPUE for the three zones remains constant.

3.2. Exploratory Analysis and Unit Root Test
The results for regression analysis of the albacore tuna CPUE in the South Pacific Zone 1, Zone 2 and Zone 3
against independent variables of climatic conditions for the years t − n ( n = 0,1, ,5 ) are presented in Table 1.
The results only include the variables which exhibited highest correlations according to the R2 and AIC values at
p < 0.05. LOTI for the latitude band 44˚S to 64˚S (L), PWI for the month of February (Pf) and November (Pn)
and PDO for the month of February (Of) and March (Om) had significant correlations with the dependent variables of Yz1, Yz2 and Yz3. LOTI exhibited strongest correlation with a lag of t − 1 year for all three zones with
PWI exhibiting most significant correlations at t − 2 in all three cases with Pn for Yz1 and Yz2 and at Pf for Yz3.
PDO had most significant correlation at t − 4 for all three zones with Of for Yz1 and Yz3 and Om for Yz2. These independent variables made ecological sense as they geographically relate to the data coverage area for Zone 1,
Zone 2 and Zone 3.
In Figure 6 the boxplots show the spread of the albacore tuna CPUE for Zone 1, Zone 2 and Zone 3 and the
climatic variables from Table 1. Some relatively high values can be observed for the CPUE in the three Zones,
especially for Zone 1 where a single high value is way outside the range of the rest of the data. However, these
values should not be labeled as outliers without further exploration [26]. To identify whether outliers are present
in the CPUE data, scatter plots of the catch and effort data used in the calculation of the CPUE were presented.
It can be seen from Figure 6 that the catch and effort values are not unusually large or small. Due to this and the
large sets of data that were used to calculate the annual catch and effort, the likelihood of observation and
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Figure 5. The catch and CPUE time series trajectory of the albacore tuna (T. alalunga) stock in Zone 1, Zone 2 and Zone 3
from 1957 to 2008. Differences can be seen in the recent years for catch and in earlier years for CPUE magnitudes for each
zone.

Figure 6. The boxplots for the dependent and independent variables showing the spread of the data with the line in the middle of the boxes representing the median. Scatter plots show the distribution for the catch and effort data for Zone 1, Zone 2
and Zone 3.

process errors are greatly minimized and it is safe to assume that the CPUE values which extend outside the
boxplot range are not outliers but authentic values.
Spurious correlations may sometimes arise when regression analysis is used. Unit root test which is a statistical method to identify cases of unauthentic correlations [27]-[29] was performed for all the time series data
used in this study. Table 2 shows the results for MacKinnon’s test (M-test) and Augmented Dickey-Fuller test
(ADF-test). Time-series have a stationary process if they exhibit t-test value (t-value) < 0 at p < 0.05. The tests
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Table 1. Results for regression analysis of albacore tuna (T. alalunga) stock in the South Pacific Ocean Zone 1, Zone 2 and
Zone 3 against independent climate variables. Variables exhibiting values with p < 0.05 are significant.
Zone 1
Year

Yz1, L
2

R
t
t-1

0.388
0.434

p-value
8.08 × 10
1.08 × 10

AIC
−7
−7

−264

1.32 × 10

t-3

0.365

2.15 × 10−6

t-5

0.331

3.89 × 10
8.02 × 10

−270
−265

0.376

0.290

−266

−6

t-2

t-4

Yz1, Of

Yz1, Pn

−5
−6

−259
−262

2

R

p-value

0.258

1.23 × 10

0.283

4.89 × 10

2

AIC
−4
−5

−256
−258

R

9.19 × 10
0.016

p-value
−5

9.46 × 10
3.75 × 10

AIC
−1

−241

−1

−242

−2

−244

0.307

2.07 × 10

−5

−260

0.054

9.78 × 10

0.278

5.99 × 10−5

−258

0.118

1.26 × 10−2

−247

−4

−254

−3

−249

2.65 × 10−2

−316

−3

−319

−4

−324

−3

−319

0.287

4.31 × 10

0.301

2.59 × 10

−5
−5

−258
−259

0.230
0.148

3.26 × 10
4.86 × 10

Zone 2
Yz2, L
t
t-1
t-2

0.518
0.566
0.524

Yz2, Pn

2.05 × 10
1.30 × 10

−9

−10

1.30 × 10

−9

−350
−352
−343

0.547

3.71 × 10

t-4

0.459

3.41 × 10−8

0.450

−355

−10

t-3

t-5

−349

5.27 × 10

−8

−342

0.234

2.83 × 10

0.232

3.00 × 10

0.275

6.56 × 10

Yz2, Om
−4
−4
−5

−325
−325
−328

0.095
0.140
0.216

6.40 × 10
5.16 × 10

0.253

1.43 × 10

−4

−326

0.134

7.65 × 10

0.253

1.46 × 10−4

−326

0.226

3.67 × 10−4

−325

−4

−324

5.81 × 10−1

−398

−1

−398

−1

−398

−1

−399

−3

−406

−3

−406

0.208

6.87 × 10

−4

−323

0.213

5.72 × 10

Zone 3
Yz3, L
t
t-1
t-2
t-3
t-4
t-5

0.118
0.144
0.095
0.085
0.117
0.109

1.27 × 10
5.53 × 10
2.60 × 10
3.62 × 10
1.29 × 10
1.71 × 10

Yz3, Pf
−2
−3
−2
−2
−2
−2

−404
−406
−403
−402
−404
−404

0.002

7.28 × 10

0.005

6.31 × 10

0.094

2.69 × 10

0.042

1.45 × 10

0.031

2.11 × 10

0.011

4.55 × 10

Yz3, Of
−1
−1
−2
−1
−1
−1

−398
−398
−403
−400
−399
−398

0.006
0.004
0.015
0.028
0.152
0.141

6.49 × 10
3.85 × 10
2.39 × 10
4.35 × 10
6.01 × 10

Table 2. Results of unit root tests for dependent and independent variables used in regression analysis from Table 1.
M-test

ADF-test

Series
t-value

p-value

t-value

p-value

Yz1 1957-2008

−7.698

6.32 × 10−10

−7.698

<1.00 × 10−2

Yz2 1957-2008

−11.795

8.69 × 10−16

−11.795

<1.00 × 10−2

Yz3 1957-2008

−10.531

4.53 × 10−14

−10.531

<1.00 × 10−2

L 1949-2008

−10.655

4.37 × 10−15

−10.655

<1.00 × 10−2

Pn 1949-2008

−10.750

3.12 × 10−15

−10.750

<1.00 × 10−2

Pf 1949-2008

−13.030

<2.20 × 10−16

−13.025

<1.00 × 10−2

Of 1949-2008

−11.161

7.36 × 10−16

−11.161

<1.00 × 10−2

Om 1949-2008

−11.345

3.88 × 10−16

−11.345

<1.00 × 10−2
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showed that all the variables showed stationarity and did not have a unit root process and the relationships presented in Table 1 are non-spurious.

3.3. Stock Reproduction Model
Table 3 shows the results of incorporating the independent climatic variables from Table 1 into stock reproduction models for the CPUE of the albacore tuna in the South Pacific Zone 1, Zone 2 and Zone 3. Models with
highest R2 and lowest AIC values at p < 0.05 are shown for each zone. Model (a) had the highest R2 and lowest
AIC value for albacore tuna in Zone 1 which incorporates the variables Lt−1, Pn,t−2 and Of,t−4. For the albacore
tuna in Zone 2 model (d) was the most suitable according to the highest R2 and lowest AIC value which incorporated the variables Lt−1, Pn,t−2 and Om,t−4. For Zone 3, model (g) is the most suitable and it incorporates the independent variables Lt−1, Pf,t−2 and Of,t−4 (Table 3).
There were no significantly high correlations observed for the collinearity tests among the independent variables incorporated into the models in Table 3. According to the results of homogeneity tests all model residuals shown in Table 3 have a variance of <0.09 as shown in Figure 7 which fulfilled the requirements of homogeneity where in order for the least square estimators to be reliable the variance needs to be <4.00 [34].
The plot of Zone 1 albacore tuna CPUE and the estimated CPUE trajectory from model (a) (Table 3) can be
seen in Figure 8. Similarly the plot of the referred and forecasted CPUE of the albacore tuna in Zone 2 from
model (d) can be seen in Figure 9. For Zone 3 the albacore predicted CPUE from model (g) and referred CPUE
can be seen in Figure 10. For Zone 1 and Zone 2 the referred CPUE has strong fitness with the predicted CPUE
compared to Zone 3 where although significant, the predicted CPUE has much weaker fitness with referred
CPUE. Figure 11 shows the linear correlations of the referred and predicted albacore tuna CPUE in Zone 1,
Zone 2 and Zone 3 from the models presented in Table 3. For models (a), (d) and (g) the determination coefficients of the referred CPUE to the CPUE predicted (Table 3, Figure 11) are 0.889, 0.884 and 0.453 respectively.
For Figure 11(a) the slope is 1.431 with 95% confidence interval of (1.222, 1.641), for Figure 11(d) the slope is
1.027 with 95% confidence interval of (0.873, 1.182) and for Figure 11(g) the slope is 1.123 with 95% confidence interval of (0.494, 1.752). These values show that the slopes in all three cases are either close to or not
significantly different from unity which as indication of significant impact of the independent variables on the
Table 3. Stock reproduction models and some parameters using the independent variables L, P and O from Table 1 for the
albacore tuna (T. alalunga) stock in the South Pacific Ocean Zone 1, Zone 2 and Zone 3. Values are only shown for statistically most significant models at p < 0.05.
Zone 1
Model

R2

t-value

p-value

AIC

1)

−3.83 − 2.25 × 10−2 × Lt −1 − 1.50 × Pn ,t −2 + 8.03 × 10−2 × O 2f ,t −4
ln (Yz1,t ) =

0.791

13.748

<2.20 × 10−16

−322

2)

ln (Yz1,t ) =
−3.78 − 2.06 × 10−2 × Lt −1 − 1.37 × Pn ,t −2 − 3.49 × 10−2 × O 3f ,t −4

0.787

13.580

<2.20 × 10−16

−321

3)

ln (Yz1,t ) =
−3.97 − 5.06 × 10−2 × Lt −1 + 1.56 × 10−3 × L2t −1 − 4.26 × Pn3,t −2 − 0.129 × O f ,t −4

0.751

12.287

<2.20 × 10−16

−313

Zone 2
4)

ln (Yz 2,t ) =
−3.89 − 3.17 × 10−2 × Lt −1 + 7.82 × 10−4 × L2t −1 − 0.754 × Om ,t −4 + 1.69 × Pn2,t −2

0.781

13.358

<2.20 × 10−16

−390

5)

ln (Yz 2,t ) =
−3.79 − 3.58 × 10−2 × Lt −1 + 2.86 × 10−5 × L3t −1 − 0.669 × Om ,t −4 + 1.76 × Pn2,t −2

0.766

12.779

<2.20 × 10−16

−387

0.764

12.731

<2.20 × 10−16

−386

6)

ln (Yz 2,t ) =
−3.86 − 2.89 × 10−2 × Lt −1 + 6.35 × 10−4 × L2t −1 − 1.012 × Om ,t −4
+ 4.41 × 10−2 × ( Lt −1 × Pn ,t −2 )
Zone 3

7)

ln (Yz 3,t ) =
−4.15 − 6.94 × 10−3 × Lt −1 + 0.983 × O 2f ,t −4 − 2.38 ××10−2 × ( Lt −1 × Pf ,t −2 )

0.205

3.588

7.57 × 10−4

−410

8)

ln (Yz 3,t ) =
−4.19 − 7.00 × 10−3 × Lt −1 − 2.46 × O 3f ,t −4 + 1.34 × Pf2,t −2

0.190

3.429

1.22 × 10−3

−409
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Figure 7. The residuals of models from Table 3 against
the predicted values. The top panel is for Zone 1, middle
panel for Zone 2 and the bottom panel for Zone 3. The
roman numerals refer to the model numbers in Table 3.
The residual variance in all cases is <0.09.

Figure 8. Graph showing the actual CPUE time series
trajectory of the albacore tuna (T. alalunga) stock in Zone
1 in black and the trajectory which resulted from model i
(Table 3) in blue for the years 1957-2008.

Figure 9. Graph showing the actual CPUE time series
trajectory of the albacore tuna (T. alalunga) stock in Zone
2 in black and the trajectory which resulted from model iv
(Table 3) in blue for the years 1957-2008.
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Figure 10. Graph showing the actual CPUE time series trajectory of the
albacore tuna (T. alalunga) stock in Zone 3 in black and the trajectory
which resulted from model vii (Table 3) in blue for the years 1957-2008.

Figure 11. The linear relationship between the CPUE predicted and CPUE
referred for the albacore tuna (T. alalunga) stock in the South Pacific
Ocean Zone 1 (top panel), Zone 2 (middle panel) and Zone 3 (bottom panel). The numbers refer to the model number presented in Table 3.

albacore tuna stock trajectory in the South Pacific Ocean.
The fluctuation patterns for the independent variables L, P and O time series which showed significant relationships with the dependent variables from Table 1 and resulted in statistically significant models for the albacore tuna in the South Pacific Zone 1, Zone 2 and Zone 3 from Table 3 are shown in Figure 12. LOTI exhibits a
gradually increasing pattern from 1952 to 1977 from which point it fluctuates approximately parallel to the
x-axis up to 2008. PWI shows a gradual increasing pattern throughout the time series while PDO on average
seems to run parallel to the x-axis with different averages between 1952 to 1976 and 1977 to 2008. PDO is a
climatic condition which is related to the climatic condition of Southern Oscillation Index (SOI) and El Niño
and La Niña events. Indeed exploratory analysis showed the correlation of the PDO incorporated into the final
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Figure 12. Time series pattern of the climatic conditions from 1952 to 2008. Graphs
from top; the global mean land and ocean temperature index (LOTI) for the latitude
band 44˚S to 64˚S (L), Pacific warm pool index (PWI) for the month of February (Pf)
and November (Pn) and Pacific decadal oscillation (PDO) for the month of February
(Of) and March (Om).

models for albacore tuna in Zone 1, Zone 2 and Zone 3 (Of and Om) with SOI for the month of March and February and Niña 3 which is the Eastern Tropical Pacific sea surface temperature for the area (5˚N - 5˚S, 150˚W 90˚W) (Figure 13). From the three climatic conditions only PDO was used for modeling as it was the most significant among the three variables.

4. Discussion
This study was undertaken to determine the impact of climatic variables on the stock trajectory of the albacore
tuna (T. alalunga) in the Eastern and Western South Pacific Ocean Zone 1, Zone 2 and Zone 3 (Figure 1). From
Figure 2(a) and Figure 2(b) it can be seen that the CPUE in Zone 1 and Zone 2 was significantly higher in the
early 1960s for Zone 1 and up to late 1960s for Zone 2 compared to the later decades where the CPUE has remained somewhat stable at lower levels. For Zone 3 (Figure 2(c)), the CPUE has more chaotic behavior in
comparison to Zone 2 and Zone 3 but does not show significant change over the time series. From Figure 5 it
can be observed that although the catch magnitudes among the three zones are quite different after the year 2000
the CPUE remains constant and synonymous which can be an indication that the stock levels in the South
Pacific are still within sustainable limits which has also been stated in [21]. However, this does not guarantee
sustainable albacore harvests for the future. From Figure 3 it can be observed that from the early 1990s the
catch and effort have increased at an explosive rate for albacore tuna in all three zones. This behavior combined
with the significant impact of the climatic conditions (Table 3) shown in this study poses a significant threat to
the sustainability of the stock which can cause reduced CPUE of albacore tuna fishery where progressively
higher efforts will be needed to maintain certain levels of catch which may not be economically viable leading
to low supplies and higher prices of the catch.
We used CPUE for analysis in this study as it is a more suitable representative of albacore tuna stock time series compared to catch which we have shown to be significantly correlated to effort levels (Figure 4). For CPUE
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Figure 13. Relationship of the PDO incorporated into the models for Zone 1 (Of),
Zone 2 (Om) and Zone 3 (Of) (green line) with the climatic conditions of the Southern
Oscillation Index (SOI) for the month of March and February (blue line) and Niña 3
(red line) which is the Eastern Tropical Pacific sea surface temperature for the area
(5˚N - 5˚S 150˚W - 90˚W) from 1952-2008. PDO exhibits negative relationship with
SOI and positive relationship with Niña 3. During negative PDO La Niña episodes
dominate while El Niño events dominate during positive PDO. SOI and Niña 3 time
series data were obtained from NOAA, Earth System Research Laboratory, Physical
Sciences Division (http://www.esrl.noaa.gov).

the effort is standardized with the underlying assumption that the strength of each unit of effort remains constant
over the time series which is reasonable as the effort for the time series utilized in this study has been recorded
as the number of hooks. There can be some argument regarding this that even though the efforts are recorded as
the number of hooks, technological development such as fish finders, better navigation, better hooks and lines
might have increased the effort efficiency over time [37]. However, due to unavailability of such information we
will accept the underlying assumption of albacore tuna effort for this study.
The results show that the climatic conditions of LOTI, PWI and PDO influence the albacore tuna stock trajectory in the South Pacific Zone 1, Zone 2 and Zone 3 and the models incorporating these variables exhibit significant fitness to the response variables (Table 3, Figures 8-10). LOTI is the index of the global land and sea
surface air temperature for the latitude band from 44˚S to 64˚S (L) incorporated into the final models. This latitude band is of ecological significance as it cuts across and overlaps with the data coverage area; however its
impact on albacore tuna stock is probably indirect in nature affecting intrinsic factors which more directly relate
to the stock. LOTI has most significant fitness with albacore tuna stock trajectory in Zone 1, Zone 2 and Zone 3
with a lag of t − 1 year (Table 3). Albacore tuna in the Pacific Ocean recruit to surface fisheries when they are
about 2 years old and while age at catch ranges from 1 to 15 years, most of the stock is harvested when the stock
is between 2 and 4 years old [23]-[25]. Ramon and Bailey [38] have shown that spawning by mature albacore
tuna takes place in the South Pacific tropical and subtropical latitude band from 10˚S to 25˚S and the recruitment
of the juveniles occurs after one year at around 40˚S in New Zealand waters. Chen [39] showed that the SST,
chlorophyll concentration and surface salinity requirement differed between the different developmental stages
of the albacore tuna in the Indian Ocean from 1979 to 1985. From this it can be inferred that LOTI has indirect
impact at the post-recruitment life stages of albacore tuna affecting factors such as prey stock levels, distribution
as well as other factors relating to the ecological requirements of albacore tuna.
PWI is the water temperature index of a certain oceanic area in the Pacific Ocean which tends to be warmer
than the rest of the ocean area. PWI for the month of November has most significant fitness with albacore tuna
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trajectory in Zone 1 and Zone 2 and in the month of February for Zone 3 with a lag of t − 2 years in all three
cases (Table 3). Zainuddin [40] studied the relationship of the albacore tuna catch data from 1998 to 2003 in the
North Pacific Ocean (30˚N to 40˚N) with sea surface temperature (SST) using remote sensing satellite images
and chlorophyll-a concentration. Results showed that high albacore CPUE occurred in areas with high chlorophyll-a concentrations, which was related to warm SST, and catches were highest for the month of November
from 1998 to 2003. Dufour [20] showed that the feeding migration of the offshore longitudinal distribution of
albacore tuna in the Bay of Biscay was related to the warmer 17˚C isotherm longitude from 1967 to 2005. Farley
[41] showed that the peak spawning of albacore tuna in the South Pacific Ocean occurred from October to December from the year 2006 to 2011. Tuna has been projected to relocate from the West of 170˚E to the East of
170˚W of the Pacific Ocean within the 21st century following the more productive and preferred water temperatures of the Warm pool and Pacific Equatorial Divergence Province [1] [2] [15] [16] [42] [43]. PWI most likely
affects the prey abundance and distribution as well as the spawning stages for the younger portion of the albacore tuna stock harvests in the South Pacific Ocean where major part of the harvested stock ranges from 2 to 4
years olds [23].
The PDO has been described as the El Niño like pattern of the North Pacific SST variability North of 20˚N
[44]-[46]. The effect of the PDO is spread Pacific wide where during the positive phase the South Pacific and
central North Pacific gyres cool and the equatorial region and Eastern margin become warm and vice versa over
decadal time scales [47]. Linsley [47] showed the strong association of the PDO with alterations in the upper
oceanic heat of the South Pacific Ocean between 0.5˚S - 89.5˚S and 64˚W - 147˚E which falls within the albacore tuna distribution for Zone 1, Zone 2 and Zone 3 (Figure 1). Also, the spawning zone for the albacore tuna
between 10˚S and 25˚S in the South Pacific Ocean is geolocated within the coverage area of Zone 1, Zone 2 and
Zone 3 [38] [41]. Lehodey [48] showed a significant link between the changes in the Oceanic temperature and
albacore tuna spawning in the Eastern and Western South Pacific between 5˚N - 55˚S and 140˚E - 80˚W. PDO
for the month of February fits most significantly with albacore tuna CPUE in Zone 1 and Zone 3 and in the
month of March for Zone 2 with a lag of t − 4 year for all three zones. Since most of the albacore tuna harvests
in the Pacific Ocean are 2 - 4 years old [23], it can be assumed that PDO affects the spawning and early life
stages of the albacore tuna in the Eastern and Western South Pacific Ocean. Lehodey [18] showed that the time
series pattern for the South Pacific albacore tuna from the early 1960s to 2000 was related to the PDO time series trajectory. The relationship of El Niño and La Niña events and the related ENSO and SOI have been shown
to be correlated to tuna stocks in the Pacific Oceans previously [12] [18] [19]. Indeed, exploratory analysis did
show significant relationship between PDO, SOI and Niña 3 with El Niño events dominating during high Niña 3
SST and La Niña events dominating during low Niña 3 SST (Figure 13).
When comparing the correlation of the referred CPUE to the predicted CPUE for Zone 1, Zone 2 and Zone 3
from Figure 11, the slopes are either close to or not significantly different from unity, which accentuates that the
climatic variables of LOTI, PWI and PDO incorporated into the models can reproduce a significant proportion
of the albacore tuna stock trajectory in the three zones and that these climatic variables are responsible for a
considerable portion of the fluctuation pattern of albacore tuna stock. The equation below represents the time series trajectory of albacore tuna in the South Pacific Zone 1, Zone 2 and Zone 3 written as

Yzi ,t = b ⋅ f ( a1,t − n , a2,t − n , , ak ,t − n )

(3)

where Yzi,t is the CPUE in the coverage zone zi with i = 1, 2 and 3, in year t and f () is the function determined by
the abiotic climatic factors ai ( i = 1, 2, , k ) with a lag period of n where n = ( 0,1, ,5 ) . Equation (3) shows
the relationship which is followed for the albacore tuna stock through the climatic factors in the South Pacific
Zone 1, Zone 2 and Zone 3.
For albacore tuna in Zone 1 the fitted models with climatic condition of LOTI, PWI and PDO were most significant, followed closely by the fitted models for Zone 2 (Table 3 and Figure 11). For Zone 3, although the fitted models were significant, their fitness was much lower in comparison to Zone 1 and Zone 2 models. When
we compare the relationship of the catch and effort from Figure 3 and Figure 4, it is noted that the relationship
gets higher in significance from Zone 1 to Zone 2 with Zone 3 having the highest correlation. From Figure 4
and Figure 11 the further (closer) the points dispersing from the slope the higher (lower) the bias between the
predicted and referred CPUE and the catch and effort relationship. From this phenomenon it can be stated that
the better proportion of the albacore tuna time series trajectory for Zone 1 is influenced by the climatic conditions of LOTI, PWI and PDO followed closely by Zone 2 and at a much lower level by Zone 3. This harmonizes

309

A. A. Singh et al.

with the catch and effort relationship where the catch trajectory for Zone 3 is determined to a great extent by the
effort followed by Zone 2 with the catch and effort relationship in Zone 1 being much lower in comparison to
Zone 2 and Zone 3. With this argument it can be said that the stock characteristics of albacore tuna in Zone 1 are
markedly different from Zone 2 and Zone 3. As we move from the Eastern to the Western South Pacific Ocean
the influence of LOTI, PWI and PDO on albacore tuna stock gets more prominent.
Tuna stocks in the tropical Pacific Ocean is presently seen as healthy; however continuous increase in fishing
effort and harvest rates can present challenges for sustainable management [21] [49]. A common misconception
in many fisheries management is that the stock trajectory of a fish is mainly due to the applied fishing pressure;
however as the results of this study it shows that there may be a variety of biotic and abiotic factors acting together resulting in the stock dynamics of a fish species. Although fishing pressure probably does influence the
stock trajectory of a given fishery, it should not be used as the only factor for the management of fisheries populations. Unavailability of data on various biotic and abiotic factors relating to the complex food web of tuna
species in the Pacific Ocean poses challenges and creates gaps in knowledge [15] [16] for deducing and understanding the mechanisms by which climatic conditions affect these populations. In some cases the structure such
as observer programs for collection of such data is already in place and offers an opportunity to collect such data
as explained in [50]. For the albacore tuna stock in the Eastern and Western South Pacific Ocean Zone 1, Zone 2
and Zone 3, it is recommended that when management decisions are made for albacore tuna fishery in these
areas, the influence of the climatic conditions of LOTI, PWI and PDO should be taken into consideration and
further research should be directed at understanding the mechanism by which these climatic conditions influence
the stock of albacore tuna for better management and sustainability of the fishery.
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