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Abstract

Yellowfin tuna (Thunnus albacares) is one of the most commercially important fish species for
South Pacific island nations and territories and for effective conservation efforts it is important to
understand the factors which affect its time series pattern. Our research was aimed at elucidating
the climatic factors which affected the trajectory of the yellowfin tuna stock in the Eastern and
Western South Pacific Ocean. We utilized various climatic factors for the years t - nwithn=0, 1, -,
8 and investigated their statistical relationship with the catch per unit effort (CPUE) of yellowfin
tuna stock from 1957-2008 for three South Pacific zones ranging from the East to the West Pacific
Ocean within the coverage area of the Western and Central Pacific Convention Area. Results
showed that the climatic conditions of: (i) the global mean land and ocean temperature index
(LOTI), (ii) the Pacific warm pool index (PWI) and (iii) Southern Oscillation Index (SOI) had signif-
icant relationship with the CPUE of yellowfin tuna in all three zones. LOTI, PWI and SOI were used
as independent variables and fitted through modeling to replicate the CPUE trajectory of the yel-
lowfin tuna in Zone 1, Zone 2 and Zone 3. Model selection was based on significant parameter es-
timates (p < 0.05), Akaikes Information Criterion (AIC) and R? values. Models selected for all three
zones had LOTI, PWI and SOI as the independent variables. This study shows that LOTI, PWI and
SOI are climatic conditions which have significant impact on the fluctuation pattern of the yellow-
fin tuna CPUE in the Eastern and Western South Pacific Ocean. From the findings of this study it
can be recommended that when management decisions are made for yellowfin tuna fishery con-
servation and sustainability in the Eastern and Western South Pacific, it is imperative to take the
effect of climatic factors into account.
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1. Introduction

Yellowfin tuna (Thunnus albacares) is one of the highly migratory species of tuna which has been of significant
commercial importance to the nations that fall within the Western and Central Pacific Convention Area
(WCPCA) including the South Pacific Island countries and territories where yellowfin tuna forms one of the
major revenue contributors for the fisheries sector [1]-[6]. As a migratory species, yellowfin tuna has a median
displacement of 337 - 380 nautical miles and a large proportion of the population moves beyond the exclusive
economic zone (EEZ) of most countries [2] [7]. However, estimates of half-life show that the residence period
of yellowfin tuna within the EEZ of Pacific Island states is approximately 6 months and due to their high growth
rates, this period is sufficient to cause substantial production of the species within a single EEZ [2]. After skip-
jack tuna (Katsuwonus pelamis), yellowfin tuna accounts for the second highest catch in the Western and Cen-
tral Pacific Ocean (WCPQ). The global demand for tuna has been increasing and effort levels for tuna harvests
in the WCPCA have been intensifying as other oceanic areas are becoming overharvested [8]. This exposes the
Pacific tuna species to greater fishing pressure and increases vulnerability of the declining of stock levels
beyond sustainability limits. However, the stock assessment of tuna species is complicated as alternations in
climatic conditions also affect their stock dynamics.

El Nifio-Southern Oscillation (ENSO) and El Nifio and La Nifia events have been observed to affect the stock
distribution and abundance of tuna species by altering primary productivity of oceanic areas [9] [10]. Significant
impact of various climatic conditions has been documented over the years for different commercially important
tuna stocks. Changes in the climatic conditions of the North Atlantic Oscillation (NAO) and Northern Hemis-
phere Temperature anomaly have caused significant changes in the migration and spatial distribution of the
North Atlantic albacore (Thunnus alalunga) and Eastern Atlantic bluefin (Thunnus thynnus) tuna over a period
of 40 and 25 years respectively in the Northeast Atlantic Ocean [11]. In the Pacific Ocean, Lehodey [12] showed
that positive Pacific Decadal Oscillation (PDO) and El Nifio events frequency were favorable for the recruitment
of yellowfin and skipjack tuna while albacore tuna recruitment was enhanced by negative PDO and La Nifia
events. During El Nifio events which are followed by La Nifia events, catches of skipjack tuna has been ob-
served to be high in the Pacific region where the Warm Pool and the Pacific Equatorial Divergence converge.
The Southern Oscillation Index (SOI) which is related to El Nifio and La Nifia events has also been shown to be
related to skipjack tuna stock and yellowfin tuna catch time series [8] [9] [13]-[15].

The fluctuation patterns of fish are complex and result from the interaction of various intrinsic and extrinsic
factors working together. It is important to understand the role of climatic conditions in the stock dynamics of
commercially important fish species and make the information available to fishery decision makers as the signi-
ficance of climatic factors in fisheries stock abundance and distribution cannot be ignored. The aim of this study
is to explore the relationships of climatic conditions with the stock trajectory of yellowfin tuna (T. albacares) in
the South Pacific region. Environmental factors are used as independent variables and suitable stock reproduc-
tion models are developed to explain the fluctuation pattern of the yellowfin tuna time series.

2. Materials and Methods
2.1. Data

Catch and effort data for the yellowfin tuna (T. albacares) in the Eastern and Western South Pacific region from
1957 to 2008 was obtained from the Western and Central Pacific Fisheries Commission (WCPFC) public do-
main data (https://www.wcpfc.int/) aggregated in 5° by 5° spatial grids. The stock distribution of the yellowfin
tuna selected for this study is shown in Figure 1.

Only the longline data for yellowfin tuna was utilized for this study as it was the most extensive with refer-
ence the time series range and the possibility of observation errors for the effort were much less compared to
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Figure 1. Map of the Eastern and Western South Pacific region showing the stock distri-
bution of the yellowfin tuna (T. albacares). The region is divided into Zone 1, Zone 2 and
Zone 3 shown by the enclosure polygons.

pole and line and purse seine data. The type of effort data for longline was by the number of hooks which was
preferable over the effort data for pole and line and purse seine which was by the number of fishing days. The
data for yellowfin tuna were 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) by geolocating and isolating the latitude and longitude coordinates which fell within each
zone. Annual catch and effort for the yellowfin tuna in Zone 1, 2 and 3 were calculated from aggregated longline
monthly data by latitude and longitude coordinates. From the catch and effort data, the catch per unit effort
(CPUE) for Zone 1, Zone 2 and Zone 3 were calculated (Figures 2(a)-(c)). For CPUE calculation, the catch data
used was in tonnes and effort was the number of hooks used. Exploratory analysis showed differences in the
CPUE, catch magnitude and catch and effort relationship for yellowfin tuna time series in the three zones which
made it essential to treat Zone 1, Zone 2 and Zone 3 as three different stocks.

The CPUE time series fluctuation pattern for the yellowfin tuna in Zone 1 can be seen in Figure 2(a) for the
years 1957 to 2008. From 1960-1964, 1970-1972, 1974-1976, 1981-1983, 1984-1986, 1988-1990, 1992-1994
and 1995-1997 there is an increasing trend and for the years 1958-1960, 1964-1967, 1968-1970, 1972-1974,
1976-1978, 1979-1981, 1986-1988, 1990-1992, 1997-1999, 2000-2003 and 2006-2008 a decreasing trend can be
observed with the maximum peak in 1964 and minimum in 2008. For the trajectory of yellowfin tuna in Zone 2
(Figure 2(b)) we can see an increasing trend for the years 1958-1960, 1974-1978 and 1981-1983 while a de-
creasing trend can be observed for the years 1963-1967, 1968-1971, 1972-1974, 1978-1981, 1985-1989,
1992-1995, 1996-1999, 2000-2003 and 2004-2006. The CPUE is at peak for the years 1960 and 1963, however
from this point an overall gradual decline in the yellowfin tuna in Zone 2 can be seen until 2008 with the lowest
point for the CPUE in the years 1974, 1981, 1991, 2003 and 2008. Finally for Zone 3 (Figure 2(c)) the CPUE
has an increasing trend for the years 1962-1964, 1974-1978, 1986-1988 and 1993-1996 with a decreasing trend
from 1957-1959, 1960-1962, 1971-1974, 1988-1991, 1996-1999 and 2002-2004. CPUE is highest in 1957, 1960
and 1964 and lowest in 1974 and 1999. The CPUE trends in Zone 2 and Zone 3 have more similarities with each
other compared with Zone 1 where the CPUE fluctuates intensively between high and low peaks over the time
series.

Global Mean Land and Ocean Temperature Index (LOTI) for the latitude band 0°N to 24°S from 1949 to 2008
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). Monthly data for the Pacific warm pool index (PWI) from 1949 to 2008 and
Southern Oscillation Index (SOI) from 1951 to 2008 were obtained from the National Oceanic and Atmospheric
Administration (NOAA), Earth System Research Laboratory, Physical Sciences Division (http://www.esrl.noaa.gov).
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Figure 2. (a) The CPUE time series trajectory of the yellowfin tuna (T. albacares) stock in Zone 1. Time
series is shown for the years ranging from 1957-2008; (b) the CPUE time series trajectory of the yellow-
fin tuna (T. albacares) stock in Zone 2. Time series is shown for the years ranging from 1957 to 2008; (c)
the CPUE time series trajectory of the yellowfin tuna (T. albacares) stock in Zone 3. Time series is
shown for the years ranging from 1957 to 2008.
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2.2. Exploratory Analysis and Unit Root Test

To identify if relationships existed between dependent and independent variables, we applied regression analysis
of the dependent variables of yellowfin tuna CPUE in Zone 1 (Y,;), Zone 2 (Y;,) and Zone 3 (Y,3) against the in-
dependent variables of LOTI (L), monthly and annual PWI (P) and SOI (1). Y1, Yand Y5 were tested against
climatic conditions for year t — n where n = 0, 1, -+, 8 as the lifespan of yellowfin tuna is around 5 to 8 years [16]
[17]. Regression results with p < 0.05 were considered as significant relationships. Dependent variables as well
as independent variables which showed significant relationships to dependent variables were tested for the
presence of outliers using boxplots and scatterplots and correlations among independent variables as outlined in
[18]. Coefficient of correlation with R > 0.500 was considered as significant. The protocol for data exploration
was followed as outlined in [18] to avoid violations of assumptions from the statistical techniques utilized.

Time series data can have either a deterministic trend which is a stationary process or stochastic trend which
is non-stationary process. When alteration or shocks in trend have transitory effects on a time series with deter-
ministic trend the time series remains a stationary process and when these shocks causes permanent alterations
to a trend the time series is categorized as having a stochastic process or a unit root. For a given time series the
presence of a unit root can cause unauthentic correlations in analysis techniques such as regression analysis [19]
[20]. Yellowfin tuna CPUE in Zone 1, Zone 2 and Zone 3 as well as the independent variables which exhibited
significance correlation with the dependent variables were analyzed with the Augmented Dickey-Fuller and
MacKinnons unit root test to confirm whether any of the time series data were a non-stationary process [19]-
[21].

2.3. Stock Reproduction Model

From exploratory analysis the individual independent variables which showed significant relationship at p <
0.05 with yellowfin tuna CPUE in Zone 1, Zone 2 and Zone 3 with highest R? and lowest AIC values were in-
corporated into stock reproduction models. Here, the stock reproduction model is an attempt to reconstruct the
CPUE trajectory of yellowfin tuna in the three South Pacific zones by fitting climatic data as independent va-
riables. The parent formula used for the stock reproduction model for Zone 1, Zone 2 and Zone 3 was a Genera-
lized Linear Model (GLM) shown below

In (Ys,t ) =In (ao ) TOX g H Xy T T Xy T E 1)

where Y is the yellowfin tuna CPUE with s = Zone 1 (z1), Zone 2 (z2) and Zone 3 (z3), o is the intercept para-
meter, ay, oy, -+, 0k are parameter estimates, X, X, -+, X are the independent variables, t is the year withn =0, 1,
-, 8 and & is a random variable which is normally distributed and cannot be explained.

The response surface methodology (RSM) uses linear and polynomial functions to incorporate independent
variables into mathematical and statistical models to describe a system or data which is under investigation
[22]-[25]. Equation (1) was modified and expanded using RSM by incorporation of polynomials of the second
and third order to determine if variables could be better fit with this technique (Equation (2)).

2 2 m
In (Ys,t ) =In (0‘0 ) FOX g T X T 0K T Xy T O K Tt Ey )

where m = 1, 2, 3. The dependent variable and y-intercept were log transformed to reduce the effects of skew-
ness and outliers. Various combination or the independent variables were investigated by successive elimination
for the linear model and with polynomial combinations of the independent variables for Equation (1) and Equa-
tion (2) to identify suitable models for explaining the trajectory of the yellowfin tuna stock in the three zones of
the South Pacific region. The residuals of the model against the fitted values were tested for homogeneity of va-
riance. If the range of variance were >4.00 then the least square estimators will be significantly degraded [26].
For model selection criteria, we used the Akaikes Information Criterion (AIC) and R? values at p < 0.05 with
condition of significant parameter estimates at p < 0.05 [27]. The referred trajectory of the CPUE was plotted
with the predicted CPUE of the yellowfin tuna in Zone 1, Zone 2 and Zone 3 and compared. All statistical anal-
ysis for this study was carried out using the statistical software “R”, version 3.0.1 [28].

3. Results
3.1. Catch and Effort Trajectory

For this study only the CPUE was used for regression analysis and model development as it better represented

)
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the actual fluctuation pattern of the yellowfin tuna stock in the South Pacific Zone 1, Zone 2 and Zone 3 com-
pared to the catch time series (Figure 3). From Figure 3 it can be seen that the yellowfin tuna effort shows sim-
ilar fluctuation pattern with the catch in all three cases. The correlation between catch and effort of yellowfin
tuna in Zone 1, 2 and 3 can be seen in Figure 4 where the points above the slopes refer mostly to the years
where the catch was high at low effort and most of the points below the slopes refer to the years where catch
was low and effort levels were high. Points which recline on or close to the slope line are the years where catch
and effort corresponded more closely to each other. From Figure 3 and Figure 4 the effort trajectory in Zone 1
seems to better fit the catch trajectory compared to that of Zone 2 and Zone 3. The determination coefficient for
Zone 1 (0.745) is significantly higher compared to Zone 2 (0.343) and Zone 3 (0.327). As the catch and effort
are correlated for the three zones, it can be said that the catch dynamics of the yellowfin tuna in the three fishing
zones are influenced by the fishing effort. Since CPUE is defined as the catch for each unit of effort it is a much
better standard representative of the true trajectory of yellowfin tuna compared to the catch time series for this
study.

Figure 5 shows the similarities and differences in the yellowfin tuna catch and CPUE time series magnitudes
in Zone 1, Zone 2 and Zone 3. Catch levels in Zone 3 have remained significantly higher for most of the time
series from 1957-2008 compared to Zone 2 and Zone 3. Catch in Zone 2 remained higher than in Zone 1 until
around the mid-1980s from which point the catch in both zones remained at similar scales up to 2008. Similarly,
the CPUE in Zone 3 mostly remained significantly higher than in Zone 2 and Zone 1 until around the mid-1990s
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Figure 3. The catch and effort time series trajectory of the yellowfin tuna (T. alba-
cares) stock in Zone 1, Zone 2 and Zone 3 from 1957-2008. The similarities and
differences in the trajectory patterns can be observed.
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Figure 5. The catch and CPUE time series trajectory of the yellowfin tuna (T. al-
bacares) stock in Zone 1, 2 and 3from 1957 to 2008. On average, both catch and
CPUE magnitudes were highest for Zone 3 followed by Zone 2 and the smallest for
Zone 1.

after which the CPUE in all three zones remained at similar levels. CPUE in Zone 2 was much higher than in
Zone 1 until the early 1970s and remained more or less similar to Zone 1 from this point. On average it can be
said that the stock level in Zone 3 has been the highest followed by Zone 2 and with the lowest in Zone 1 until
recently where the stock levels in all three zones have been at similar levels.
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3.2. Exploratory Analysis and Unit Root Test

In Table 1 the results of the regression analysis of the CPUE for the yellowfin tuna in Zone 1, Zone 2 and Zone
3 of the South Pacific region against the independent climatic conditions variables for the yearst—n (n=0, 1, -,
8) are shown. We have only included the variables which exhibited correlations according to the highest R? and

Table 1. Regression results for independent climate variables against the yellowfin tuna (T. albacares) stock in Zone 1, 2
and 3. Variables exhibiting values with p < 0.05 are regarded as significant.

Zone 1
Yzly I— Yzly Ps Yzly Ia
Year
R? p-value AIC R? p-value AIC R? p-value AIC
t 0.023 2.79x 10" -415 0.128 9.29x 10°° —422 0.001 7.93x10t —415
t—1 0.151 437%x10°° -423 0.063 7.31%x 1072 -418 0.181 1.67x10°° —425
t—2 0.090 3.07 x 1072 —420 0.006 595x 107" -415 0.008 522x 107" —415
t-3 0.008 507 %10 -415 0.043 1.41x10? 417 0.050 1.12x 10 —417
t—4 0.042 1.43x 10 417 0.173 216x10°° —424 0.004 6.73x 10! —415
t-5 0.091 2,94 x 1072 —420 0.083 3.82x 1072 -419 0.047 1.25x 10 —417
t—6 0.009 493x 107" -415 0.035 1.86x 10! -416 0.027 2.47x10 416
t—7 0.002 757 %10 -415 0.138 6.77x10°° —422 0.047 1.26 x 10! —-408
t—8 0.176 1.98x 10°° —425 0.119 1.21x 1072 -421 0.023 2.90x10* —-399
Zone 2
YzZ: L YzZ: Pn YzZ: Ij
t 0.182 1.62x10°° -310 0.181 1.69 x 10°° -310 0.001 8.13x10* -300
t—1 0.223 403x10* -313 0.259 119 x 107 -315 0.006 587 x 10! -300
t—2 0.192 1.15x10°° -311 0.297 295%x10°° -318 0.020 3.14x10" -301
t-3 0.228 341x10* -313 0.313 1.60 x 10°° -319 0.008 522x 10" -300
t—4 0.326 9.91x10° -320 0.403 439x% 1077 -327 0.109 1.66 x 102 —-306
t-5 0.295 322x10° -318 0.398 5.45x%x 107" -326 0.082 3.93x 1072 -304
t—6 0.257 1.27 x 107 -315 0.289 391x10° -318 0.003 2.87x10" -301
t—7 0.290 383x10° -318 0.287 426%x10°° -317 0.034 1.94x 10 —295
t—8 0.337 6.43x10°° -321 0.296 301%x10° -318 0.047 2.68 x 1072 —289
Zone 3
Yz3y L Y13| Pn Yz3y Ig
t 0.301 258 x10°° -271 0.361 248 x10°° -275 0.040 155%x 107! —254
t—1 0.371 1.64x10°° 276 0.382 1.04x10°° -277 0.001 8.87x10 —252
t—2 0.355 313%x10° -275 0.467 239%x10°® —285 0.115 1.39 x 102 —258
t-3 0.419 2.18x 1077 -280 0.516 2.09x%x10° —-290 0.031 2.11x10* —254
t—4 0.425 1.65x 1077 281 0.532 8.62 x 1070 -291 0.046 126 x 107! —254
t—5 0.353 345x10°® -275 0.438 9.10x 10°® 282 0.034 1.90x 10" —254
t—6 0.391 7.08x 1077 -278 0.389 7.88x 1077 -278 0.030 219x10* —254
t—7 0.390 7.41%x107 -278 0.309 1.91x10°° -271 0.005 6.19x 10 —252
t—8 0.465 256 %x10°® —-284 0.392 6.93x 107" -278 0.024 2.82x10" —-253
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lowest AIC values at p < 0.05. The dependent variables Y1, Y, and Y,3 had significantly high correlations with
the independent variables of LOTI for the latitude band 0°N to 24°S (L), PWI for the month of September (Ps)
and November (P,) and SOI for the month of April (1), July (I;) and August (lg). LOTI had highest correlation
at year t — 8 for all three zones while PWI had strongest correlation at year t — 4 in all three cases with P for Y,;
and P, for Y, and Y,3. SOI showed most significant correlation for I, at year t — 1 with Yy, |; at year t — 4 for Y,
and Iq at year t — 2 for Y. These independent variables were also accepted on the basis that these are climatic
conditions fall within or in close proximation the data coverage zone for the CPUE of the yellowfin tuna in Zone
1, Zone 2 and Zone 3.

When regression analysis is used sometimes spurious correlations may arise. To detect this we performed unit
root tests which are statistical methods to identify cases of unauthentic correlations [19]-[21] for all the time se-
ries data used in this study. Results of MacKinnon’s test (M-test) and Augmented Dickey-Fuller test (ADF-test)
having t-test value (t-value) of <0 and significance level of p < 0.05 were positive for having stationary process
(Table 2). The outcome of the unit root tests showed that all the time series variables from Table 1 showed sta-
tionarity and did not have a unit root processes and the relationships shown in Table 1 are authentic.

3.3. Stock Reproduction Model

The results for stock reproduction models for the CPUE of the yellowfin tuna in the South Pacific Zone 1, Zone
2 and Zone 3 using the independent variables from Table 1 are shown in Table 3. We have only shown three
models for each area which had the highest R? and lowest AIC values with p < 0.05. For the yellowfin tuna in
Zone 1 model (i) has the highest R? and lowest AIC value and it incorporates the independent variables L,
Ps+4 and l,44. For Zone 2 model (iv) is most significant with respect to R?, AIC and p-value and incorporates
Li-g Pnta and lj;4. The most suitable model for the yellowfin tuna in Zone 3 is model (vii) which incorporates
Lig Pntaand lg;, as the independent variables (Table 3).

Collinearity tests did not show any significantly high correlations between any of the independent variables
incorporated into the final models in Table 3. Homogeneity tests showed that all model residuals shown in Ta-
ble 3 have a variance of <0.1 which fulfills the requirements of homogeneity where variance needs to be <4.00
for the least square estimators to be reliable [26] (Figure 6).

Figure 7 shows the plot of CPUE of the yellowfin tuna (T. albacares) in Zone 1 and the CPUE trajectory
from model (i) (Table 3). The CPUE predicted seems to fit quite well with the CPUE referred. In Figure 8 and
Figure 9 the referred CPUE trajectory of yellowfin tuna in in Zone 2 and Zone 3 are shown with the CPUE tra-
jectory resulting from model (iv) and (vii) (Table 3). The fitness of the predicted CPUE with the referred CPUE
is highest for Zone 3 followed by Zone 2 and Zone 1. The linear correlations of the models shown in Table 3 are
shown in Figure 10. The determination coefficients for the yellowfin tuna CPUE referred for Zone 1, Zone 2
and Zone 3 against the CPUE predicted from models (i), (iv) and (vii) (Table 3, Figure 10) are 0.602, 0.698 and

Table 2. Results of unit root tests for variables used in regression analysis from Table 1.

M-test ADF-test
Series
t-value p-value t-value p-value
Y1 1957-2008 —7.749 528 x 1070 —7.749 <1.00 x 10°?
Y,2 1957-2008 -7.851 370x107%° -7.851 <1.00 x 10°?
Y,3 1957-2008 -11.390 3.02x10% -11.390 <1.00 x 10°?
L 1949-2008 —8.656 6.51x107% —8.656 <1.00 x 10°?
P, 1949-2008 -13.370 <2.20 x 107 -13.369 <1.00 x 10°?
Pn 1949-2008 -10.750 312x10% -10.750 <1.00 x 10°?
I, 1951-2008 -9.221 1.11x 10" -9.221 <1.00 x 10°?
I; 1951-2008 —11.546 331x107% —11.546 <1.00 x 10°?
I, 1951-2008 -13.230 <220 x 107 —13.230 <1.00 x 10°?

)
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Figure 6. The residuals of models from Table 3 against the predicted values. Top panel are for Zone 1,
middle panel for Zone 2 and bottom panel for Zone 3. The residual variance in all cases is <0.08.
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Figure 7. Graph showing the CPUE time series trajectory of the yellowfin tuna (T. albacares) stock in
Zone 1 for the years 1957-2008. The referred CPUE is shown in black and the trajectory which resulted
from model i (Table 3) is shown in blue.
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Figure 8. Graph showing the CPUE time series trajectory of the yellowfin tuna (T. albacares) stock in
Zone 2 for the years 1957-2008. The referred CPUE is shown in black and the trajectory which resulted
from model iv (Table 3) is shown in blue.
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Figure 9. Graph showing the CPUE time series trajectory of the yellowfin tuna (T. albacares) stock in
Zone 3 for the years 1957-2008. The referred CPUE is shown in black and the trajectory which resulted
from model vii (Table 3) is shown in blue.

Table 3. Stock reproduction models and some parameters using the independent variables L, P and | from Table 1 for the
yellowfin tuna (T. albacares) stock in Zone 1, Zone 2 and Zone 3 of the South Pacific Ocean. Values are only shown for sta-
tistically most significant model at p < 0.05.

Zone 1
Model R? t-value p-value AIC
In(Y, )=-4.69+2.38x10* x L, —3.43x10° x L
1) (t) b he 0.362 5.326 2.39%10° -438
~0.63xP,, +9.31x102x 1, ,
lIn(Y,,)=-4.70+2.60x10" x ', ~3.89x10° x L3 ,
2) ' 0.341 5.090 5.45x107° -436
—-0.66x P, +1.86x10°xI? ,
In(Y, )=-4.74+2.34x10" x 2, -3.78x10° x L.
3) (V) b b 0.320 4,845 1.27x10°° -435
~0.73x P, +4.40x107 x 12,
Zone 2

In(Y,,)=-411-1.25x10"x L , +3.25x10* x L, +4.06x P},
4) 0.487 6.893 8.83x10°° -334

-5.68x P, —5.51x107 (L, xP, ,)+8.48x107 1, ,

nt-4

In(Y,,,)=-397-1.48x10"x L, +2.85x10" x L%,
5 ’ : 0.443 6299  749x10°  -330
-3.87x107 x (L 4xP,,)+0.115x1, ,

6) In(Y,,)=-395-898x10"x L, ,—4.35x P’ +9.20x107x 1, 0.438 6.238 9.32x10°8 -330
Zone 3

7) In(Y,,)=-3.38-1.42x10° x L}, ~154xP, , +6.37x107 x1_, 0.635 9.323 1.61x 107 -304

8) In(Y,,)=-3.34-9.65x10°x L7, —~1.53x P, , +6.44x107”x 1, 0.624 9.115 3.30 x 107% -303

In(Y,,)=-3.39-155x10" x L2, +2.87x P}

nt-4
-10.72x P?

9) .
s +6.48x107° %1,

0.573 8.186 858 x 10 —296

()
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Figure 10. The linear relationship between the CPUE predicted and CPUE referred for the yellowfin tuna
(T. albacares) stock in the South Pacific Ocean Zone 1 (top panel), Zone 2 (middle panel) and Zone 3
(bottom panel). The numbers refer to the models presented in Table 3.

0.797 respectively. The slope for (Figure 10(i)) is 1.064 with 95% confidence interval of (0.663, 1.465), for
(Figure 10(iv)) the slope is 1.104 with 95% confidence interval of (0.782, 1.425) and for (Figure 10(vii)) the
slope is 1.098 with 95% confidence interval of (0.862, 1.335). In all three cases the slopes are not significantly
different from unity.

Figure 11 shows the time series fluctuation patterns for the independent variables L, P and | which resulted in
the most statistically significant models for the CPUE trajectory of the yellowfin tuna in the South Pacific Zone
1, Zone 2 and Zone 3 from models (i), (iv) and (vii) (Table 3). Both LOTI and PWI seem to have a gradually
increasing pattern from 1949 to 2008 while SOI seems to fluctuate between highs and lows while running ap-
proximately parallel to the x-axis from 1951 to 2008. Exploratory analysis showed the presence of relationship
of the SOI incorporated into the models for Zone 1 (1), Zone 2 (I;) and Zone 3 (lg) with the climatic conditions
of the Pacific Decadal Oscillation (PDO) for the month of September and Nifia 3 which is the Eastern Tropical
Pacific sea surface temperature (5°N - 5°S, 150°W - 90°W) (Figure 12). Due to their interrelation and high col-
linearity only SOI was selected for modeling as it was most significant among these variables.

4. Discussion

Before making management plans and mitigation procedures for the conservation and sustainability of any fi-
shery stock it is imperative to first understand the underlying factors behind its time series fluctuation pattern.
This study was carried out in order to better understand the stock dynamics of the yellowfin tuna in the Eastern
and Western South Pacific Ocean Zone 1, Zone 2 and Zone 3 (Figure 1) from 1957 to 2008. From Figure 5 the
differences in stock dynamics in the three zones are evident. The catch levels are significantly higher in Zone 3
compared with Zone 1 and Zone 2 where the catch levels differed to a lesser magnitude with catch levels in
Zone 1 being the lowest. Similar pattern can be observed for CPUE trajectory where the CPUE in Zone 3 is sig-
nificantly higher than Zone 2 and Zone 1 which had smaller differences with Zone 1 having the lowest CPUE.
From this it can be inferred that historically stock levels have been considerably higher in Zone 3 compared with
Zone 2 and Zone 1. In the mid-1990s the CPUE in Zone 3 reached lower levels and became analogous with
Zone 2 and Zone 1 up to 2008. Conversely the catch levels in Zone 3 have been retained high during this period
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Figure 11. Time series pattern of the climatic conditions. Graphs from top; the global mean land and
ocean temperature index LOTI for the latitude band 0°N to 24°S (L), Pacific warm pool index (PWI) for
the month of September (Ps) and November (P,) and Southern Oscillation Index (SOI) for the month of
April (1), July (I;) and August (lg).
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Figure 12. Relationship of the SOI incorporated into the models for Zone 1 (1I,), Zone 2 (l;) and Zone 3
(1) (black line) with the climatic conditions of the Pacific Decadal Oscillation (PDO) for the month of
September (blue line) and Nifia 3 (red line) which is the Eastern Tropical Pacific sea surface temperature
(5°N - 5°S 150°W - 90°W). SOI exhibits negative relationship with both PDO and Nifia 3. La Nifia epi-
sodes occur during positive SOI while El Nifio events happen during negative SOI.
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through significant increase in exploitation efforts (Figure 3 and Figure 5) which could lead to the overexploi-
tation of the yellowfin tuna stock in Zone 3 if they are left unchecked. Such assumptions for tuna stocks based
on fishing effort alone may be true to some extent but it is not precise as the effect of climatic conditions in al-
tering tuna stock dynamics has been documented, which needs to be further studied and taken into account [8] [9]
[12]-[14].

For this study we decided to use the CPUE data over the catch data for regression analysis and developing the
stock reproduction model. From Figure 3 it can be seen that the effort does not remain constant over time and
follows a similar pattern to the catch trajectory with different degrees of similarities for each zone (Figure 4)
whereas the CPUE is the catch calculated for each unit of effort. The CPUE is therefore a better representative
of the stock dynamics of the yellowfin tuna compared with catch. When using CPUE to represent stock status of
a fishery it is assumed that the strength of a unit of effort used to exploit the fishery remains constant over time.
Hampton and Fournier [17] have shown that the longline catchability of yellowfin tuna in the Western and Cen-
tral Pacific Ocean (WCPO) area has remained relatively constant over time and that CPUE is a suitable repre-
sentative of the stock abundance of the exploitable biomass.

From regression analysis, the climatic condition variables, PWI, LOTI and SOI have significantly high corre-
lation with the yellowfin tuna CPUE in Zone 1, Zone 2 and Zone 3 (Table 1). The PWI is the sea surface tem-
perature index of a specific and substantial area in the WCPCA where the temperature is higher than average.
The LOTI is an index of the sea and land surface air temperature of the latitude band 0°N to 24°S which cuts
across the South Pacific and falls within the data coverage area. SOI comprises of large scale alterations in at-
mospheric mass or air pressure anomalies between the Western and Eastern tropical and sub-topical Southern
Pacific. It is calculated based on the sea level pressure anomalies differences at Darwin (12°S to 130°E) and Ta-
hiti (17°S to 149°W) [29]. La Nifia episodes occur during positive SOl while El Nifio events happen during neg-
ative SOI (Figure 12). The relationship of PWI, LOTI and SOI to yellowfin tuna makes ecological sense as all
three of these climatic conditions are located within Zone 1, Zone 2 and Zone 3 data coverage area.

For all three zones the final models incorporate L, P and | as the independent climatic variables (Table 3)
with different months and lag periods. LOTI results in most significant models with lag period of t — 8 (L.-g) for
Zone 1, Zone 2 and Zone 3. This falls within the lifespan of yellowfin tuna which is around 5 to 8 years [16]
[17]. It can be inferred that LOTI influences the spawning and early life stages of the yellowfin tuna in all three
zones of the South Pacific Ocean. PWI fits to the most significant models for Zone 1 in the month of September
(Ps) and for Zone 2 and Zone 3 in the month of November (P,,) with lag of t — 4 for all three zones. Lehodey [12]
has shown that the yellowfin tuna population is linked to the Pacific warm pool. Graham [30] and Maldenya
[31] investigated the stomach contents of yellowfin tuna and found that their diet changed significantly between
45 cm and 50 cm fork length. Kuhnert [32] showed that the dietary preferences of yellowfin tuna differed in re-
lation to their size, sea surface temperature and latitude. It is possible that the alteration in PWI influences the
prey distribution and availability for the yellowfin tuna when they make transformations in their diet. The SOI
incorporated into the most suitable models (Table 3) differed by month and lag periods for Zone 1 (l,t-1), Zone
2 (lj+-4) and Zone 3 (lg+,). Lehodey [12] showed that primary production and prey distribution for tuna is influ-
enced by changes in SOI. The difference in the lag periods for the SOI might be attributed to its influence on the
spatial distribution of various prey in relation to the different dietary preferences and life stages of the yellowfin
tuna in Zone 1, Zone 2 and Zone 3 [30]-[32]. The effect of SOI on small fish species has been previously re-
ported [33] [34]. Lehodey [12] showed that the recruitment of yellowfin tuna was favorable during positive Pa-
cific Decadal Oscillation (PDO) and El Nifio events and unfavorable during negative PDO and La Nifia events.
El Nifio and La Nifia events result in the easterly and westerly migrations of the Pacific warm pool and causing
changes in the temperature and salinity of the water in the area [35]-[37]. Indeed, exploratory analysis shows
strong link between yellowfin tuna in Zone 1, Zone 2 and Zone 3 and the climatic condition of SOI, El Nifio, La
Nifia and PDO as they are interrelated climatic conditions (Figure 12).

The time series trajectory of yellowfin tuna in Zone 1, Zone 2 and Zone 3 can be written in relation to the
climatic conditions as

Yr,t =a-f (vl,t—n'VZ,t—n"“’Vk,t—n) (3)

where Y, is the CPUE in the coverage zone r, year t and f () is the function determined by the climatic factors v;
(i=1,2, -, k)withn=(0, 1, -, 8). Equation (3) shows the mechanism which is followed by the yellowfin tuna
in all three zones of the Eastern and Western South Pacific. The models for all three zones fit quite well to the
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referred CPUE from Figures 7-9.

From Table 3 and Figure 10 it can be seen that the fitted models for yellowfin tuna get more significant from
Zonel to Zone 2 and Zone 3 being the most significant. From Figure 3 and Figure 4 the relationship of between
catch and effort is highest for Zone 1 followed by Zone 2 and the lowest for Zone 3. This phenomenon can be
observed in Figure 4 and Figure 10 where the closer (further) the points scatter from the slope line the lower
(higher) the bias between the relationship of the catch and effort and the predicted and referred CPUE. Based on
this we can state that the larger proportion of the stock time series pattern for yellowfin tuna in Zone 3 is due to
the alterations in the climatic conditions of LOTI, PWI and SOI with the trajectory for Zone 2 being affected
less than Zone 3 and Zone 1 although significant, being the least affected by the three climatic conditions. This
coincides with the catch and effort relationship where the catch trajectory in Zone 1 is mostly determined by the
effort level followed by Zone 2 with the lowest being Zone 3. The effect of the climatic conditions of LOTI,
PWI and SOI on yellowfin tuna stock gets more pronounced as we move from the Western to the Eastern South
Pacific Ocean.

It might be possible that the Island nations and territories which fall within the WCPCA might not be taking
the declining stock status of the yellowfin tuna with reference to the CPUE (Figure 5) more seriously and mak-
ing significant conservation efforts as it can be seen from Figure 5 that even until recently catch levels can still
be maintained high. The increase in catch is significantly determined by the increase in effort (Figure 3 and
Figure 4) especially for Zone 1. Miyake [38] outlines the rapid development of yellowfin tuna commercial fi-
sheries in the WCPO from the mid-1980s. As shown in [17] yield analysis of yellowfin tuna data for the WCPO
area show that catches have been quite high and may have even exceeded the maximum sustainable yield (MSY)
over the three decades from the 1970s to 1990s.

From the stock reproduction models for the yellowfin tuna in Zone 1, Zone 2 and Zone 3 it is evident that a
significantly high proportion of the CPUE time series fluctuation patterns are due to changes in the LOTI, PWI
and SOI. The slopes in Figure 10 are not significantly different from unity and this is further evidence that these
climatic conditions have a strong influence on the stock trajectory of yellowfin tuna in all three areas. As the
trajectory for yellowfin tuna has historically been affected by LOTI, PWI and SOI (Figures 7-9), if the climatic
pattern continues, it can be expected that the future CPUE especially for Zone 2 and Zone 3 might continue to
decrease in the future. Since it is highly improbable to control the trajectories of climatic conditions and even
less without international cooperation, conservation efforts should be directed at factors that can be controlled
more practically by human intervention such as the fishing effort. Sustainability efforts for future yellowfin tuna
stock should be done by reducing the effort levels to increase the CPUE rather than increasing effort levels to
increase catch. While adherence to such recommendation can lead to the biological sustainability of the yellow-
fin tuna stock, it will probably have negative impact on the economic gains from yellowfin tuna harvest for
countries within the Eastern and Western South Pacific. It is necessary to develop suitable plans to control the
effort level such as to ensure both the biological and economical sustainability of the yellowfin tuna stock.

Miller [39] has outlined the effects of various climatic conditions on the abundance and distribution of various
pelagic fish stocks. It was also noted that tuna species including yellowfin tuna abundance and spatial distribu-
tion are quite sensitive to changes in climatic condition. Tropical tuna including yellowfin need continuous
access to rich food sources because of their high metabolic rate, production and short life spans. They are con-
stantly swimming in search of food and their distribution is highly dependent on aquatic processes which result
in high concentration of food resources. These processes are a result of short term and long term variability in
climatic conditions [12] [40] [41].

The resulting dynamic behaviors of biological populations in aquatic ecosystems are complex and are affected
by the interaction of numerous intrinsic and extrinsic factors [42]. Further work needs to be done in order to es-
tablish how the climate variables interrelate to affect yellowfin tuna fishery in the South Pacific Ocean. The un-
derstanding of the effects of these processes on the trajectory and distribution pattern of the yellowfin tuna will
help to make more informed decisions regarding the yellowfin tuna fisheries in the Eastern and Western South
Pacific. With the models developed in this study, the climatic condition of LOTI, PWI and SOl combined with
the effects of fishing pressure (effort) accounts for a major proportion of the abundance of exploitable yellowfin
tuna stock in the Eastern and Western South Pacific. When management decisions are made regarding the fishe-
ries of yellowfin tuna including fishing quotas in these areas it is imperative to also take the effect of climatic
conditions into account. From the resulting stock dynamics in this study and due to the substantial residency and
production of yellowfin tuna within each EEZ in the WCPO according to Silbert [2], it can be said that while
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international managements arrangements are necessary for the sustainability of yellowfin tuna stocks in the
South Pacific, domestic conservation policies are imperative for management of yellowfin tuna stocks within the
EEZs of South Pacific Island nations and territories.
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