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Abstract. The effects of changing climate on numerous coroiaky and ecologically important fish
species including the South Pacific albacore tiihannus alalungdave been documented over the past
decades. The objective of this study was to exphlmd elucidate the relationship of environmental
variables with the stock parameters of albacora.tdilme relationship of the North Pacific albacaneat
recruitment (R), female spawning stock biomass (S&#8! recruits per spawning biomass (RPS) from
1970 to 2012 with the environmental factors of sedace temperature (SST), Pacific decadal odoiflat
(PDO) and El Nifio southern oscillation (ENSO) wasstrued. SST and PDO were used as independent
variables with SSB to construct stock reproductiondels for R and RPS as they showed most
significant relationship with the dependent varabiModel selections were based on Akaike Inforonati
Criterion (AIC) with the condition of significantapameter estimates @k0.05. Models with single
independent variables of SST, PDO and ENSO wereaasstructed to illuminate their individual effect
on albacore R and RPS. From the results it cantétedsthat SST and PDO resulted in the most
significant models for reproducing North Pacifibatore tuna R and RPS time series.

Keywords. spawning stock biomass, sea surface temperature\ifi® southern oscillation, Pacific
Decadal Oscillation

I ntroduction

Albacore tuna is a commercially important specietuaa in the Pacific Ocean.
The economy and livelihood of various Pacific Islanountries and territories
(PICTs) depend heavily on commercial tuna fishe(8®C, 2012; Bellet al.,
2009; Gillett, 2009). It is therefore important tHfeshery managers take measures
to ensure the economic and biological sustaingbdftalbacore tuna in the Pacific
Ocean. Albacore tuna fishery has a long historyhie Pacific Ocean; however its
ecological characteristics are still not sufficignunderstood. The North Pacific
albacore and the South Pacific albacore are reeednias two reproductively
isolated distinct stocks in the Pacific Ocean witgligible mixing (Takagi et al.,
2001; Ramon and Bailey, 1996; Ueyanagi, 1969). Atlva reaches sexual
maturity at around 5 years and they are mostly ésted using troll, pole-and-line
and longline gears in the North Pacific where mosétthe fish caught range
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between 2-5 year olds (Zhang et al., 2014; Fartegl.e 2014; ISC, 2014; Wells et
al., 2013; Chen et al., 2012; ISC, 2011; Ueyana97).

The Albacore Working Group of the International &tific Committee for
Tuna and Tuna-like Species (ISC) carries out staskessments for the North
Pacific albacore tuna (ISC, 2014). These assessrinot extensively analyze
the influence of climatic conditions on the stoclatterns and time-series
trajectory. The importance of alterations in climatonditions and their effects in
structuring the ecological conditions supportingmeoercially important tuna
species have been documented.

Changes in SST have been linked to primary proditgtiand albacore tuna
stock dynamics in New Caledonia's EEZ (Briand, 20Ilhe early life stages,
spatial distribution and spawning favorability dfet South Pacific, North Pacific
and North Atlantic albacore tuna have been showibdorelated to the varying
gradients of oceanic surface temperatures (Nietd.eR015; Lehodey et al., 2015;
Dragon et al., 2015; Pearcy, 1973). Laurs et. 284) studied the catch activities
of the North Pacific albacore tuna off California the summer of 1981 and
established significant links between the satellitages of the SST and albacore
aggregation pattern. The spawning oceanic tempergiteferences for the South
Pacific albacore tuna tends to be warmer surfaceemahich occurs near the
equatorial zone at the warm pool (Lehodey et adQ& Lehodey et al., 2015;
Dragon et al., 2015) and albacore population hasnbgrojected to relocate in
following the geographical movement of the preféealwarm pool waters
(Lehodey et al., 2011; SPC, 2012; Le Borgne et2dl11; Ganachaud et al., 2013;
Bell et al., 2013; Ganachaud et al., 2011). Theafbf the warm pool SST index
on the South Pacific albacore tuna stock has bemmodstrated previously by
Singh et al., (2015).

The negative and positive phase of the climatidalde of the Pacific decadal
oscillation (PDO) has been shown to affect the ugorent stage of albacore tuna
in the South Pacific (Lehodey et a2Q03). Links between the albacore tuna catch
per unit effort (CPUE) and the PDO has also beeamabéished by Singhet al.
(2015). Phillips et al. (2014) determined the pregeof significant relationship
between the PDO and SST variability and the spalistribution of the juvenile
North Pacific albacore tuna catch per unit effa®PUE) off the United States
West coast. In the South Pacific, albacore recreiitmhas been shown to be
correlated to the El Nifio Southern Oscillation (ENSclimatic index and the
related El Nifio and La Nifia events (Lehodey et2003; Zainuddin et al., 2004).
The North Pacific albacore productivity has beewovehn to have significant link
with the dynamics of ENSO (Zhang et al., 2014).

It is evident that oceanic temperature indices a&hthatic conditions have
substantial affect the stock parameters of albadomea and it needs to be
elucidated in order for albacore fishery managerdé¢ able to incorporate such
effects into their management plans for the coretgom and sustainability of
albacore tuna stock in the Pacific. This study waslertaken to determine the
effect of the SST and the environmental conditi@isPDO and ENSO on the
recruitment (R), spawning stock biomass (SSB) awiuits per spawning biomass
of the North Pacific albacore tuna and use thoskependent variables exhibiting
significant correlation with the albacore tuna st@arameters to construct suitable
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models that can significantly reproduce the R arRISRrajectory of the North
Pacific albacore tuna.

Materials and M ethods
The data
Stock data

The albacore working group of the ISC compilesréy@ort on the stock assessment
of the North Pacific albacore tun@hunnus alalunggin the North Pacific Ocean (ISC,
2014). The assessments are based on data fromnkengbll, pole and line, gillnet,
purse seine fishing gears as well as recreatioeat, hand lines and harpoons. ISC
collected catch and size composition data fromnismber countries of Canada,
Chinese Taipei, Japan, Korea and USA including sonember countries of the
Western and Central Pacific Fisheries CommissiorCRRC) and Inter-American
Tropical Tuna Commission (IATTC) including Chinehese data were used by the ISC
to estimate the annual recruitment (R) and femadavaing stock biomass (SSB) using
the base case assessment model. The 2011 stoskrass¢ estimated of the ISC (ISC,
2011) were independently reviewed (Chen, 2011; Gmr@011) and shortfalls were
Identified. In addition, different studies that weronduct post-assessment (Brodziak et
al., 2011; Iwata et al., 2011; Childers et al., POThen et al., 2012; Wells et al., 2013;
Cosgrove et al., 2014) provided improvement onutgerstanding of albacore biology.
These information and findings were used to conduptoved assessment of the North
Pacific albacore stock by the ISC (ISC, 2014). &heual R and SSB data for albacore
tuna from 1970 to 2012 was obtained from the 2Qbéksassessment report, stock
synthesis 3 results of the ISC (ISC, 2014).

The study area and distribution of the North Paalbacore tuna stock falls within
the geographical coordinates of 50°N - 120°E, 10%0°E, 50°N - 120°W, 10°N -
120°W as shown iifrig. 1. For this study the stock of albacore tuna wittina study
area in the North Pacifid={g. 1) was treated as a distinct and reproductivelyaisal
stock as previous work (Ichinokawa et al., 200&aa et al., 2001; Ramon and Bailey,
1996; Chow and Ushiama, 1995; Suzuki et al., 19&anagi, 1969have shown the
discreteness of this stock in comparison to theabe tuna stock in the Southern
Pacific Ocean.

The annual recruits per spawning biomass (RPS) 80 to 2012 was calculated
from the R and SSB data. The trajectory of R, SB®8 RPS are shown iRig. 2. Also
shown is the stock recruitment plot for albacoreciRitment for each year is defined as
the number fish at age-0 for that particular ygernually, a single recruitment and
single spawning period occurs based on assessimefisen et al. (2010). The maturity
ogive used for the calculation of the SSB was basedhe estimation by Ueyanagi
(1957) where it was determined that 50% of albatana maturity occurs at age-5 and
100% at age 6. This estimation has been used inopie assessments of albacore tuna
(ISC, 2011) and also supported by recent work bielfaet al. (2014). The annual SSB
for this study was the total weight of sexually urat female fish for that year.
Spawning of albacore tuna occurs between the lodgs of 155°W and 120°E and
between the latitudes of 10°N and 25fy( 1) between Hawaii, Taiwan and Philippine
waters (Chert al., 2010; Yoshida, 1968; Otsu and Uchida, 1983,anagi, 1957). The
SSB trajectory shows a decreasing pattern from 170993 followed by some
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recovery up to 1999 which is followed by a graddatlining patternKig. 2). R has

chaotic behavior throughout the years with a gdndéealining pattern from 1971 to
1987 and a stable pattern on average up to 20X¥2hEdRPS the trajectory exhibits a
lower average from 1970 to 1988 and a distinctiveijher average from 1989 to 2012.
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Figure 1. Map showing the recruitment and female spawningksbiomass data distribution

(represented by the red enclosure box) of the alleatuna (T. alalunga) in the North Pacific

Ocean between 10°N to 50°N and 120°E to 120°Wdoyaars 1970 to 2012. The spawning

area is also shown by the orange enclosure boxetexhined by Ueyanagi, (1957), Otsu and
Uchida (1959), Yoshida, (1968) and Chen et. aD1().
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Figure 2. The recruitment (R), female spawning stock bion&S8) and recruits per spawning
biomass (RPS) time series trajectory of the albat¢ona (T. alalunga) in the North Pacific
Ocean for the years ranging from 1970-2012. Alsmshis the stock recruitment scatterplot

plot for albacore tuna.
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Environmental data

The mean SST observation data for the North Pa@ianic study are&if. 1) on a 1°
by 1°esolution (Rayner et al., 2003) from 1970 to 26t monthly scale from January to
December was obtained from the monthly compiledéya@entre Sea Ice and Sea Surface
Temperature data set (HadISST), complied by theetelogical Office Hadley Center,
UK. Monthly and annual SST anomalies were retrieivech this data set and the means
calculated for the coordinates between 10°N to %0%N120°E to 120°W for the standard
period of 1965 to 2012. The public domain datauailable from the following link
http://www.metoffice.gov.uk/hadobs/hadisst/. Théaded description of the SST dataset
and its production process is decribed in Raynat. €2003).

The PDO is a dominant mode of climatic variabiifythe North Pacific oceanic surface
temperature over decadal timescales (Linskegl.,2015; Chhalet al.,2009; Deser et al.,
2004; Mantua et al., 1997; Zhang et al., 1997). Mhdtivariate El Nifio Southern
Oscillation Index (ENSO) is an important climatiariability index occurring over sub-
decadal time scales and affecting most part ofrtpecs and sub-tropics. Its calculation is
based on multiples variables of SST, sea-level spres surface air temperature,
atmospheric conditions and surface wind indexeslt@and Timlin, 1998). The monthly
climatic data from January to December from 1962Gd2 on the PDO and ENSO was
obtained from the National Oceanic and Atmosphédministration (NOAA), Earth
System Research Laboratory (ESRL), Physical Scsebogsion.

Exploration and comparison of variables

Relationships between the dependent variables ofS®8 and RPS and the
independent variables of SST, PDO and ENSO werermeéted using absolute
correlations and linear regression. Correlatiortt ®>0.500 afp<0.05 were considered
as significant. R, SSB and RPS from 1970 to 201&wempared with monthly and
annual mean SST (from the raw 1° byrdSolution HadISST data), PDO and ENSO
from 1965 to 2012 for lag periods Bh years where=(0,1,...,5). The lag periods were
based on the age group of most of the harveste#t sidhe Pacific Ocean which ranges
between 2-5 years (ISC, 2014; Wells et al., 2013erCet al., 2012; ISC, 2011) and
albacore tuna becomes reproductively active atratat5 years of age (Farley et al.,
2014; ISC, 2011; Ueyanagi, 1957). Data exploratorihe independent and dependent
variables were carried out using scatterplots, lmgphistograms and kernel density
overlays. This was used to assess data distribwtiah identify collinearity effects
among independent variables and possible outligrishacan affect the outcomes of
statistical analysis and contribute to assessmiast hhe data exploration protocol as
outlined by Zuur et al. (2010) was followed to al/@iolations of assumptions from the
statistical methods utilized.

Time series data normally have two kinds of tremstistionary and stochastic. When
significant changes or shocks have transitory &ffde time series is classified as
having a stationary process. Trends where shockegmently alter the trajectory are
classified as stochastic trend or having a unit.rB8tochastic trends can results in false
correlations among variables and unit roots testsdesigned to detect such trends
(Kwiatkowski et al., 1992; Dickey and Fuller, 1979he dependent variables and
independent variables where subjected to MacKim@hMacKinnon, 1996) and the
Augmented Dickey-Fuller (Dickey and Fuller, 1979jtuoot tests.
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Model formulation for R and RPS

Independent variables which exhibit significant retations with the dependent
variables of R and RPS with referenceRovalues atp<0.05 were used to develop
suitable stock reproduction models which can sigaiitly reproduce the R and RPS
trajectory for the North Pacific albacore tuna frd@70 to 2012. We attempted to
explain the trajectory of the R and RPS by fittmfga stock-recruitment model to the
albacore data and obtaining the Akaike Informatiniterion (AIC) for each model.
Similar modeling techniques have been used in pusviwork (Sakuramoto, 2016;
Singh et al., 2014; Sakuramoto, 2013; Cahuin et aD09). To ease the
comprehensiveness and complexity of the models; tmb environmental variables
were incorporated in the final models for R and RPI&e Generalized Linear Model
(GLM) used for R (Equation 1) and RPS (Equatioar2)shown below

10g(R) =109(@0,,) XI09(SSB.) + @1y XCy oy + Ty Xy + 83y X (€1 XCp) + & (EQLD)

log(R /SSB) =109(By 1) + By XCricn + Bon *Coon + B X (Cuion XCon) + & (Eq.2)

whereR is the albacore recruitment for ydas, andp, are the intercept parameteds,
ap, az andf, B, fs are parameter estimate3SBis the albacore tuna spawning stock
biomass,c;, ¢, are the independent environmental variabR§SBis the recruits per
spawning biomass ards an unsolved normally distributed random vaeabl

To test the non-linear responses of the predicaables on the dependent variables
the generalized additive models (GAMs) (Hastie dnldshirani, 1986)were used.
When using environmental condition as predictorialdes, GAMs have frequently
shown to perform better in comparison to other sypiepredictive modeling techniques
(Drexler and Ainsworth, 2013; Moisen and Frescid@02; Guisan et al., 2002; Walsh
and Kleiber, 2001). Second and third order polyrarfiinctions were inserted into
Equation 1 and Equation 2 to investigate if thesel@s (GAMSs) performed better. The
resulting Equation 3 and Equation 4 are shown below

|Og(R) = Iog(yo,x,n) X |Og(SSB—n) + y:Lx,n X Cfx,t—n + y2,><,n X C;,x,t—n + y?:,n X (CLt—n XCZ,t—n) + g)(,t (Eq3)

|Og(R / SSB = |Og(50,>(,n) +5].><,n XCJ)..(X,t—n + 52,><,n xC;,x,t—n + 53,[1 X(C_Lt—n XCZ,t—n) +£X,t (Eq4)

wherey, anddp represent the intercept paramete{sy,, y3 andody, d», d3 are parameter
estimates and= (1, 2, 3). The dependent variables and interpapameter were log
transformed in order to reduce the effect of pdesioitliers and skewness. Equations 3
and Equation 4 were used and independent enviraiaineariables were successively
incorporated and various combinations were invagg by successive elimination.
Model selection was based on the AIC (Akaike, 19&il)es.

All residuals for the selected models were subgedte tests for homogeneity of
variance. The residual variance in all cases shbelg4.00 or there will be significant
degradation of the least square estimators (FA382@hich may result in the selection
of false models. The referred and estimated trajgdor albacore tuna R and RPS were
plotted and compared. All statistical analysis tuis study was carried out using the
statistical software “R”, version 3.0.1(R Core Tea2®14).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 15(1):9®-319.
http://www.aloki.hue ISSN 1589 1623 (Prin® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1501_299319
© 2017, ALOKI Kft., Budapest, Hungary



Singh et al.: Environmental conditions are impdriafiuences on the recruitment of North Pacifibaore tuna
- 305 -

Results
Exploration and comparison of variables

For comparison of predictor and response varialthes scatterplot matrix showing
the histograms, kernel density overlays, absolatestations and significance asterisks
(p<0.05*, p<0.01**, p<0.001***) are shown irFig. 3. The relationships of the North
Pacific albacore tuna R, RPS and SSB against thethtyoand annual independent
environmental variables of SST, PDO and ENSO watfp periods oft-n years are
presentedOnly selected independent variables and lag peaocelshown based on their
significance and correlations with the responseabtes. Months, years and lag periods
not showing significant correlations with the respe variables are excluded from
further analysis. All three stock parameters ofRRS and SSB exhibited significant
correlation with SST, PDO and ENSerom Fig. 3 it can be seen that Ras highest
correlation with SSJ;, for the month of April ) and the annualuf average PD@.
RPS had highly significant correlation with S§% for the month of Marchn{) and
PDQ, s for January \f). SSB exhibited highly significant relationshiptviSST,; for
October ¢) and PDQ s for May w). ENSO for Septembes)(and May had significant
relationship with R and RPS but exhibited lower retation for albacore stock
parameters of R, RPS and SSB in comparison to PRDSST Fig. 3).To instill
simplicity into the stock reproduction models orlyo independent environmental
variables were selected for modeling.

The relationships between R and RPS and SSB andaRPBighly significant and
the correlation between R and SSB is quite lowigmiBcance Fig. 3). This is an
indication that a signficant fraction of the R istndetermined by SSB but other
ecological factorsFig. 4 shows the boxplots for the spread of the dependedt
independent variables. All variables have quitdarm distribution except for ENSO
and ENSQ where possible outliers are detected; howevetespédts for ENSQ@and
ENSQ, do not show any points that are abnormally largesmaall. Based on this
argument, we accept that the likelihood of obséwswmator process errors in the
dependent and independent variables are prominemtiynized.

When statistical techniques such as simple linegression are used, there is a
tendency for spurious correlations to arise du¢hto presence of a unit root in time
series data. Unit roots tests are techniques tectsuch cases (MacKinnon, 1996;
Kwiatkowski et al., 1992; Dickey and Fuller, 1979he results of MacKinnon’s (M-
test) and the Augmented Dickey-Fuller (ADF-testjt waot test for the dependent and
independent variables are showmable 1 All the time series data should have a t-test
value (t-value) of <0 g<0.05 to have a stationary process and the caoelegsults to
be authentic. M-test and ADF-test showed thataliables exhibited stationarityéble
1) and did not have unit root processes.

Model formulation for R and RPS

The most significant stock reproduction modelstha albacore tuna R and RPS are
shown inTable 2 Model significance was taken with reference te &IC resulting
from the incorporation of the independent varialfl&ST and PDO into Equation 3 and
Equation 4. Modeling results from single independeariable using Equation 3 and
Equation 4 are also shownTiable 2 Model (i) is the most significant for albacore#u
R and incorporates the independent variables of, §Sihd PDQ:. For RPS model (v)
the most significant and has the independent Viasatt SST, > and PDQ¢s. For the
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models with single independent variables for R,mafidels are significant with the
model incorporating SSE. being the most significant followed by PRGnd ENSQ:

1. For the RPS all models with single independentties are significant with the most
significant model incorporating ST followed by PDQ s and ENSQ .
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Figure 3. Scatterplot matrix showing histograms, kernel dgnsverlays, absolute correlations
and significance asterisks (p<0.05*, p<0.01**, p€01***) for the relationship of North
Pacific albacore tuna (T. alalunga) recruitment (Ricruits per spawning biomass (RPS) and
female spawning stock biomass (SSB) against theoamental variables of sea surface
temperature (SST), Pacific decadal oscillation (B2@d El Nifio southern oscillation (ENSO).
The relationship between R, RPS and SSB can alsbdegved. Correlations are significant at
p<0.05.
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Figure 4. Boxplots for the North Pacific albacore tuna (Talanga) stock variables and
environmental variables showing the spread of tta.dThe median is represented by the line
in the middle of the boxes. Scatter plots furttevethe distribution of El Nifio southern
oscillation (ENSO) data to detect for the preseoiceutliers. The subscripts refer to the months
and annual averages with: v — January, m — March,April, w — May, s — September, 0 —
October, u — annual.

Table 1. Unit root test results for dependent and independariables time series
used in correlation analysis from Fig. 3. The sulpgs refer to the months, annual
averages and lag periods with: v — January, m —®aa — April, w — May, s —
September, o — October, u — annual.

Time series M-test ADF-test

t-value p-value t-value p-value
R -9.440 1.2& 10" -9.439 <1.0x 107
SSR -4.329 1.0x10* -4.329 <1.06x107?
RPS -9.243 2.2x 101 -9.243 <1.0x 107
SSTarz -9.213 24K 101 -9.213 <1.0x 107
SSThiz -10.561 5.3K410% -10.560 <1.0x 102
SST,, -8.081 7.3%10%¢ -8.081 <1.0x 107
PDQ,; -7.803 1.7410° -7.803 <1.0x 107
PDQ,s -10.035 2.3x10% -10.035 <1.06¢ 10
PDQys -7.927 1.1810° -7.928 <1.00¢ 107
ENSQ ., -10.569 5.2x10" -10.569 <1.06¢ 10
ENSQy:. -8.653 1.3x 10 -8.653 <1.06x 102
ENSQ.s -8.589 1.5& 10 -8.589 <1.06x 102

Fig. 5 shows the plot of the predicted R from mode(Tiable 3 and the referred R
for the North Pacific albacore tuna. The referré&SRand predicted RPS from model (v)
can also be observed. In both cases the prediciedederred trajectories seem to fit
well. Fig. 6 shows the trajectories of predicted R using singteependent variables
from models (ii), (iii) and (iv) Table 3 and the referred R. Model (ii) with SST seems
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to be the best fit followed by model (iii) with PDé@nd model iv with ENSO. The
trajectories for the predicted RPS from models, ((#)i) and (viii) (Table 3 using
single variables with the referred RPS are showhign 7. Model (vi) with SST is the
best fit followed by model (vii) with PDO and modglii) with ENSO.

The linear correlation between the predicted R froodels (i)-(iv) and referred R
and predicted RPS from models (v)-(viii) againdemed RPS is shown iRig. 8 The
correlation between R predicted and R referredRIR& predicted and RPS referred is
significantly higher for models incorporating twaweronmental variables (models (i)
and (iv)) compared to using single variables. Fodats with single variables, SST and
PDO result in models with highegignificance compared to ENSO. This justifies the
incorporation of the SST and PDO in the final medetodels (i) and (iv)).

Table 2. Stock reproduction models and some parameterg tisenfemale spawning stock
biomass (SSB) and the independent environmentiablas from Fig. 3 for the albacore
tuna (T. alalunga) recruitment (R) and recruits gawning biomass (RPS) in the North
Pacific Ocean. Models using single variables amoahown. Only Models with highest
significance are shown in each case with refereaadbe Akaike information criterion

(AIC) values. The subscripts refer to the monthsual averages and lag periods with: v —
January, m — March, a — April, w — May, s — Septermb — October, u — annual.

Recruitment
Model with multiple variables

C
) log(R) = 128 X Io(5B,) £ D450 R ST, o - 11413 PDO, 40661 % (5T, ¢ Uvalue  7.945 pvalue  1.41x10"
200, ‘ ' " Fstatistc 63.12 R 0.606

DF 41 AIC 875
Models with single variables

i) Iog(R) =1.610 x log (STB.) + 1.01 x 10-3 x 55TZ,_, tvalue 5298 pvalue 4.28x10°

F statistic 28.07 R 0.406
DF 41 AIC 893
iii) log(R,) = 2.467 x log (S5B,) — 0.106 x PDO,, tvalue 3556 p-value 9.65x10f
) ‘ i “* Fstatistic 12.65 R 0.236
DF 41 AIC 904
iv) log(R,)= 2.466 x log (S5B,) - 625 x 10-2 x EN50, ,_, tvalue 2935 pvalue 5.44x10°
) r r *™" Fstatistic 8.616 R 0.174
DF 41 AIC 907

Recruits per spawning biomass (RPS)
Model with multiple variables

t-value  7.620 p-value 2.23x10°

Vo) logiRy/5)= 0127 + 1745 107  SSTZ _, +421 x 107 X PDOZ 5 + 219 %

10 10 F statistic 58.06 R 0.586
T DF 41 AIC 478
Models with single variables
Vi) log(R./S.) = 5.64% 107°+ 1.50 % 55T, »_, tvalue  6.481 p-value 8.94x1C°
) o e F statistic 42.01 R 0.506
DF 41 AIC 486
ViL) log (R,/5;) = 30121+ 0115 % ED, ¢+ 5015 102 x PR, ; t-value 3293 p-value  2.05x10°
) log /%) =3 b T E statistic 10.84 R 0.209
DF 41 AIC 506
Viil.) log (R,/5;) = 307.96-+ 0,280 x ENSO, ,_, ~ 467 x 107 x ENs07,., t-value ~ 3.055 p-value  3.94x10’
- 7" Fstatistic 9.34 R 0.186
DF 41 AIC 507
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Figure 5. Key model plots showing; (A) the referred andghedicted recruitment (R) from

model (i) (Table 2) and (B) the referred and preéelicrecruits per spawning biomass (RPS)
from model (v) (Table 2) time series trajectoryref North Pacific albacore tuna (T. alalunga)

stock from 1970-2012. The 95% confidence inteaiife estimated R and RPS are shown.
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Figure 6. Graph showing the referred recruitment (R) timdesetrajectory of the North Pacific
albacore tuna (T. alalunga) stock and the trajegtathich resulted from models with single
variables of sea surface temperature (SST), Pad#@adal oscillation (PDO) and EI Nifio
southern oscillation (ENSO) for the years 1970-201# 95% confidence interval for the
estimated R and RPS are also shown. The roman ailswefer to the models from Table 2.
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Figure 7. Graph showing the referred recruits per spawningniiass (RPS) time series
trajectory of the North Pacific albacore tuna (Talanga) stock and the trajectory which
resulted from models with single variables of sa@dese temperature (SST), Pacific decadal
oscillation (PDO) and EI Nifio southern oscillati@BNSO) in red for the years 1970-2012. The
95% confidence interval for the estimated R and BRfeSlso shown. The roman numerals
refer to the models from Table 2.
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Figure 8. The linear relationship between the predicted véonent (R predicted) and referred
recruitment (R referred) (i, ii, iii, iv) and recits per spawning biomass predicted (RPS
predicted) and recruits per spawning biomass ref@fRPS referred) (v, vi, vii, viii) for the
albacore tuna (T. alalunga) stock in the North RiagdDcean. The roman numerals refer to the
model numbers presented in Table 2. Axis valuesamre for all figures for R and RPS except
for (viii) where some extreme values can be obskrve
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The histograms for the residuals of models (i))(¥iom Table 2are shown irFig. 9
to test for the homogeneity of variance. If the ela@sidual variance is >4.00 then the
least square estimators will be considerably desgtaahd this can lead to the selection
of erroneous models (Fox, 2008). Models (i)-(iv) B had residual variances of <0.9
and for RPS the models (v)-(viii) had residual aage values of <1.2 in all cases which
fulfilled the requirements for the homogeneity afiance.
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Figure 9. Histograms of model residuals from Table 2 agatihetpredicted values. The roman
numerals refer to the model numbers in Table 2.r€bilual variance model (i) for recruitment
(R) and model (v) for recruits per spawning biom@BS) are <0.9 and <1.2 respectively. The
residual variance for models incorporating multiglevironmental variables (model i and v)
are smaller compared to models with single envirental variable.

According toFig. 3 andTable 2the principle independent variable that has thetmo
significant effect on the North Pacific albacor@duR and RPS trajectory is the SST.
Fig. 10shows the heat maps for the spatial distributioth@® annual SST from the year
1970 to 2012. Visual changes in annual spatial 88Tbe observed including part of
the warm pool (represented in purple and white)ciwvhtan be observed to change
annually.

It should be noted that the standard deviation P} for albacore SSB and R from
2014 ISC report was 97,569 + 30,203 mt for 199320401 + 73,551 mt for the year
1971 for SSB. For R the SD was 21.8 + 7.4 millioshffor 1987 and 64.6 + 18.8
million fish for the year 1971 (ISC, 2014). Mostnaial deviations were quite
significant, however this was the best availabknede for the South Pacific albacore
tuna from 1970 to 2012 and the models presentedamed on these estimates.
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Figure 10. Sea surface temperature (SST) of study area iNthth Pacific from 1970 to 2012
from top left to right. The region in purple anditehbelong to the warm pool where the sea
surface temperature is higher than the rest ofgegraphical oceanic area and seems to
fluctuate through the years. Note that the warml poea coincides with the spawning area for
North Pacific albacore shown in Figure 1. The dxisels for latitude, longitude and scales
have been removed for enhanced visual representatiefer to Fig. 1 for study area details.
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Figure 10. (Cont.)

Discussion

This work was undertaken with one of the objectiieeglentify whether alterations
in environmental and climatic conditions affectde tstock dynamics of the North
Pacific albacore tuna. Significant relationshipseveetected between the albacore tuna
R, RPS and SSB with the environmental variableS8T, PDO and ENSO. GAM
modeling (Equation 3 and Equation 4) resulted itiebditting of models compared to
GLM models (Equation 1 and Equation 2) and thecsetemodels (model (i) and (v),
Table 3 for most significantly explaining R and RPS tremdre GAM models. This is
consistent with the findings that GAM performs betthan other types of population
modeling (Drexler and Ainsworth, 2013; Moisen aned€ino, 2002; Guisan et al.,
2002; Walsh and Kleiber, 2001).

The incorporation of SST and PDO resulted in stagroduction models for the
albacore tuna R and RPS which fit quite well witte treferred R and RPS stock
trajectory Table 2, Fig. % R exhibited highest correlation with PDO and Rfa8 most
significant correlation with SST. However, when ratig was performed using single
variables Table 2, Fig. 6, Fig. )y SST resulted in the stock reproduction modet$ wi
highest fitness for both R and RPS. With referetwcéhe combined and individual
effects of the predictor environmental variabl&alfle 3 it is evident that SST is the
principle factor affecting the R and RPS time-seié albacore and the North Pacific

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 15(1):9®-319.
http://www.aloki.hue ISSN 1589 1623 (Prin® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1501_299319
© 2017, ALOKI Kft., Budapest, Hungary



Singh et al.: Environmental conditions are impdriafiuences on the recruitment of North Pacifibaore tuna
-314 -

SST and PDO act together to result in the stoclaohyos pattern for the North Pacific
albacore tuna R and RPS.

The importance of SST in structuring the stock abaristics of albacore tuna has
been shown in previous work. Briand et al. (201d9duithe GLM to investigate the links
between environmental conditions and albacore iuridew Caledonia EEZ. Findings
showed that albacore CPUE was significantly linkedthe variability in SST and
primary productivity. Lehodey et al. (2015) invegstied the impacts of environmental
conditions on the spatial dynamics of albacore tumahe South Pacific. Findings
indicated possibly large impact of changes in ometemperature on larval survival and
early life stages of albacoréhe link between SST affecting dissolved oxygerelev
and primary productivity was also established. Tgiges some indication on the
possible mechanisms on how oceanic temperaturectaffalbacore tuna stock
abundance and distribution. Dragon et al. (201®duthe Spatial Ecosystem and
Population Dynamics Model (SEAPODYM) and the maxmnlikelihood approach to
understand the spatial distribution, ecologicalrabieristics and migratory behavior of
the North Atlantic albacore tuna in relation toeadttions in the environmental patterns.
Spawning favorability and foraging behavior of adigh were shown to be correlated
to different oceanic temperature gradients. Froenpibsitive fit of SST with R and RPS
(models (i), (i), (v), (vi),Table 3 it can be inferred that warmer temperatures are
favorable and cooler temperature are unfavorabtethie reproductive success and
recruitment of albacore.

The incorporation of PDO results in significant mypement of the models for both
R and RPS as can be seen frbable 2 Singhet al. (2015) investigated the relationship
between albacore CPUE and climatic time seriesgu&§hM. Significant links were
established between PDO and albacore time sedgstory from 1957 to 2008 in the
South Pacific Ocean. Phillips et al. (2014) studieel effect of alterations in the SST
and large—scale variability in the climatic conalits of PDO and ENSO on the spatial
distribution of the juvenile North Pacific albacarena CPUE off the US West coast.
Significant relationships were determined betwdssn €PUE and the environmental
variables. The incorporation of the SST and PDOingependent variables in the
threshold Generalized Additive Mixed Models restlten statistically significant
models with the highes®* value of 0.290. Lehodey et #2003) attempted to deduce
the mechanisms by which alterations in environmevdgiables affects the stock of
important tuna species in the PacifiResults indicated that albacore tuna recruitment
was significantly affected by the negative and pesiphases of PDO. PDO had highly
significant correlation with R in the same year avith SSB having a lag period of 5
years. This indicates that variability in the PD@attprn influences the early life stages
of the North Pacific albacore tuna. With referemm&igure 3 the relationship of PDO
with R and SSB is negative. This means that theunegyPDO phase is favorable and
positive PDO phase is unfavorable for the larvad pivenile stages of albacore.
Similar explanations have been derived for the IS®&atcific albacore stock by Lehodey
et al. (2003) and Singh et al. (2015).

Although ENSO were excluded from model formulation, did exhibit
significant relationship with albacore tuna R, R&®% SSB according tbig. 3.
Models with single variables incorporating ENSO argnificant for both R and
RPS {Table 3. Zhang et al. (2014) used a logistic productioodel to study the
link between changes in climatic indices and albaqaroductivity and determined
significant relationship of the North Pacific allmaie tuna productivity with ENSO.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 15(1):9®-319.
http://www.aloki.hue ISSN 1589 1623 (Prin® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1501_299319
© 2017, ALOKI Kft., Budapest, Hungary



Singh et al.: Environmental conditions are impdriafiuences on the recruitment of North Pacifibaore tuna
-315-

Briand et al. (2011klucidated that extreme ENSO events are favoraidaoical
albacore tuna fishery in New Caledonia EEZ.

The warm pool SST are&if). 10) extends from the North to the South Pacific and
has been shown to also affect the stock trajeadbrthe South Pacific albacore tuna
(Singh et al 2015). The warm pool geographical area coincidi¢l the spawning
ground for the North Pacific albacore tumag( 1, Fig. 10 as determined by Chen et al.
(2010), Yoshida (1968), Otsu and Uchida (1959), avexgi (1957). This makes it
ecologically viable for the SSB and RPS to coreelaith annual changes in the SST of
this area and affect the stock dynamics of albatuma. Albacore tuna prefer warmer
water temperatures for spawning and larvae haflietiodey et al., 2008; Lehodey et
al., 2015) which occurs at the warm pool zorig.(10). Dragon et al., (2015) identified
that the maximum spawning for the North Atlantibadore tuna occurs at SST of
25.77°C with a standard error of 1.74°C. With efee ta-ig. 10, this temperature falls
within the temperature range at the warm pool wisdiarther evidence of variability in
the SST affecting the spawning and other stockaaitaristics of albacore tuna. Further
work on the specific warmpool area and its inflleena the South Pacific albacore tuna
is needed to quantify its effect.

Lehodey et al., (2015) showed that both fishing &myironmental conditions
significantly affect the abundance of albacore timthe South Pacific. Albacore tuna
fishery managers and policy makers need to take emcount the effects of
environmental conditions when formulating theircktdarvest plans and management
strategies in order for the biological and econ@instistainability of this commercially
important but limited resource.

The GAM models developed in this study (model () dv), Table 3 were highly
significant with reference to the-values. These models were able to explain a
substantial component of the y-axis variation foafl RPS trend from 1970 to 2012.
With reference to th& values, there are still considerable portion ef variation that
is not explained. It is dangerous to assume thatammental and climatic variables are
the only factors affecting the North Pacific alb@catock trajectory. Other variables,
such as fishing intensity (effort) and various lmioand abiotic factors are also
responsible for stock variation. For fishery mamaget it is also dangerous to assume
that fishing related activities are the only fastaffecting a fish stock. Fish stock levels
are determined by a combination of complex intévast between, fishing related
activities, environment change, climatic variataord various biotic and abiotic factors.
Further research is needed in order to elucidateutiderlying mechanism by which
environmental conditions interact with other fastdéo influence albacore tuna stock
abundance and distribution in order to develop waftte policies for fisheries
management.

The models presented here and the arguments ad baghe estimates of the 2014
ISC report where significant deviation was notedRoand SSB data. Better estimates
in the future will enable further improvement oétmodels and analysis.
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