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Abstract

The albacore tuna, Thunnus alalonga, is an economically important oceanic species widely
distributed in the Indian Ocean. In this study, we examined the spatiotemporal distribution of
albacore tuna with respect to remote sensing oceanographic variables, including sea surface
temperature (SST), gradient SST (GSST) calculated from SST, sea surface sanity (SSS), and
chlorophyll-a (Chl-a) during 2006 — 2016 using longline fishery data from the Indian Ocean Tuna
Commission (IOTC). The monthly and yearly gravitational centers of catch per unit effort (CPUE)
were calculated to represent the variability of local stock abundance on the fishing ground. Two
clusters (concentrated and dispersed) of monthly gravitational centers were classified using
K-means method. The distribution-habitat associations were quantitatively evaluated including
SST between 20 and 27°C, GSST between 0.2 to 0.8 °C 10 km™!, SSS between 34.5 to 35.5 psu,
and Chl a between 0.1 and 0.2 mg m™3. Two types of fishing ground, coast upwelling fishing
ground (CUFG) and deep-sea frontal fishing ground (DFFG), were defined according to their
location and oceanographic habitat. This study improves our understanding of the spatiotemporal
dynamics of albacore tuna, which is critical for sustainable management of this important

resources in the Indian Ocean.
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1 Introduction

Albacore tuna (Thunnus alalunga) is one of the important commercial species, accounting for 84%
of total catches of temperate tunas, in the Indian Ocean for recent years. The albacore tuna fishery
could be divided into small juvenile fish (50 — 90 cm FL) and large adult fish (90 — 140 cm FL)
fisheries. Small fish are generally habitat in the temperate latitudes, and taken by surface gears
(pole and line, troll), whereas large fish are habitat in tropical and subtropical latitudes, and taken
by gillnet and longline (Nikolic et al., 2017). Since 2001, albacore tuna is caught mainly by
industrial deep-freezing longline fleets and fresh-tuna fleets, with the majority of catches
occurring on the high seas by vessels from Chinese Taipei, Chinese mainland, Japan, and coastal
countries, such as Indonesia, Malaysia in the Indian Ocean. After 2005, the annual catches of
albacore tuna are stability in about 40, 000 t (IOTC, 2016; Nikolic et al., 2017).

The biology of albacore is currently in progress in the Indian Ocean. It was estimated to mature
at approximately 5 years of age (Suda, 1974), and the length at first maturity was estimated at 90
cm FL (Wu and Kuo, 1993). The length at 50% maturity of females at 85.3 cm FL (Dhurmeea et
al., 2016). The maximum age estimated is 9 -10 years (Cheng et al., 2012; Lee and Liu, 1992).

The distribution of the albacore tuna is not well known. It is widely distributed in temperate and
tropical waters ranged from 5° N to 40° S in the Indian Ocean. It is possible that the area from 5°
N to 25° S is the distribution area for adult fish in which spawning area exists in the area from 10°
S to 25° S and the feeding water from 30° S to 40° S, with the high fish school density (IOTC,
2008; IOTC, 2016). For migration pattern, it is likely that adult albacore tuna does yearly circular
counter-clockwise migrations following the surface currents of south tropical gyre between their
tropical spawning and southern feeding zones (I0TC, 2016).

The environmental variables strongly regulate the global distribution and migration of albacore
in all oceans based on fishery data, such as sea surface temperature (SST), oxygen, oceanic
features (Kimura et al., 1997; Chen et al., 2005; Zainuddin et al., 2008; Sagarminaga and
Arrizabalaga, 2010, 2014). But the information for Indian Ocean is insufficient, most of those
studies focus on the Pacific and Atlantic Ocean. Only one study suggested that the SST,
chlorophyll concentration and surface salinity were significant in the distribution of immature
albacore. For mature albacore, only SST was significant in the Indian Ocean by the Chinese
Taiwan tuna longline fishery during the period 1979 — 1985 (Chen et al., 2005). Similar results are
also found for the albacore tuna in the eastern Indian Ocean (IOTC, 2016).

For the sustainable exploitation and management, there is urgently need of understanding the
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spatiotemporal distribution pattern and environmental preferences for albacore tuna in the Indian
Ocean. In this study, we develop an approach to project the spatiotemporal distribution of albacore
tuna in the Indian Ocean using remote sensing environmental variables. We calculate the monthly
and yearly gravitational centers of albacore tuna and analyze the relationships between the
gravitational centers and environmental variables. We classify and evaluate the types of fishing
grounds and associated oceanographic conditions. This study could help improve our
understanding of the dynamics of albacore tuna and benefit for sustainable fishery in the Indian

Ocean.

2 Materials and Methods

2.1 Fishery data

Commercial longline fishery data operated in the areas between 40° S — 5° N and 30° — 120° E
in the Indian Ocean during 1995-2016, including monthly catch (t), effort (hooks), fishing dates
(year and month), and fishing locations (longitude and latitude), at the resolution of 5° latitude by

5° longitude were obtained from Indian Ocean Tuna Commission (IOTC, http://www.iotc.org/). A

spatial scale of 5° x 5° was defined as a fishing unit, and the catch per unit effort (CPUE) in a

fishing unit was calculated by the following equation:

2t %1000 (1)
t,i,j

Utij =

Where U,ij, C;ij and E;;; were the CPUE, the sum of catches within a fishing unit, and the sum of
all fishing hooks within a fishing unit, respectively, at longitude 7, latitude j in time ¢. The yearly
nominal CPUE was calculated by changing t from month to year (Wang et al., 2016)

The longitudinal and latitudinal gravitational centers of nominal CPUE (Gx and Gy) in time ¢
were calculated to understand the spatiotemporal distribution of fishing ground of albacore in the

Indian Ocean.
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where X; is the longitudinal midpoint of the ith fishing unit between 30° — 120° E, and Y; is the

latitudinal midpoint of the ith fishing unit between 50° S — 10° N. Similarly, the gravitational
3


http://www.iotc.org/

IOTC-2019-WPTmTO7(DP)-INFO3

centers of yearly CPUE were also estimated.

2.2 Remote sensing environmental data

Three remote sensing environmental variables including SST, chlorophyll @ (Chl @) and sea
surface salinity (SSS) were used to detect the albacore preferences in fishing ground. The monthly
SST and Chl a data were downloaded from the NOAA  OceanWatch
(http://oceanwatch.pifsc.noaa.gov/), and the monthly SSS data were obtained from the IRI/LDEO

Climate Data Library (http://iridl.ideo.columbia.edu). The spatial resolutions were 0.25°X<0.25°,

0.05°%0.05° and 1°X1/3° for SST, Chl a and SSS, respectively. All the environmental data were
converted into 5°X5° for each month to correspond to the spatial resolution of the fishery data
using the mean function (Wang et al., 2015).

Higher SST gradient (GSST) is an indicator of upwelled water from a deeper layer,
convergence zones and fronts, the water with greater nutrient in euphotic zones, which enables
enhanced production (Solanki et al. 2003, 2015; Wang et al., 2016). GSST was calculated from
SST:

(T 1 = Tije)? + (Timrj — Tiga j)?
Gi’j —_ 2

where Gi,j and Ti,j are the values of GSST and SST at longitude 7, latitude j, respectively.
2.3 Statistical method and K-means clustering

The histogram graphs of high catch data and empirical cumulative distribution function (ECDF)
are used for describing the relationship and analyzing the stronger association between
oceanographic conditions and fishery abundance (Andrade and Garcia 1999; Reynolds 2003;
Zainuddin et al., 2008; Zainuddin 2011; Wang et al., 2016). Usually, the ECDF analysis was
conducted based on three functions, the empirical cumulative frequency distribution function, the
weighted cumulative distribution function, and the absolute value of the difference between the
former two curves (Zainuddien et al., 2008, 2011; Wang et al., 2016). In this study, the
oceanographic preferences of SST, GSST, Chl a, and SSS for albacore were described by
histogram graphs and the CPUE weighted ECDF (CPUE-W) were developed to qualitatively
evaluate the stronger preferences between the oceanographic variables and albacore CPUE in the

Indian Ocean.
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Meanwhile, the K-means method was used to classify the clusters of monthly and yearly
gravitational centers. The K-means clustering is a method of vector quantization, originally from
signal processing, which is popular for cluster analysis in data mining (Han et al., 2011; Wang et
al., 2016). It tends to have a higher accuracy if the starting points and the number of cluster is
provided (Kuo et al., 2002). Thus, the values of within-groups sum of squares (WSS) were
calculated and plotted against the number of cluster to search the best number of cluster. In
practice, the best number of cluster was confirmed at the elbow point, and the starting point in
each cluster was selected randomly. The WSS was calculated as

WSS = X Txec,(mi — X)? (4)

where X is a data point in cluster C;, and m; is the representative point for cluster C;.

3 Results

3.1 spatiotemporal distribution of monthly gravitational centers

Two clusters were classified, and two distribution patterns could be observed for monthly
gravitational centers of CPUE during 2005 — 2016 (Fig. 1). Concentrated gravitational centers of
CPUE is defined as areas spanning approximately 20° longitude (50° - 70° E) (Fig. 1b, 1c,1h, 1j,
1k, 11), whereas dispersed gravitational centers of CPUE is of 30 (50° - 80° E) or more degrees
longitude (Fig. 1a, 1d, le, 1f, 1g, 1i). The position for one cluster is close to island or coast of
Madagascar in the Northwest Indian Ocean, whereas another cluster is at deep-sea in the
Southeast Indian Ocean except for concentrated fishing ground in 2006 (Fig. 1). Apparently, the
deep-sea fishing ground for albacore is in the months of April — July, and the coastal fishing

ground is in the months of January — March and August — December (Table 1).

3.2 Clusters of yearly gravitational center

The yearly gravitational centers of Albacore tuna in the Indian Ocean could be classified into
three clusters by the “elbow effect” (C-1, C-II, and C-IIT) (Fig. 2). Cluster C-I with the center at
66.9° E and 25.5° S contained gravities of 2006, 2007, and 2012; cluster C-1I with the center at
59.9 °E and 24.4° S contained gravities of 2005, 2009, 2014, 2015, and 2016; cluster C-III with
the center at 57.3° E and 22.5° S contained gravities of 2008, 2010, and 2013.
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3.3 Preferred oceanographic features for albacore

The frequency of albacore tuna’s preference in relation to oceanographic variable showed that
there were specific ranges where the albacore tuna tended to concentrate (Fig. 3). The fishing
ground of albacore tuna occurred in areas where SST ranged from 17 to 27 °C (Fig. 3a), GSST
ranged from 0.0 to 1.0 °C 10 km! (Fig. 3¢), SSS ranged from 34.1 to 35.9 psu (Fig. 3¢), and Chl a
ranged from 0.1 to 0.3 mg m™ (Fig. 3g). Based on the ECDF, the cumulative distribution curves of
the oceanographic variables were different and the degrees of the differences between the curves
for each variable were statistically significant (p < 0.05). The stronger associations between the
CPUE and variables occurred where SST was between 20 and 27°C (Figure 2b), GSST was
between 0.2 to 0.8 °C 10 km! (Fig. 3d), SSS was between 34.5 to 35.5 psu (Fig. 3f), and Chl a

was between 0.1 and 0.2 mg m—3 (Figure 3h).

3.4 Integrated environmental distribution maps

The maps of monthly CPUE overlapped with GSST and isotherms were plotted to observe the
influences of environmental factors on the distribution of albacore tuna in the Indian Ocean. Two
special scenarios, one for dispersed fishing ground in 2010 and the another one for concentrated
fishing ground in 2012, were served to delineate the distribution status (Fig. 4 and 5). Two types
of fishing ground could be defined easily. Frontal fishing ground located in the area of isothermal
ribbon between 20° S and 35° S; coastal upwelling fishing ground is close to island of Madagascar

located at 20° S, 40° E for albacore tuna.

4 Discussions

The moderately exploited albacore tuna is widely distributed in the Indian Ocean (IOTC, 2016).
Understanding the dynamics of spatiotemporal distribution with respect to reginal oceanographic
environmental variables is essential for the sustainable management of this fishery. Limited
researches showed that immature and mature albacore tuna displayed a north-south with
counter-clockwise seasonal migration (Chen et al., 2005; IOTC 2016). In this study, the similar
results of migration pattern based on the updated data supported this conclusion although the
spatiotemporal distribution analysis was not differentiated by immature and mature tunas (Fig. 1).

The shifts of monthly gravitational center following the “North-South-North” route from January
6
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to December seemed to reflect the migration (Fig. 1). Additionally, there is a clearly
counter-clockwise migration for months from Mar to July in the area from 25° S to 35° S, the
distribution of monthly gravitational centers close to island of Madagascar is complicated (Fig. 1).
According to the geography divisions for immature and mature albacore tunas in the Indian Ocean
(the south of 30° S is for the immature, the north of 25° S is for the mature, and the area from 25°
to 30° S is for the immature and mature, Nikolic et al., 2017), the operating for albacore longline
fishery mostly occurred in the mature area, the operating occurred in the months of April and May
located in the immature area (Fig. 1).

Usually, sea surface temperature is served as a significant factor to study the albacore tuna
distribution. For example, SST with different ranges appears to be an important predictor of CPUE
for immature albacore in surface waters in the Northeastern Atlantic (16° - 18° C) and
Northeastern Pacific (14° - 17° C) (Sagarminaga and Arrizabalaga, 2010; Philips et al., 2014). In
the Indian Ocean, the SST at high albacore abundance depended on life stage and season. For
immature albacore, areas with SST between 15°C and 21°C had higher CPUE; areas with SST
between 15°C and 27°C had higher CPUE for mature albacore (Chen et al., 2005). Because of the
biological characteristics of albacore tuna, such as thermoregulation (Morrison et al., 1978;
Graham and Dickson, 1981), the wide range of stronger preference of SST was detected from
20°C to 27°C, which is consistent with the result derived using fuzzy synthesis approach (Chen et
al., 2005).

As for other oceanographic variables used in this study, little attention was given to identifying
the stronger preferences for albacore tuna in the Indian Ocean. We used frequency and empirical
cumulative distribution function methods to identify the specific range of favorable environmental
conditions, which provides the knowledge for albacore tuna in the Indian Ocean.

Two types of fishing ground were defined based on the clusters of monthly gravitational centers
and corresponding oceanography, the coastal upwelling fishing ground (CUFG) and deep-sea
front fishing ground (DFFG) in Indian Ocean. CUFG is close to coasts and islands of Madagascar
and provides productivity by the coastal upwelling system (Nikolic, et al., 2017); DFFG is at the
deep-sea and it is main between 20° - 40° S, 60° - 100° E. The integrated environmental
distribution maps showed that the area of DFFG mainly occupy by relatively high GSST and
isothermal ribbons (Fig. 4 and 5). GSST calculated from remote sensing data is a convenient and
effective indicator for the convergence zones and fronts where have high secondary/tertiary
productions in the ocean (Polovina et al., 2001; Solanki et al., 2003; Wang et al., 2016). Thus, the

fishing ground at the deep sea is supported by the food from the convergence zones and fronts.
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In addition, the reasons caused the differences between concentrated and dispersed gravitational
center of fishing ground is that the fishing operation for a year mainly occurred in the CUFG. But
the deep reasons need to be investigated from fishery oceanography, biology, and ecology of
albacore tuna in the Indian Ocean (Corbineau et al., 2008; Nikolic, et al., 2017)

In conclusion, the spatiotemporal distribution and habitat oceanographic characteristics of
fishing ground for albacore tuna in the Indian Ocean were identified and the relationships between
them were analyzed. The types of fishing ground were defined by the position and the habitat
oceanography of fishing ground. The findings would be useful for understanding of
spatiotemporal dynamics of albacore with respect to habitat environment. Derived information can
be used in fishery management, such as establishment of marine protection area for albacore in the

Indian Ocean.
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Figure caption

Figure 1 The distribution of monthly gravitational center of CPUE for albacore from 2005 to 2016
in the Indian Ocean. The monthly gravitational center of CPUE for each year could be classified
into two clusters (blue and red). The south of 30° S is for the immature albacore tuna, the north of
25° S is for the mature albacore tuna, and the area from 25° to 30° S is the mixed zone for the

immature and mature albacore tuna.

Figure 2 (a) The numbers of cluster against the within groups sum of squares (WSS); (b) the
clusters for yearly gravitational centers of Albacore from 2005 to 2016 according to ‘elbow

effect’.

Figure 3 Albacore tuna fishing frequencies in relation to SST (a), GSST (c), SSS (f), Chl a(g);
empirical cumulative distribution frequencies (black line), monthly CPUE weighted ECDF (red
line), the absolute difference between ECDF and CPUE weight ECDF (blue line) for SST (b),
GSST (d), SSS (1), Chl a (h) during 2005 — 2016.

Figure 4 The distribution of monthly CPUE overlapping GSST and SST isotherm in 2010 for the

scenario of dispersed fishing ground.

Figure 5 The distribution of monthly CPUE overlapping GSST and SST isotherm in 2012 for the

scenario of concentrated fishing ground.

Tables

Table 1 The months for concentrated and dispersed fishing ground of albacore in the Indian Ocean,
respectively. Cluster A was represented by red points and cluster B was represented by blue points

in Figure 1.

Distribution patter  Year Cluster
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Figures

40°S 30°S 20°S40°S 30°S 20°S40°S 30°S 20°S

Cluster A Cluster B
2006 1,2,3,8,9,10,11,12 4,5,6.7
2007 1,2,10,11,12 3,4,5,6,7,8,9
2012 1,2,3,6,7,8,9,10,11,12 4,5
Concentrated
2014 1,2,3,8,9,10,11,12 4,5,6,7
2015 1,2,4,7,8,9,10,11,12 3,5,6
2016 1,2,7,8,9,10,11,12 3,4,5,6,
2005 1,2,7,8,9,10,11,12 3,4,5,6
2008 1,2,3,10,11,12 4,5,6,7,8,9
2009 1,2,8,9,10,11,12 3,4,5,6,7
Dispersed
2010 1,2,7,8,10,11,12 3,4,5,6,9
2011 1,2,9,10,11,12 3,4,5,6,7,8
2013 1,2,3,9,10,11,12 4,5,6,7,8
(@) 2005 (6) 2006 (c) 2007 (d) 2008
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