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Abstract: Understanding the mechanisms that determine the critical habitat of commercial species is
one of the significant challenges in marine science, particularly for species that inhabit the vast ocean
worldwide. Previous investigations primarily focused on determining skipjack habitats without
considering the feasible size for sustainable fisheries. To define habitat hotspots and movement
patterns for decently sized skipjack tuna (≥50 cm) in Indonesia Fisheries Management Area (IFMA)
713, Indonesia, we examined the remote sensing of synoptic sea surface temperature (SST) and
chlorophyll-a concentration (Chl-a) measurements with catch data from 2007 to 2016. A new skipjack
tuna habitat model was developed based on the link between the key satellite-based environmental
data and the best tuna fishery performance using a combination of generalized additive models
(GAMs) and kernel density estimates. The findings reveal that feasible skipjack catch sizes were
found in approximately 27% of total fishing grounds and were significantly captured in areas with
a Chl-a of 0.15–0.28 mg m−3 and an SST of 29.5–31.0 ◦C, corresponding with an elevated skipjack
habitat index (SHI). The habitat hotspots for the commercial skipjack were particularly produced
by favorable Chl-a and SST, in association with Chl-a front and anticyclonic and cyclonic eddies,
especially in October, which coincided with the highest skipjack catch per unit effort (CPUE). Skipjack
distributions were mostly found within 10 km of favorable feeding habitats. They used the hotspot
area as an indicator of their dynamics and movement pattern in the environment. The observed
CPUEs cross-validated the predicted SHI values, suggesting that the model provided a reliable proxy
for defining the potential habitats and the spatial movement of mature skipjack schools. Our findings
have global significance for locating ecological hotspots, monitoring sustainable skipjack fisheries,
and tracking skipjack migration, especially within the western tropical Pacific.

Keywords: commercial skipjack tuna; habitat hotspot; SHI; remote sensing; sustainable fisheries

1. Introduction

Mature skipjack tuna is one of the marine resources with the highest commercial and
ecological value. It may be found in all tropical and subtropical regions, but it is most
prevalent in equatorial water [1,2]. Skipjack catches have consistently increased over the last
decade globally [3], especially in the Western Central Pacific Ocean (WCPO) [4]. The species
provided approximately 57% of the total weight of the world’s tuna catch in recent years [2],
making it the third most fished species worldwide [3]. This species accounted for about
64% of the total tuna catch in the WCPO [4], and the WCPO skipjack stock, which accounts
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for 35% of global tuna landings, supports the greatest tuna fishery in the world [2]. Surface
fishing gear, such as purse seine and pole and line, is almost exclusively used to catch
skipjack tuna [2,5]. Around 17.5% of the world’s tuna, including skipjack, was captured
in Indonesian fishing grounds in 2017, making it the primary seafood commodity [6].
Indonesian skipjack accounted for over 16% of all skipjack tuna caught in the WCPO in
2018 [7]. Indonesia Fisheries Management Area (IFMA) 713 provides the second largest
contribution to fish production in Indonesia among all fishery management areas, with
the catch dominated by pelagic fish, particularly tuna [8]. Specifically, IFMAs 713, 714,
and 715 provide the majority (about 76% in 2018) of Indonesia’s skipjack tuna catch in the
WCPO [9].

Various studies have found a strong correlation between skipjack tuna distribution and
abundance and environmental factors influencing their spatial movements [10–13]. The fish
travel quickly and follow highly productive areas through their habitat environment in their
search for food, requiring correspondingly large energy returns. This system has resulted
in morphological and physiological adaptations, mainly in terms of thermoregulation and
oxygen extraction efficiency [14]. As a result, ambient temperature and dissolved oxygen
concentration, as well as water clarity, are thought to have a strong influence on tuna
behavior [15,16]. This requirement for continuous swimming is compatible with skipjack’s
highly migratory behavior and the widespread distribution of tropical and subtropical
oceans coinciding with ideal feeding, nursery, and spawning sites [10,12,17–20]. Skipjack
have been seen moving over a wide area in search of a high density of tuna forage [21].
Therefore, surface tuna habitats may include water masses with the proper temperature,
high enough oxygen concentration, significant forage biomass, and clear water [14].

The availability of skipjack tuna in space and time varies significantly worldwide
due to the dynamics of oceanographic conditions [21]. Consequently, attempts have been
undertaken to improve tuna harvesting by looking for places with an elevated density of
tuna (key habitats), which are typically related to (a) forage abundance [11,22], (b) migration
patterns [10,18], and (c) specific environmental conditions [16,18,23]. Skipjack forage mainly
consists of small pelagic fishes, crustaceans, cephalopods (squid), and mollusks [24–26]. In
the Malaka Strait, a part of the western Coral Triangle, anchovies (Stolephorus spp.) make
up more than 80% of the skipjack’s stomach contents [27]. Skipjack tuna are carnivores
in the Flores Sea and its adjacent waters (Bone Gulf and Banda Sea), with Sardinella spp.,
accounting for 57%, followed by Stelophorus spp. (34.7%), Decapterus spp. (7.9%), and Loligo
spp. And crustacea [28].

The primary environmental factor that has been used to explain the presence and
abundance of skipjack tuna is temperature [12,29]. SST outlines the characteristics of tuna-
like animals’ ideal habitats in several oceans [30]. The species inhabit warm water in the
upper mixed layer (upper 200 m) [21,31,32], where they can dive to around 260 m during
the day but are confined to near-surface waters at night [33]. Skipjack males reach maturity
at 42–43 cm fork length, compared to 41–42 cm for females [34]. Adults have a temperature
range of 14.7 to 30 ◦C [16,33], while 20.0 to 29.0 ◦C is the most frequently observed habitat
temperature [21]. The 29 ◦C SST isotherm distribution can be used to identify the western
Pacific Ocean’s frontal salinity area, where skipjack CPUEs are at their highest [10]. In
waters with an SST of 22–26.5 ◦C, the highest skipjack CPUEs off the southern Brazilian
coast are recorded [35]. However, this relationship varies seasonally [35], and skipjack
abundance in that area is likely influenced by thermal fronts [36]. The Western North
Pacific Ocean’s optimal SST for skipjack tuna is between 20.5 and 26.0 ◦C [12], with a lower
SST limit of 18 ◦C [12,18]. Mature individuals are typically found in the Western North
Pacific Ocean at an SST greater than 24 ◦C [37]. The preferred SST range is identified as
being from 29.5 to 31.5 ◦C in the eastern IFMA 713, Indonesia [13], from 21.6 to 30.0 ◦C
in the Indian Ocean and the Atlantic Ocean [38,39], and warmer than 29.6 ◦C, with the
strongest SST front in the WCPO [29].

Although the SST is essential, other important factors, such as chlorophyll concentra-
tion and mesoscale ocean variability, may impact forage distribution and, thus, apex preda-



Remote Sens. 2023, 15, 1268 3 of 22

tor distribution. Chlorophyll density is a good predictor of albacore tuna habitat [40–42]
and mesoscale variabilities, such as fronts and eddies, which affect albacore tuna abun-
dance [41–44]. Skipjack tuna productivity in Papua’s northern region, Indonesia, strongly
correlates with the Halmahera Eddy meridional shift, where CPUE increases significantly
with a delay of 2 months after the center of the Halmahera Eddy shifts to the north [45].
Skipjack distribution in the Makassar Strait is sensitive to chlorophyll-a concentration [46].
SST and Chl-a may interact to significantly form suitable skipjack tuna habitats [12,13,39].
As a result, the biophysical environmental signatures with powerful trophic links are key
indicators of skipjack tuna habitats. Satellite remote sensing enables the simple monitoring
of signatures with varying spatial and temporal resolutions, which is extremely useful for
modeling tuna habitat structures by developing a reliable model.

To benefit from understanding how important the effects of the key environmental
parameters are in defining commercial skipjack habitat hotspots, we developed a model
by integrating the generalized additive model (GAM) and kernel density estimates (KDE).
The GAM is the primary tool for investigating the functional interactions between skipjack
tuna and two well-known predictors of remotely sensed oceanographic data because the
method allows for a very wide range of forms and does not require any assumptions
about the shape of the functions [12,47]. One of GAM’s strongest points is its ability to
handle substantially non-linear and non-monotonic correlations between the response
and the series of explanatory factors [40,47]. Because of this, it is perfect for describing
underlying relationships to progress species habitat studies [30]. To forecast the abundance
of a species or the chance that it will occupy a specific environment, GAM can be used
to find the best environmental conditions for a commercial species using oceanographic
variables such as SST and Chl-a [12,40,48,49]. Compared to other prediction models based
on environmental factors, GAMs have frequently performed better [50,51]. Interpolating
species distributions in coarsely sampled areas with various spatial–temporal resolutions
is frequently performed using the results of these models [12,40,52].

The kernel density estimator (KDE) is a term used to describe a group of methods for
the non-parametric estimation of density functions that are data-driven [53]. It is an efficient
approach for generating an empirical distribution density function from a population
sample. A crucially important technique for estimating the probability density function
is kernel density estimation, which allows the user to assess the researched probability
distribution more effectively than using a conventional histogram. The kernel technique,
as opposed to the histogram, generates a smooth estimate of the pdf, employs the positions
of all sample points, and more convincingly suggests multimodality [54].

Numerous studies have provided in-depth descriptions of the habitat of skipjack tuna
by demonstrating the significance of surface temperature, chlorophyll-a concentration, current
velocity and direction, surface salinity, and other environmental characteristics [10,13,29,36,39,55].
All of these studies indicated specific oceanographic features that define skipjack tuna
habitat hotspots. However, most of these investigations focused on analyzing skipjack
tuna habitats for all sizes without considering skipjack with a commercially feasible size
(mature) for the purposes of developing sustainable fishery management. In the Bone
Gulf and Flores Sea, it has been found that more than 60% of skipjack catches are not of a
feasible (eligible) size using various types of fishing gear [56,57]; therefore, this fact does
not support environmentally friendly fishing. Using the key environmental parameters
as an important step, the present paper aims to define commercial skipjack tuna habitat
hotspots and assess the fish’s movement pattern in Indonesia Fisheries Management Area
(IFMA) 713, western tropical Pacific, Indonesia, using remote sensing and fishery data.

2. Materials and Methods
2.1. Study Area

Indonesia Fisheries Management Area (IFMA) 713, which is located in the central
Indonesian Sea (western Coral Triangle area), is mostly covered by this study’s area of
interest (1◦S–8◦S and 116◦E–123◦E) (Figure 1). The Makassar Strait, Bone Gulf, Flores Sea,
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and Bali Sea are the four principal areas that make up IFMA 713, which are recognized
as significant skipjack fishing locations in Indonesia. One of the important routes for the
Indonesian throughflow is between the Makassar Strait and the Flores Sea (ITF). As a result
of the Asian–Australian wind systems, which alter the wind direction with the seasons, i.e.,
the southeast monsoon and northwest monsoon, it is significantly influenced by a tropical
monsoon climate [58]. The southeast monsoon mainly occurs from June to August and
is related to a relatively increased Chl-a concentration, low surface temperature (about
28–30 ◦C), relatively high salinity, westward current, wind speed, and directions [58,59].
Meanwhile, the northwest monsoon takes place from December to February, signified by
relatively low Chl-a and surface salinity, high SST (>30 ◦C), and eastward current and
wind directions [58,60]. The interaction between the ITF and the Asian monsoon affects
the specific current circulation system, tidal mixing, Ekman mass, heat transport, wind-
induced upwelling and downwelling process, and the environmental variability of SST
and Chl-a density [58–60]. The southeast monsoon winds, which completely develop
across the southern Makassar Strait between June and August, are primarily responsible
for the upwelling process. The ITF in the Makassar Strait has an impact on the upwelling
mechanism [58]. The ITF creates an eddy that induces a convergence in its route and
divergence in the coastal region, resulting in a recirculation. Due to the complexity of the
coastline and seafloor topography, eddies form in the Makassar Strait [61,62]. The dynamics
of the biophysical environmental features in this area have resulted in the high productivity
of this surface habitat hotspot, which provides foraging habitat for various pelagic species,
notably tuna, that are both commercially and environmentally valuable [13,63].

2.2. Skipjack Fishery Data

Purse seine (standardized fishing effort with the highest fishing power index) and pole
and line fisheries, which cover a range of 116◦E–123◦E and 1◦S–8◦S, catch skipjack tuna
most of the year. These forms of fishing equipment are the most dominant used to catch
skipjack in IFMA 713, central Indonesian Sea. The purse seine and pole and line fishing
logbooks from which the fishery catch information was gathered were provided by the
Indonesian Government Incorporated Company, Kendari Ocean Fishery Port, Southeast
Sulawesi, the Ministry of Marine Affairs and Fisheries Republic of Indonesia, Fish Landing
Sites under Marine Affairs and Fisheries, South Sulawesi, and the Faculty of Marine Science
and Fisheries (FIKP), Hasanuddin University, fishing survey during both the northwest
and southeast monsoons from 2007 to 2016.

The skipjack catch per unit effort (CPUE) was computed as the number of skipjack tuna
per trip from daily georeferenced fishing positions (latitude and longitude), the number
of skipjack in the catch, and effort (fishing set). The CPUE data were then compiled into
datasets with a monthly resolution. The skipjack fork length data (ranging from 18 cm
to 79 cm) were collected from the fishing surveys by the Hasanuddin University research
teams and students (about 20% of fish samples in each fishing set). The data were also
obtained and complemented from enumerators of the fish landing sites (more than 50% of
fish samples from each fishing trip) that covered the study area (Makassar Strait, Flores Sea,
and Bone Gulf). This paper investigated the habitat hotspot for mature skipjack tuna with
a fork length ≥50 cm. Fork length (FL) at 50% maturity was estimated to be 47.9 cm in the
tropical region of the WCPO [64], while the skipjack FL at first maturity in the Bone Gulf,
Indonesia, is about 46.5 cm [65]. Therefore, to consider the sustainability of skipjack fishing,
this paper investigated the habitat hotspot for commercial mature skipjack tuna with a fork
length ≥ 50 cm. A total of 333 fishing grounds were sampled for commercial skipjack in
the research area. The movement patterns of skipjack tuna schools were explored using
the fishing data from July to November of 2017. The catch data were collected from up to
116 sampling fishing locations during scientific purse seine fishing surveys in the research
area during the peak seasons of 2017 and 2018 to validate our model.
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Figure 1. The map of the study area, illustrating the major environmental characteristics of Indonesia
Fisheries Management Area (IFMA) 713 (1–8◦S and 116–123◦E).

2.3. Remotely Sensed Oceanographic Data

We used sea surface Chl-a and SST as the primary bio-physical oceanographic vari-
ables to characterize the skipjack tuna habitat hotspots near the fishing grounds (Table 1).
Aqua/MODIS (Moderate Resolution Imaging Spectroradiometer) Ocean Color Level-3
Standard Mapped Image Products were used to estimate the sea surface Chl-a concentra-
tion and SST at all fishing points. The level 3 binary data are made available by NASA in
NetCDF format. These datasets were provided by NASA’s Earth Observing System Data
and Information System (EOSDIS) with a portal (http://oceancolor.gsfc.nasa.gov, accessed
on 1 March 2017). For the 2007–2016 period covered by this investigation, we employed
Global Area Coverage (GAC), using the monthly mean images with a spatial footprint
of approximately 0.04◦ × 0.04◦. In addition, this paper also used the global geostrophic
current velocity and net primary productivity data, especially during the peak season
(Table 1). The current velocity data were provided by the Copernicus Global Sea Physical
Analysis and Forecast numerical model (https://data.marine.copernicus.aeu/product,
accessed on 1 January 2019) at a spatial resolution of approximately 8 km (latitude and
longitude) and monthly mean temporal resolution. The products were stored using the
NetCDF format. The Oregon State University provided satellite-derived net primary pro-
ductivity (NPP) data. (http://sites.science.oregonstate.edu/ocean.productivity, accessed
on 1 January 2019), as monthly means at 0.083◦ × 0.083◦ spatial resolution. The NPP
is defined as a function of the vertically generalized production model (VGPM), Chl-a
concentrations, SST, and cloud-corrected incident daily photosynthetically active radiation

http://oceancolor.gsfc.nasa.gov
https://data.marine.copernicus.aeu/product
http://sites.science.oregonstate.edu/ocean.productivity
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(PAR). We used standard VGPM data with an HDF format. The NPP and current velocity
were resampled to match SST and Chl-a resolutions. We processed the satellite and catch
data using Interactive Data Language (I.D.L.) 8.5 and R language and mapped all the data
using the ArcGIS 10.2 software package (ESRI, Redlands, CA, USA) and Generic Mapping
Tools (GMT).

Table 1. List of remotely sensed satellite data used to define mature skipjack tuna habitat hotspots.

Oceanographic
Parameters Unit Spatial Footprint Temporal Resolution

Sea Surface Temperature ◦C 4 × 4 km Monthly
Chl-a concentration mg m−3 4 × 4 km Monthly

Net primary productivity gr C m−2 month−1 9 × 9 km Monthly
Current velocity (U,V) m s−1 8 km × 8 km Monthly

2.4. Model Construction for Predicting Potential Skipjack Habitat

Potential habitat hotspots for mature skipjack were explored using a probability of SHI
map constructed from satellite-derived ambient thermal and ocean color measurements.
To precisely identify pelagic tuna hotspots, we used the best fishing performance (pre-
dicted CPUE and fishing effort frequency) in connection with biophysical oceanographic
factors (SST and Chl-a). SST and surface Chl-a concentration are the two leading habitat
predictors for tuna distribution and movement in the western North Pacific. [12,40,66].
CPUE was regarded as a proportional indicator of fish abundance [67,68], while fishing
effort frequency was considered an index of fish availability [35]. We used generalized
additive modeling (GAM) to predict mature skipjack CPUE based on the two predictors
describing the environmental fishing grounds. A GAM is a non-parametric generalization
of multiple regressions that is less limited in its assumptions of the underpinning statistical
data sampling due to the probability of non-linear associations [47]. It is most probable that
the natural relationship between CPUE and the skipjack environment is non-linear.

The GAM was constructed in the form:

g(Log(CPUE + c)) =∝ +S(SST) + S(Chl − a) (1)

where g is the link function of the expected value of the dependent variable (CPUE), α is
the model constant, and Sn is a smoothing function for each of the model covariates (SST
and Chl-a). We used a logarithmic transformation of CPUEs to normalize the asymmetrical
distribution [40]. Before log transformation, a constant factor (c) was applied to allow for
zero CPUEs [40].

The mgcv package’s gam function was used to build GAMs in R Studio [69], with
CPUE as the response measurement and SST and Chl-a as predictor variables. The signifi-
cance of the predictor terms and increasing cumulative deviance explained (CDE) were
used to identify the model performance [12,70]. The predict.gam function could predict
skipjack tuna CPUEs using constructed GAMs based on a set of covariates identical to those
used to build the model [12,70]. From the model output, we constructed histograms to ana-
lyze the link between predicted CPUE and the oceanographic factors. Then, we plotted the
probability density function using the “ndensity” function from the kernel density estimate
(KDE) in R language on the histograms of SST and Chl-a. The kernel density estimator
takes advantage of the positions of each sample point, which improves its ability to extract
information from the sample. It is a smooth curve, which better shows the pdf’s details
and may, in some situations, imply non-unimodality [54]. We generated the probability
distribution of the skipjack habitat hotspot index (SHI) using the predicted CPUE model in
connection with Chl-a (Figure S1) and SST (Figure S2) and the probability distribution of
KDE in R Studio (Version 3.5.3). The probability of SHI was calculated from the histograms
of both GAM-predicted CPUE and the probability of fishing density KDE. Then, we used
the automatic processing algorithm through the IDL (Interactive Data Language) software
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package to generate the spatial and temporal pattern of SHI probabilities (potential habitat
hotspots) in the study area.

2.5. Movement Pattern of Skipjack Tuna Fishing Ground

The movement of mature skipjack schools was studied using 5 months of the dataset
from July to November 2017. This period covers the southern movement of high tuna
concentrations in the peak season in the Makassar Strait. We used the monthly SHI during
this period to track the spatial movement pattern of the skipjack tuna fishing ground. After
that, we compared the actual fishing ground movements with the dynamics of an SHI
probability of ≥0.75 (Quartile 3) based on the analysis of the GAM-KDE model during the
period. Using Kappa statistics, the accuracy of the possible predicted habitat maps was
tested [71]. A total of 170 independent pieces of fishing data were used for this analysis to
verify the forecasting model’s accuracy level.

2.6. Mapping and Validating Potential Skipjack Tuna Habitat

The predicted skipjack habitat index (SHI) and a couple of oceanographic factors,
including contour SST, Chl-a, current direction, and net primary production, were mapped
using Generic Mapping Tools/GMT 4.5.18 [72]. Then, these maps were overlain and
compared with independently observed CPUEs throughout the peak seasons of 2017 and
2018. The distribution of movement of skipjack through the habitat hotspot from July to
November was also examined. Furthermore, we tested the degree of agreement between
the distributions of fishing sites and habitat hotspots using the Kappa statistics. We also
investigated the correlation between the total observed skipjack CPUEs and the probability
index (SHI) using a nonlinear model to evaluate our model’s accuracy for the period
2007–2016.

3. Results
3.1. Skipjack Tuna Fishing Performance versus Oceanographic Factors

All skipjack tuna catch sizes were identified in the fishing grounds with a Chl-a
between 0.1 and 0.6 mg m−3, with the fishing effort density increasing to between 0.15 and
0.37 mg m−3 (Figure 2A). The kernel density estimation revealed that the average fishing
effort density was 0.26 mg m−3 and peaked at 0.22 mg m−3 (KDE). The SST varied from
27.5 to 32.5 ◦C, with 29.15 to 30.97 ◦C exhibiting the highest intensity of fishing sets, with a
peak at 30.05 ◦C (Figure 2B). Based on the fishery datasets, skipjack catch sizes of ≥50 cm
were obtained from approximately 27% of the fishing grounds. For the mature skipjack
tuna used for commercial purposes, we found specific favorable Chl-a values ranging from
0.15 to 0.28 mg m−3, and KDE calculated the significance level to be 0.2 mg m−3 (Figure 2C).
The probability distribution of Chl-a in the relatively high spatial resolution in which each
fish had been caught demonstrated the strongest relationship between skipjack catch and
the Chl-a front indicated by the 0.2 mg m−3 surface chlorophyll density. Using kernel
density plots, the preferred SST for a feasible size of skipjack was 30 ◦C, with an interval of
29.5–31 ◦C (Figure 2D).

Using the GAM, the Gaussian family, linked to the identity link function, was selected
because the CPUE has a continuous distribution. To normalize the asymmetrical distri-
bution, we applied a logarithmic transformation to CPUEs [40]. The predicted skipjack
CPUEs from the explanatory variables were significant, with 30.3% cumulative deviance
explained (CDE) (Table 2). All predictors (SST and Chl-a) were statistically significant
(p < 0.01). It is important to note that these environmental parameters greatly contributed
to describing the real variability of commercial skipjack tuna habitats. From the model, the
strongest effect of SST on CPUE occurred from 29.5 to 31 ◦C. The significant effect of Chl-a
on skipjack abundance ranged from 0.15 to 0.28 mg m−3 (Figure 3). The preferred SST
described 79.11% of total mature tuna catches. In contrast, the favorable Chl-a accounted
for 79.20% of the commercial skipjack CPUEs. All of these signatures can be used as strong
indicators of skipjack habitat hotspots.
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Figure 2. Probability density distribution of SST (A) and Chl-a (B) estimated from Aqua/MODIS for
all skipjack catches (n = 1248) and that of SST (C) and Chl-a (D) for commercial (mature) skipjack
tuna (n = 333) caught in the study area (IFMA 713) from 2007 to 2016. The vertical dash line indicates
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Table 2. Final GAM construction summary for the approximate significance of smooth terms.

Variable Edf Ref.df F p-Value CDE (%)

s(SST) 8.591 8.947 12.688 <2 × 10−16

s(Chl-a) 6.984 8.019 2.716 0.00632

Total 30.3
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The results obtained above are further reinforced by comparisons of the predicted
skipjack CPUE with concurrent ocean color (Chl-a) and thermal (SST) signatures using 3D
catch–oceanographic relationships for the period of 2007–2016 (Figure 4A). The highest
CPUEs (more than 300 fish/fishing set) were localized between 0.1 and 0.3 mg m−3 for
surface Chl-a and peaked at around 0.2 mg m−3. The range of temperatures where SST
and CPUE were most strongly correlated was 29.5 to 31.5 ◦C, with 30 ◦C being the habitat
of choice. Using KDE, the highest density of fishing sets occurred in areas with a Chl-a of
0.15–0.3 mg m−3 and an SST of 29.5–30.5 ◦C, centered at 0.2 mg m−3 and 30 ◦C, respectively
(Figure 4B).
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3.2. Distribution of Potential Skipjack Tuna Habitat in Space and Time

Figure 5 shows the spatial-temporal dynamics of prospective skipjack tuna habitats.
In January, the potential area for skipjack is widely distributed throughout the study area.
Key habitats began to develop in the southern Makassar Strait the following month and
moved to the Flores Sea in March. In April, biologically rich areas were concentrated in
the western Flores Sea and peaked in May, coinciding with the increase in skipjack CPUEs
(Figure 6A) and skipjack habitat index (SHI) (Figure 6B). Potential fish habitats widely
appeared in June from the northern area of the Makassar Strait to the south (1–5◦S and
117–119◦E). In this month, an enriched skipjack habitat was also detected in the Bone Gulf.
This significant habitat remained, during the following three months, north of the Makassar
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Strait, in the latitude band of 1◦S to 3.5◦S and the longitude band of 118◦E to 119◦E. During
this time, skipjack habitats in the study area were generally underdeveloped, especially
from June to August, when tuna catches and SHI decreased (Figure 5). The highest SHI was
strongly linked with the largest catches during the peak of the skipjack habitat in October
and November. Ideal habitat areas for October were well developed in the east of the
Makassar Strait along latitudes of 3–5◦S and longitudes of 118–112◦E, in close proximity
to the greatest actual CPUEs and SHI (Figures 5 and 6). A significant skipjack habitat
developed during the southwest monsoon, notably in November, around the Makassar
Strait, especially in the southern parts, followed by the Flores Sea and Bone Gulf (Figure 5).
In December, the observed mean CPUEs and the predicted habitat intensity decreased
(Figure 6).
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It is important to highlight that with a chlorophyll indicator value of 0.2 mg m−3, the
important skipjack habitats can be located spatially and temporally year-round (Figure 5).
In areas with greater SHI values and CPUEs, the locations of the chlorophyll front matched
up well (Figures 3–5). Interestingly, these areas were primarily discovered within areas
with preferable SST. Most potential skipjack fishing sites with densities of reliable SHI
(above 90%) were found in October (Figures 6 and 7). This fact demonstrates how the
increase in CPUE in that month and the high SHI are clearly associated. Conversely, the
low SHI between July and September also matches the decrease in catches (Figures 4–6).
The temporal variability of SHI indicated that an SHI of more than 75% occurred in two
phases: (1) during May–June and (2) in the period of October–December (Figure 7).

Based on the decade of satellite environmental data for fisheries in 2007–2016, it
was found that there was a statistically significant correlation between total CPUE and
the skipjack habitat index (p < 0.001) (Figure 8). This relationship could be expressed
exponentially by the equation Y = 15.191e5.639x with R2 = 0.70, where Y is the total CPUE
and X is the skipjack hotspot habitat index (SHI). The increase in the habitat index for
skipjack tuna tended to be followed by a significant increase in total CPUE, particularly
starting from an SHI value of 0.60. The model accuracy assessment showed that the SHI
values from January to December could explain 70% of the variability of total catches.
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3.3. Validation of Skipjack Habitat Hotspot Prediction

The spatial distribution of observed skipjack tuna CPUEs overlaid on predicted habitat
hotspots and multiple environmental habitat characteristics are shown in Figure 9. The
model’s accuracy was evaluated using 116 untrained CPUE data sets from 2017 to 2018
that were not included in the spatial model analysis. Cross-validation data both in October
2017 and 2018 showed that tuna fishing points were concentrated in areas with a surface
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Chl-a concentration near 0.2 mg m−3 (the indication for a Chl-a front), an SST about
30–31 ◦C and a relatively high primary production (more than 10 gr C m−2 month−1).
The biologically rich areas were also associated mainly with the convergent current and
temporary anticyclonic eddy circulation in the waters of 4–5◦S and 118–119◦E. Greater
CPUEs were mainly found near the peripheral areas of the eddy field and were closely
correlated with the higher SHI, which defined the significant skipjack habitat hotspots,
suggesting that the SHI was derived and confirmed by the fishing data. The quantitative
cross-validation showed that the average CPUEs increase with increasing SHI (Table 3).

Table 3. Average skipjack CPUE against SHI for validating untrained data of 2017 and 2018.

SHI Average Skipjack CPUE (Fish/Setting)

0.1 0
0.2 110
0.3 200
0.4 20
0.5 398
0.6 514
0.7 940
0.8 1456
0.9 2008
1.0 2420

3.4. Movement Pattern of Skipjack Fishing Ground Relative to Habitat Hotspots

Based on the fishing returns of the fishing fleet standard targeting skipjack, the position
of the fishing grounds from July through to November 2017 extended from the equator
and the northern side of the Makassar Strait to the southern side. When the 0.2 mg
m−3 chlorophyll-a isopleth, our proxy for the Chl-a front, was compared to the monthly
distribution of CPUE, it was identified that both fishing efforts and the highest CPUEs were
concentrated near the front (Figure 10). The purse seine fisheries followed the migrating
skipjack, moving southwards from the equator, covering the areas of the Makassar Strait at
about 2–3◦S and 118–119◦E in July–August to reach the Flores Sea in November. Most of the
largest catches occurred within the habitat hotspot, especially with the formation of the Chl-
a front, suggesting that the skipjack used the Chl-a front pattern as a habitat indicator and
movement pathway (Figure 10). The spatial and temporal movement pattern of skipjack
tuna density estimated from the SHI from the north of the Makassar Strait to the south
(Flores Sea) is associated strongly with the chlorophyll front (Figure 11). This fact seems
consistent with the observed fishery movement data (Figure 11). A significant agreement
was observed between the distributions of the skipjack CPUE and habitat hotspots during
the southward movement (July to November) (Kappa statistic: 0.79).

The skipjack fisheries were distributed within 10 km of the hotspot areas (Figure 12).
Skipjack CPUE was specifically higher near the center of the habitat hotspot, i.e., Chl-a
fronts (Figures 4 and 10), with the mean CPUE being about 195 fish per fishing set within
5 km of the key habitat and less than 50% of that elsewhere (Figure 12). Skipjack fishermen
in the study area apparently took a favorable position with regard to this association by
fishing near as possible to the fronts, with 85% of their effort concentrated within 0–5 km of
the fronts (Figure 12).
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4. Discussion

In the present work, we developed a new spatial model of satellite-based biophysical
environmental and catch data to identify the major habitat hotspots and migratory patterns
for skipjack tuna in Indonesia Fisheries Management Area (IFMA) 713, western tropical
Pacific. This model is constructed from the combination of the GAM and kernel density
estimates (KDE). We selected the GAM since it has been proven to be a reliable model for pre-
dicting tuna abundance and habitat using remote sensing and fishery data [12,30,40,51,73].
KDE is an effective method for identifying data points with the highest density [54]. This
paper uses the KDE to identify the most specific signature of skipjack fishing set intensity
linked to their environments. For the commercial skipjack, we were able to characterize the
highly productive habitat hotspots from this model (Figures 3, 5 and 9). It is worth noting
that the hotspot dynamics may serve as a good predictor of the species’ migration pattern
(Figures 10 and 11).

Our study described the commercial skipjack tuna habitat hotspots in IFMA 713 of
the western tropical Pacific. This area is the second most productive tuna fishing ground,
particularly for skipjack, in Indonesian waters [8]. Most studies investigate tuna habitat
and distribution in many different oceans, as characterized by a set of environmental
variables for all skipjack catch sizes. However, a description of tuna habitat preferences
concerning the feasible size for capture is rarely found in the literature. Here, we focus
on analyzing the potential habitat of commercial fish ≥50 cm in fork length, reflecting
mature skipjack that are feasible for sustainable fishing. It is interesting to point out that
skipjack catch sizes of ≥50 cm were only found in about 27% of total fishing grounds in
the IFMA (Figure 2), implying that locating commercial skipjack in a very specialized area
considering environmentally friendly fishing poses a significant challenge. This study has
global implications for a better understanding of the distribution of commercial skipjack
habitat hotspots in the western equatorial Pacific. As a result of this study, sustainable tuna
fisheries management and strategies can be improved worldwide.

Our findings highlight that the most preferred bio-physical environments define the
commercial skipjack habitat hotspots, with the specific signatures of an SST of 29.5–31 ◦C
and a Chl-a of 0.15–0.28 mg m−3 (Figures 2–4). These areas are associated with an en-
hanced skipjack habitat index (SHI), which reflects the hotspot areas, i.e., a Chl-a front
and anticyclonic and cyclonic eddy water circulation (Figures 5 and 9). Eddy distribution
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and upwelling play significant roles in supporting high-biological-productivity areas in
the Makassar Strait and Flores Sea during the southeast monsoon [58,61,62]. Secondary
production in high-SHI areas creates promising habitats for skipjack and other tunas. For
this reason, eddies, convergence zones, and fronts are important mechanisms for the ac-
cumulation of plankton and micronekton [42], which are frequently found around tuna
aggregations [74,75]. The favorable SST range is supported by that proposed for skipjack
tuna fisheries (around 29–31 ◦C) in the western and central Pacific Oceans, which has
strong links with the SST front [29]. Our result is similar to that recommended for skipjack
habitat hotspots in the western Pacific Ocean, which are associated with the salinity front
and convergence zone identified by the 29 ◦C SST isotherm [10]. In the present study, we
found a better SST range that is more specific than the previous analysis for all skipjack
catch sizes in the Bone Gulf and Flores Sea [13]. In subtropical waters, the potential skipjack
fishing grounds are also linked to the thermal front as a habitat hotspot, with an indication
of lower SST than in the western tropical Pacific [36,76]. Therefore, it is most likely that
commercial skipjack tuna hotspots in the western tropical Pacific are associated strongly
with oceanic fronts (thermal, chlorophyll, and salinity fronts) [10,13,29].

Chlorophyll concentration is the sole biological element that can be measured by
satellite remote sensing. This serves as an indicator of phytoplankton biomass, an essential
indicator of trophic interactions, and provides a good proxy for food availability in marine
ecosystems [39,77]. The Chl-a data are useful for identifying fronts and eddies that are
not always visible on SST maps or even appear to be different in contrast and provide
information on marine biological productivity [43,77,78]. Large schools of tuna congregate
around this feature due to increased productivity in the area, where they feed on lower-
trophic-level organisms [42,77]. Although SST is the most significant variable in predicting
skipjack CPUE (Table 2), this is also strengthened by the previous studies [12,29]; in this
paper, we found that the Chl-a front identified by 0.2 mg m−3 provides a reliable proxy for
skipjack habitat hotspot throughout a year (Figure 5). This variable is the key factor since
it indicates a more specific optimum value than SST (Figures 2 and 3), leading to the best
indicator for predicting skipjack forage habitats (Figures 4 and 5).

In contrast, suitable skipjack feeding habitats with a wider range of Chl-a (0.12–5 mg m−3)
occur in the eastern central Atlantic Ocean and the western Indian Ocean [39] and western
North Pacific [12]. These facts may be related to the high dynamics of the oceanographic
structures throughout these regions. The absence of strong hotspot intensity may be
the reason for the low effect of Chl-a on the formation of the potential skipjack fishing
grounds [29]. A Chl-a concentration near 0.2 mg m−3 is proposed to be a good indicator for
favorable commercial skipjack feeding habitats (hotspot areas) in IFMA 713, the western
Coral Triangle area, and the western tropical Pacific (Figures 4, 5, 9 and 10). A chlorophyll
density greater than 0.2 mg m−3 represents the concentration of planktonic life required for
a sustainable and profitable fishery [79]. Albacore tuna in the North Pacific Ocean use areas
with a Chl-a concentration of 0.2 mg m−3, known as the Transition Zone Chlorophyll Front,
as their feeding habitat and migration route [43]. The possible reasons for the association
of tunas with fronts, including the Chl-a front, could be linked to the accumulation of
preferable food, confinement to a physiologically optimal temperature spectrum, the use of
frontal gradients for thermoregulation, the restriction of visual hunting efficiency due to
water clearness, forage habitat, and migration routes [16,43,75,80,81].

In the present paper, our work shows that all the key variables (SST and Chl-a) are
highly significant in affecting the variability of skipjack abundance. The results are con-
sistent with the previous findings in many different oceans [12,29,39]. Our models could
explain the skipjack CPUE in approximately 30.3% of cases (Table 2), with an accuracy of
about 70% (Figure 8), implying that skipjack catch per unit effort (CPUE) increased substan-
tially in areas with the greatest pelagic hotspot indices (SHI) (Table 3). The peak of CPUEs
is found in October, in good agreement with the highest SHI (Figures 6 and 7). This month,
the greatest CPUEs seem to be associated with an enhanced Chl-a front and the peripheral
areas of anticyclonic eddy water circulation, especially in the eastern Indonesian through-
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flow (ITF) in the Makassar Strait and the cyclonic eddy in the Bone Gulf (Figure 9), creating
enhanced forage opportunities (nutrient rich-water). The biophysical importance of the
Chl-a front may maintain and increase the populations of species preyed upon by skipjack,
such as cephalopods, crustaceans, and small pelagic fish within the area with the preferred
temperature [25,26,82]. The local aggregation of prey species is mechanically influenced
by the eddy habitat, which results in locally enhanced chlorophyll and zooplankton abun-
dance [74,83], stimulating favorable feeding opportunities [84]. We further suggest that the
formation of suitable skipjack potential fishing locations in the peak season was influenced
by current circulation from the upwelling area that transferred nutrient-rich water to the
fishing grounds in the center of the Makassar Strait [61–63]. The eddy-like characteristics
then pinpointed the water’s nutrient-rich conditions (eutrophication) (Figure 9).

The monthly distribution of adult skipjack CPUEs and the 0.2 mg m−3 Chl-a isopleth,
which serves as our proxy for the Chl-a front, shows that both the fishing set and the highest
CPUEs were aggregated within the hotspot areas with the highest SHI (Figures 5–10). The
fisheries that followed the skipjack’s migration began in the Makassar Strait’s eastern
Indonesian throughflow (ITF) waters in July, reached its peak in October, and arrived in
the southern region in November (Figures 5 and 9). All of the largest catches occurred
within the hotspot points, suggesting that the commercial skipjack tuna used the front
as their migration route (Figures 5 and 10). This finding is consistent with the observed
fishing ground displacement (Figure 11). The hotspot zones are important congregating
spots that significantly improve tuna harvest [10,43]. Interestingly, both skipjack CPUE and
the intensity of fishing sets accumulated within 5 km of the habitat hotspots (Figure 12),
suggesting that the hotspot signature is an important indicator for successful adult skipjack
fishing operations. Nonetheless, we believe that the skipjack hotspots are influenced
not only by the eddies and the Chl-a front but also by the seasonal variability of other
environmental features. Some possible environmental conditions include thermocline
depth distribution, forage abundance, and significant wave heights [85], which may be
related to technical fishing operations, intrinsic characteristics of the annual cycle of skipjack
in the area (e.g., recruitment, spawning), and other biotic and abiotic variables [35]. These
issues will undoubtedly be addressed in future investigations.

We observed that fishermen’s choice of fishing locations was mostly based on previous
repetitive experience. The fishermen seem to have practical and effective knowledge
concerning the space-time distribution and abundance of fishery resources. They have two
fishing strategies: (1) using a fish aggregating device for capturing skipjack; (2) going to
a predetermined location and searching for specific environmental indicators suitable for
fishing, such as ocean color and temperature features and seabirds. Therefore, this study
incorporates non-random sampling, which indeed biases the distribution of the observed
field data. We found some fishing points near the port, such as in the Bone Gulf, and
some fishing positions far from the fish landing site, such as in the Flores Sea. However,
we consider that the hotspot locations (e.g., fronts and eddies) that fishermen search for
probably correspond to the real variability of the high abundance and vulnerability of
skipjack tuna schools. It is possible to forecast a regional pattern of the habitat hotspots
for skipjack by using satellite sensors to characterize ocean color and temperature over
vast geographic areas [11,12,29]. This study provides important insights for predicting
the location and timing of commercial skipjack hotspot zones to enhance tuna fishing
tactics and environmental management. Therefore, our findings have global significance
for identifying spatial hotspots, monitoring sustainably harvested skipjack resources, and
observing skipjack migration within the western Tropical Pacific.

5. Conclusions

Using a new model with relatively high accuracy based on the link between the
key satellite-based environmental data and the best tuna fishery performance, this work
defined specifically habitat hotspots for commercial skipjack tuna (with a fish size ≥50 cm)
in IFMA 713, western Coral Triangle area, tropical Pacific Ocean. The enhanced skipjack
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habitat index (SHI) identifies biologically rich habitats, indicating favorable feeding habitats
for skipjack tuna (preferred SST and Chl-a). SST is the most significant variable with a
wider interval band, while Chl-a is an important predictor that provides a specific habitat
signature known as the Chl-a front. We discovered that the Chl-a front and anticyclonic
eddy water circulation are primarily linked to the potential habitat hotspots. Commercial
skipjack catch per unit effort (CPUE) significantly increased in areas with the greatest SHI,
indicating that pelagic hotspots are important in forecasting high-yielding fishing grounds,
positioning efficient fish aggregating devices (FADs), monitoring sustainable skipjack
fisheries, observing skipjack migration, and developing eco-friendly fishing management
and regulation in the western Tropical Pacific. We propose that future studies using long-
term fishery datasets with multi-environment remotely sensed satellite data at significantly
greater temporal and spatial resolutions could produce better habitat hotspot models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15051268/s1, Figure S1: The statistical model predicted CPUEs
vs. satellite-derived Chl-a; Figure S2: The statistical model predicted CPUEs vs. satellite-derived SST.
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