
Journal of

Marine Science 
and Engineering

Article

Spatial Analysis of the Fishing Behaviour of Tuna Purse Seiners
in the Western and Central Pacific Based on Vessel
Trajectory Data

Han Zhang 1, Sheng-Long Yang 2,3,†, Wei Fan 2,3, Hui-Min Shi 2,4 and San-Ling Yuan 1,*

����������
�������

Citation: Zhang, H.; Yang, S.-L.; Fan,

W.; Shi, H.-M.; Yuan, S.-L. Spatial

Analysis of the Fishing Behaviour of

Tuna Purse Seiners in the Western

and Central Pacific Based on Vessel

Trajectory Data. J. Mar. Sci. Eng. 2021,

9, 322. https://doi.org/10.3390/

jmse9030322

Academic Editor: Simone Libralato

Received: 21 January 2021

Accepted: 11 March 2021

Published: 15 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 College of Science, University of Shanghai for Science and Technology, Shanghai 200093, China;
zhanghan0429@hotmail.com

2 Key and Open Laboratory of Remote Sensing Information Technology in Fishing Resource,
East China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Shanghai 200090, China;
yangsl@ecsf.ac.cn (S.-L.Y.); fanw@ecsf.ac.cn (W.F.); huimins0216@hotmail.com (H.-M.S.)

3 Key Laboratory of East China Sea & Oceanic Fishery Resources Exploitation and Utilization,
Ministry of Agriculture, Shanghai 200090, China

4 College of information, Shanghai Ocean University, Shanghai 201306, China
* Correspondence: sanling@usst.edu.cn
† The author contributed to the work equally and should be regarded as co-first authors.

Abstract: The Western and Central Pacific Oceans are the primary operational areas of tuna purse
seiners worldwide. Describing and analysing the fishing behaviour of vessels is highly significant for
the protection of sustainable tuna resources. This study uses Automatic Identification System (AIS)
data of 130 tuna purse seiners from July 2017 to May 2018 and uses data mining methods to identify
the operating status of tuna purse seiners; describes the spatial characteristics of fishing intensity
and the distribution of hot spots; and analyses vessel spatial characteristics to describe their fishing
behaviour. The results show that the tuna purse seiner speed has a marked bimodal distribution,
which corresponds to high-speed transiting and low-speed seine operation. Additionally, from July
to September 2017, the amount of fishing effort invested by tuna purse seiners was lower than that
in other months. The tuna purse seiner activity range includes 120◦ E–60◦ W, 30◦ S–30◦ N, and the
activities for fish and seine operations are primarily concentrated at 140◦ E–150◦ W, 15◦ S–15◦ N.
There are differences between the space for fishing search operations and space where fishing events
took place in each month. Spatial analysis shows that the high-speed transiting fishing effort map
covers a large area, while seine fishing covers a small area. The global spatial autocorrelation
analysis shows that the fishing effort devoted to searching for fish stocks has a spatial distribution
pattern of aggregation and close aggregation. The results of a hot-spot analysis show that the hot
spots on a heat map for finding fish, which are closely spatially clustered, correspond to vessels
searching for fish concentration areas and seine operation areas. Correlation testing shows that under
a 5◦ × 5◦ grid, there is a high positive correlation between the fishing effort invested in finding fish
stocks and the yield data, nets (r > 0.8), and a moderate correlation with catch per unit of effort(CPUE)
(r > 0.3). Based on vessel behaviour, the location of the fish school can be directly determined, and
the distribution of fish clusters and fishing grounds can be predicted. This study can aid in managing
tuna purse seiners in the Western and Central Pacific Oceans and analysing changes in fishery
resources.

Keywords: tuna purse seiners; automatic identification system (AIS) data; fishing effort; fishing
intensity; spatial characteristics; correlation coefficient

1. Introduction

Tuna is an economically important species in pelagic fisheries. More than 50% of the
world’s primary tuna production comes from the Western and Central Pacific [1]. The
status of tuna resources has decreased from the historical high level, and tuna has become
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a hot spot of national and regional concern; thus, it is important to assess tuna resources
for sustainable development and management. Resource assessment is an important part
of fishery resource management; however, traditional resource assessment cannot quantify
the fishing intensity of tuna fishery resources and living waters; thus, the management
and monitoring of vessels are equally important. Due to the large area spanned by the
oceans, it is not feasible for traditional vessels to perform full public supervision. Recent
studies have shown that space behaviour can show hot spots of fishing activities and their
relationship with external factors, and there have been certain relevant studies in offshore
trawling fisheries [2,3].

In a pelagic tuna fishery, Nicolas Bez et al. [4] used vessel monitoring system (VMS)
data to study and quantify the spatial dynamics of tuna purse seine fishing activities in the
Seychelles in the Indian Ocean. With the high coverage rate of VMS data and many appli-
cations in offshore fisheries, its positioning accuracy and near real-time performance have
been widely used in fishing effort estimation and fishery resource assessment. However,
the temporal resolution of VMSs is relatively low, and the method used to analyse VMS
data may affect the estimation of fishing intensity [5], particularly the size of the grid cell
used for analysis, which affects fishing intensity estimates [6]. Additionally, VMS data are
a closed system that is typically difficult to obtain publicly [7].

Automatic identification system (AIS) data have a high time resolution and provide
rich information, such as the distribution of vessels, vessel dynamics and vessel trajectories,
which can be publicly obtained [8]. AIS data can be used to reshape the navigation
trajectory of vessels through a series of discrete point data, which has been successfully
used in maritime supervision, collision avoidance of vessels, target tracking and auxiliary
decision-making. Vessel trajectory data were used to identify the status of the vessels,
describe fishing effort and analyse the fishing space of vessels and other aspects of fishery
application research. Yang Shenglong et al. [9] used AIS information to build a support
vector machine (SVM) model by mining the operating speed and heading characteristics
of longline vessels to establish a fishing ground operation status recognition model and
determine the fishing intensity information of the fishing ground. Yuan Zuohui et al. [10]
used the Moran index in global spatial autocorrelation and the hot-spot analysis method in
local spatial autocorrelation to show that the fishing effort of tuna longline vessels in the
central and western Pacific is spatially autocorrelated and has a significant aggregation and
distribution pattern. Kroodsma [11] used a convolutional neural network to identify the
operational status of tuna purse seine fishing and discovered that the hot spots of fishing
activities on a global scale are related to fishing methods, marine environment and culture,
but without seasonal analysis. Cimino [12] studied the temporal and spatial fishing trends
of vessels by considering marine environmental factors and used the boosting regression
tree (BRT) model to analyse the internal relationship between fishing behaviour and
environmental factors to identify fishing vessels and their dependence on the environment.

There are many analyses of the fishing effort of tuna longline vessels. Tuna purse
seine fishing is the primary type of tuna production [1,13]. Currently, there is still little
information about spatial analysis of the fishing behaviour of regional tuna purse seiners.
In this paper, AIS data were used to conduct spatial analysis of the fishing activities of tuna
purse seiners in the Western and Central Pacific, and the temporal and spatial variations in
fishing efforts and fishing intensity of these vessels were clarified to provide support for
fishery resource management.

2. Data Pre-Processing
2.1. Data Source and Data Pre-Processing

In this study, data on 191 Pacific tuna purse seiner vessels were collected from the
literature [11], Global Fishing Watch Data and the Western and Central Pacific Fisheries
Commission (WCPFC) based on Maritime Mobile Service Identify (MMSI) and ship name.
Based on the MMSI number, AIS dynamic time-series data such as date, longitude and
latitude, course and speed were extracted. The time range of AIS data in this study covers
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a total of 11 months from July 2017 to May 2018. Of the 191 vessels, 43 MMSI had no AIS
data. A total of 148 MMSI vessels had AIS data, 59 MMSI vessels had AIS data for all
months and the other 89 had only AIS data for the months September, November and
December 2017 and from January to May 2018.

The AIS data of these 148 fishing vessels were selected based on the MMSI number and
sorted by date and time, and data with repeated times were eliminated. Based on personal
interviews with fishermen, experience of our former fisheries observers and our statistical
results, the speed of the tuna purse seine is generally below 15 knots. The selected speed
was 0–15 knots of AIS data, and the data of speeds greater than 15 knots were eliminated.
The date was converted into “year”, “month”, “day”, “hour”, “minute”, “second”, and
select “longitude”, “latitude”, “course”, and “speed”. The time difference between two
vessel positions before and after each vessel was calculated using the following formula:

∆Ti,j = Ti,j − Ti−1,j (1)

where Ti,j and Ti−1,j are the time of the two consecutive vessel positions in the trajectory of
vessel j; the difference between the two is the time interval ∆T; and the unit is hour.

From the time interval of more than 24 h of data points, excluding data points with a
time interval greater than 24 h, we finally obtain a total of 8,117,450 data points for these
148 tuna purse seiners from July 2017 to May 2018.

The study obtained the production data of tuna purse seiners from the Western and
Central Pacific Fishery Commission (WCPFC). The data included longitude, latitude,
catches, and net times. The time resolution is one month, and the spatial resolution is
5◦ × 5◦. The formula for calculating the catch per net time is as follows [14]:

CPUE =
Ci
ni

(2)

where Ci is the catch of vessels in the ith grid in the study area, ni refers to the total number
of nets used by vessels for fishing operations in the corresponding ith grid, i is the number
of grids, and CPUE is the catch per unit effort in tons.

2.2. Study Area

Based on the AIS information of 148 tuna purse seiners, the AIS data of the vessels
in the Pacific through the spatial track points involved a total of 130 vessels. The spatial
trajectory distribution of the 130 vessels over 11 months is shown in Figure 1. Based on
Figure 1, 120◦ E–60◦ W and 30◦ S–30◦ N were selected as the study areas in this paper.
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A total of 130 tuna purse seiner vessels were classified based on the MMSI. A total of
130 tuna purse seiners belong to 14 countries and regions. Among all vessels, the United
States has the most vessels (27), followed by South Korea (22), Papua New Guinea (17),
Philippines (15), The Federated States of Micronesia (13), Kiribati (9) and so on. China has
8 vessels, and the country and region with the least number has only one vessel.

3. Methods
3.1. Fishing Behaviour of Tuna Purse Seiners

Seiners are vessels that primarily catch the fast-moving upper strata of the ocean, and
a seine is a long net suspended vertically by a vessel or separate small boat on the sea or
around a shoal of fish. To chase and round up fish, the purse seine is typically dragged at a
certain speed. When information is received about the presence of dense schools of fish in
an area, the vessels move quickly to the central zone of the fishery. Tuna swim faster, and
seine nets must be set quickly to avoid fish escaping. Therefore, when fishing schools of
tuna, the purse seine is moved at high-speed. Once the net is completely around the fish,
the bottom of the net is pulled open, and the net is dragged away. A seine operation is
defined as the time between the time the net surrounds the fish and the end of the fishing
operation when the net is lifted out of the water, and the length of the operation may vary
from an hour to several hours depending on the catch. During this period, seiners remain
more or less stationary, typically at a slow speed of approximately 2.5 knots or less on the
surface of the sea [15,16]. Second, in addition to specific operating speed characteristics,
tuna purse seiners must adhere to specific time characteristics; thus, tuna purse seiners
typically search for fish stocks and fishing operations only during the day and rest at night.

3.2. Different Trajectory Point Mining Method

Vessels set their nets quickly, but fishing may last several hours, during which time
the speed of the vessel remains low. Based on these characteristics of tuna purse seine
operation and the literature [16], this paper uses day/night and speed thresholds to identify
the operating status of tuna purse seiners. The calcSol function in the solaR package was
used to calculate the brightness of each locus point [17], and the daytime locus point was
extracted with a brightness value greater than zero. In this paper, based on speed statistics
and the literature [4], the threshold speed V1 and the brightness value are greater than zero
to extract the operating trajectory points of the tuna purse seiners during net fishing, and
the threshold speed V2 and the brightness value are greater than zero to extract high-speed
transiting track points. The track points discriminant formula is as follows:

Pf ishing =

{
1 v ∈ V1 and c 6= 0
0 else

(3)

Psearching =

{
1 v ∈ V2 and c 6= 0
0 else

(4)

where V1 and V2 are the speed ranges under the conditions of net fishing at low speed and
high-speed transiting behaviour, respectively; and c is the brightness value, where c = 0
at night. When Pf ishing = 1, we assume that a vessel is working (i.e., collecting the net for
fish); when Psearching = 1, we assume that a vessel is transiting or looking for or chasing
schools of fish.

3.3. Definition of Fishing Intensity and Fishing Effort

Fishing effort is a measure of the human effort involved in fishing activities. In this
paper, the time spent by tuna purse seiners on the sea to catch tuna, including search and
chasing schools of fish and net fishing, is defined as the amount of fishing effort. The
fishing intensity measures the time spent by all tuna seiners in each grid unit within a
given time range.
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To separately analyse the temporal and spatial distribution of vessel input under the
two types of behaviours of high-speed transiting and harvesting nets, we identify the data
of each trajectory point, count the fishing boats in different states, and calculate the fishing
effort between two points in the corresponding sailing trajectory. The formula is as follows:

FEi,j = ∆Ti,j × Pf ishing (5)

SEi,j = ∆Ti,j × Psearching (6)

where Pf ishing and Psearching are the operating status of vessel j at position i;FEij is the
fishing effort invested by the vessel under the net fishing behaviour; and SEij is the fishing
effort invested by the vessel in the act of high-speed transiting.

Within a certain period of time, the fishing intensity of the k operating grid in the
fishery area is defined as the sum of the fishing efforts of all vessel position points within
the grid in hours, and the calculation formula is as follows:

Ek =
N

∑
j=1

M

∑
i=1

Ei,j (7)

where N is the total number of vessels in the grid, and M is all position points of vessel j in
the grid. Ei,j is the fishing effort invested by fishing vessel j at the i− 1 to i spatial positions
in the trajectory of the voyage in hours, including FEi,j and SEi,j.

3.4. Spatial Analysis Method
3.4.1. Global Moran Index Parameter Calculation

To understand the global spatial distribution pattern of the fishing effort of tuna purse
seiners studied in the study area, the global Moran’s index from the spatial autocorrelation
analysis was used for measurement, and its formula is as follows [18]:

I =
n∑n

i=1 ∑n
j=1 wi,jzizj(

∑n
i=1 ∑n

j=1 wi,j

)
∑n

i=1 z2
j

, (i 6= j) (8)

where n represents the number of samples; zi and zj are the deviations of the attributes of
elements i and j from the mean values of all sample attributes; and wi,j is the spatial weight
between element i and element j. If element i and element j are adjacent, then wi,j = 1;
otherwise, wi,j = 0.

The range of the global Moran index is −1~1. If the value is greater than 0, the
elements are clustered throughout the study area. The closer the value is to 1, the higher the
degree of aggregation the distribution is. If the value is below 0, the elements are discretized
throughout the study area. The closer the value is to −1, the higher the degree of discrete
the distribution is. If the value is equal to 0, the elements are randomly distributed. In the
ArcGIS software environment, the Global Moran’s I tool returns the Z score and p value,
where the Z score is a multiple of the standard deviation, and a larger Z indicates that
the elements are clustered and distributed. The p value refers to the probability that the
geographical space elements are randomly distributed throughout the space, and a small p
value indicates that the spatial distribution mode is less likely to be randomly distributed.

3.4.2. Calculation of Hot-Spot Analysis Parameters

To understand the local spatial distribution pattern of fishing effort of tuna purse
seiners in the study area, the pattern was measured using hot spot analysis statistics
and the spatial autocorrelation analysis method. Hot spot analysis can identify high and
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low-frequency locations of fishing efforts with statistical significance. Its formula is as
follows [19]:

G∗i =
∑n

j=1 wi,jzj − X∑n
j=1 wi,j

S

√
n∑n

j=1 w2
i,j−

(
∑n

j=1 wi.j

)2

n−1

(9)

where n, zi, zj and wi,j represent the meanings of Formula (8); X is the mean value of all
the sample attributes; and S is the standard deviation.

In the ArcGIS software environment, the hot-spot analysis tool returns Z scores and
p values, which are similar to the Z scores and p values returned by Global Moran’s I. A
statistically significant positive Z score indicates hot spots, and the higher the Z score, the
closer the hot spots are clustered. Negative values represent cold spots, and the lower the
Z-score, the tighter the concentration of cold spots. In this paper, ±1.96 is considered to
be the threshold value of the Z score, and the research area is divided into hot-spot areas,
cold spot areas and random distribution areas. Among these, a hot-spot area represents the
high element value surrounded by high value, identifying a location where high fishing
effort of tuna purse seiners occurs in clusters.

3.5. Correlation Test

In this paper, we define the degree of correlation between tuna purse seine production,
net times, and CPUE with a grid resolution of 5◦ × 5◦. The degree of correlation between
the fishing intensity for finding fish with a grid resolution of 5◦ × 5◦ is the correlation
coefficient, denoted by r1, r2, r3 and is used to measure the linear relationship between tuna
purse seine production, nets, CPUE data and fishing intensity grid data.

ri = Correl(X, Yi) =
∑ (x− x)(yi − yi)√

∑ (x− x)2∑(yi − yi)
2

i = 1, 2, 3 (10)

Formula (10) In this paper, X is the fishing intensity of finding or chasing the fish
school. The production data, net times data and CPUE data are denoted by Y1, Y2 and Y3,
respectively. ri = Correl(X, Yi) calculates the correlation coefficient between the two sets
of data and has a range of ri where −1 ≤ ri ≤ 1 and is positively correlated when ri > 0,
negatively correlated when ri < 0, and not correlated when ri = 0. When |ri| = 1, X, Yi
are completely correlated. Thus, there is a linear functional relationship between X and Yi.
When |ri| < 1, the change in X causes part of the change in Yi. The greater the absolute
value of r is, the greater the change in Yi caused by the change in X. When |ri| > 0.8, high
correlation is indicated, and when |ri| < 0.3, low correlation is indicated. At other values,
moderate correlation is indicated.

Simultaneously, the production, net times, CPUE data and fishing intensity are con-
sidered to establish a linear regression model. Coefficients in the linear regression equation
were calculated using the Regress function, and parameters such as the square of the corre-
lation coefficient r2 and p value were obtained. From another perspective, the relationship
between the production, net times, CPUE data and fishing intensity data is described.

Yi = β0 + β1X (11)

In Formula (11), X and Yi are the same as in Formula (10): finding or chasing a school
of fish fishing intensity data X is the independent variable, β0 is the constant term in the
regression equation, and β1 is the coefficient X of the independent variable in the regression
equation.

4. Results
4.1. Operation Characteristics of a Single Tuna Purse Seiner

Figure 2 shows the movement track of a tuna purse seiner with MMSI number
338,539,000 on the sea surface and takes all AIS data of this vessel from January to May
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2018. The image on the left shows all the data, while the image on the right shows the cor-
responding 15-day data from April 15 to 30. Figure 2a,b show the plane trajectory velocity,
and Figure 2c,d show the spatial diagram of fishing intensity shown by the accumulated
residence time of vessels. Figure 2a,b show that for the movement area of a single vessel,
the high-speed trajectory points are the primary points, and the low-speed trajectory points
are less common. Figure 2c,d show that the movement area is dominated by the track
points of the vessel with a shorter stay time, the area where the vessel stays for a longer
time is more concentrated, and the area involved is small.
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The motion trajectories of the two images are basically consistent in spatial distribution.
The high-speed trajectory in Figure 2a,b shows little accumulated time in Figure 2c,d.
Conversely, the low-speed trajectory in Figure 2a,b occurs over a long duration, as shown
in Figure 2c,d.

4.2. Speed and Heading Characteristics of Vessels

Figure 3 shows the velocity and course distribution of all position points of tuna purse
seiners in this study. The interval distribution diagram of the tuna purse seine vessel’s
speed and the course shows that speed exhibits a bimodal distribution, with the speed of
most vessel position track points between 0 and 2 knots, and the other peak between 11 and
14 knots. The course distribution of tuna purse seiners is relatively uniform without marked
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characteristics. The speed of tuna purse seiners has distinct characteristics; however, the
heading has no distinct characteristics.
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Based on the bimodal distribution of the speed of tuna purse seiners, the speed is
divided into two sections. The first interval is 0–2.5 knots, which corresponds to the tuna
purse seiners harvesting nets. The second interval is 6–15 knots, corresponding to the
high-speed transiting of tuna purse seiners to find or chase fish schools and set the net.
Therefore, speeds of 0–2.5 knots and 6–15 knots can be used as speed thresholds to classify
the operating status of tuna purse fishing vessels.

4.3. Distribution of Fishing Effort of Vessels in Each Month

Figure 4 is a time series diagram of the monthly fishing effort of 130 tuna purse
seine vessels.
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Figure 4. Time series chart of fishing effort by month: (1) The black broken line: the time invested by the vessels in all
actions, including high-speed transiting and collecting nets for fishing; (2) The broken red line: the amount of fishing effort
invested by the vessel transiting at high-speed to find or chase the fish; (3) The broken blue line:the amount of fishing effort
invested by the vessels during low-speed purse seine operations.

Compared with the broken line of purse seine operations, the accumulated time of
high-speed transiting to find fish schools is longer than that of low-speed purse seine
operation. Compared with the polyline that includes all vessel activities, the sum of the
cumulative duration of high-speed transiting and low-speed purse seine operations is
lower than the cumulative total duration of all vessel activities. Additionally, there were
more vessel activities from October to December 2017 and January to May 2018 than
from July to October 2017, and the cumulative total duration of the vessel locations was
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typically relatively large. Among these results, the total duration of the three types of data
in September 2017 was the smallest compared to other months (i.e., vessels were less active
in September 2017).

Figure 5 is a time series diagram of the coverage area of the vessel’s trajectory in each
month. Based on the month, the 0.5◦ × 0.5◦ grid number under the fishing trajectory is
added to describe the coverage area. The black broken line represents the coverage area of
vessels under all actions, including high-speed transiting and collecting nets for fishing.
The average monthly coverage rate is 27.2%. The broken red line represents the coverage
area of the trajectories of vessels transiting at high speeds looking for fish or chasing fish,
and the monthly average coverage rate is 26.9%. The broken blue line represents the
coverage area of the trajectory of the vessel during low-speed purse seine operations, and
the monthly average coverage rate is 7.1%. The coverage area of high-speed transiting and
all behaviour states of vessels is similar, while the coverage area of purse seine operations
is smaller.
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4.4. Spatial Analysis of Fishing Intensity of Vessels

Figure 6 shows the spatial distribution of fishing intensity of vessels in the Pacific
Ocean 120◦ E–60◦ W, 30◦ S–30◦ N for 11 months from July 2017 to May 2018. The spatial
resolution in this study is 0.5◦ × 0.5◦.

Figure 6b shows that there are 3 areas where the time spent searching for fish schools
is high. In each grid area, the time spent searching for fish schools for tuna purse seines
exceeds 100 h. Off Papua New Guinea, the intensity of tuna purse seine fishing and the time
spent by vessels looking for fish are large and located in an area where tuna purse seine
vessels operate in high densities in the Western and Central Pacific. The area near 180◦ E
east longitude and 10◦ S south latitude is the second area that shows high fishing intensity
and high investment time for finding fish. The third high-intensity area for finding fish is
near the equator (160◦ E–175◦ E east longitude), which corresponds to the high-intensity
area of time investment in Figure 6a. These areas are consistent with the purse seine fishing
operation area in Figure 6c. Tuna purse seine fishing operations are primarily distributed
near the equator and south of the equator to 15◦ S latitude.

The study area includes an island located in the mid-western Pacific Ocean, the
Phoenix Islands Protected Area between Hawaii and Fiji in the South Pacific, which have
an area of approximately 408,250 km2. Additionally, there is a larger marine reserve
called the Cook Islands Marine Park in the Pacific Ocean at 20◦ S south latitude and
165◦ W western longitude, which has an area of approximately 1,065,000 km2. Based on
Figure 6c, the trajectory area involved in the fishing operation of the vessel does not cover
the marine protected area, indicating that the fishing behaviour of the vessels is reasonable
and standardized.
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Based on Figures 1 and 6, fishing operations and high-speed transiting are concen-
trated in the Pacific Ocean 140◦ E–150◦ W, 15◦ S–15◦ N. Next, we further discuss the
characteristics of the trajectory and spatial distribution of vessels in these areas.

Figure 7 shows the spatial distribution of the fishing effort invested by tuna purse
seine vessels with a 0.5◦ × 0.5◦ accuracy of searching for fish schools and purse seine every
month. The spatial distribution map of vessels at 6–15 knots (i.e., high-speed transiting
in search of fish during the day) is shown on the left side of Figure 7, and the spatial
distribution map of vessel locations at 0–2.5 knots (i.e., seine fishing during the day) is
shown on the right side of Figure 7. There are marked spatial differences in areas where
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tuna purse seine vessels search for fish stocks, and fishing operations are shown to be
intense every month.

Figure 7a shows the images from July to December 2017, which shows vessels search-
ing for fish in July was taken south of the equator between 150◦ E east longitude and
170◦ W west longitude. There are 4 high-intensity areas for finding fish, which are evenly
distributed but small in area. The overall grid coverage rate is 20.1%, and the total time
invested in the grid area of the tuna purse seine to search for fish schools reached 12,105 h.
Figure 7b corresponds to a relatively discrete distribution of seine operating points. The pri-
mary concentrated area corresponds to the high-intensity area of fish hunting in Figure 7a.
The grid coverage rate is 3.8%, and the time spent on purse seine fishing is approximately
5176 h. Figure 7c of finding fish in August is similar to that in July; however, the two
high-intensity areas for finding fish near 165◦ E and 180◦ E longitude tend to expand north-
south with a grid coverage of 17.6%. Additionally, the total time invested in finding fish
schools equalled 10,414 h. Figure 7d of purse seine fishing operations has a corresponding
expansion trend compared to that of Figure 7b. The grid coverage rate is 3.8%, and the total
time of purse seine fishing operations equals 6015 h. In September, Figure 7e of finding fish
and Figure 7f of purse seine fishing operations are located near the equator at 180◦ E east
longitude. There is a marked high-intensity fish-finding area and a high-intensity fishing
area. The grid coverage is 13.5% and 2.2%, and the total investment times are 5830 and
3604 h, respectively.

Looking for fish school Figure 7g in October, there are two primary high-intensity
areas for finding fish in the latitude area from the south of the equator to the 15◦ S latitude,
which are in the vicinity of 150◦ E east longitude and 180◦ E east longitude. The high-
intensity area of fish hunting near 180◦E is larger and corresponds to the area distribution
in Figure 7h of its purse seine fishing operation. The grid coverage of Figure 7g,h are 27.6%
and 6.9%, respectively, and the total time spent on fish hunting and purse seine operations
are 17,251 and 8287 h, respectively. The high-intensity areas for finding fish school Figure 7i
in November are relatively scattered and distributed in the latitude area from 5◦ N to 10◦ S
and the longitude area from 150◦ E to 170◦ E. The grid coverage rate is 31.6%, and the total
investment time for finding fish schools is 20,713 h. The area shown in the purse seine
fishing operation Figure 7j corresponds to the distribution of the high-intensity fish-finding
area in Figure 7i. Among these areas, there are two high-intensity fishing areas at 160◦ E
and 180◦ E east longitude, and the grid coverage rate is 9.1%. The total fishing time is
11,242 h. Looking at the fish Figure 7k in December, there is a large high-intensity area
for finding fish in the latitude area from south to 10◦ S of the equator and the longitude
area from 150◦ E to 170◦ E. The high-intensity fishing area in Figure 7l is contrasted with
this area. Its grid coverage for fish hunting and purse seine fishing is 31.5% and 7.7%,
respectively, and the investment times are 20,648 and 11,395 h, respectively.
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Analysing the images from January to May 2018, looking for fish in Figure 7m at 10◦ N
to 10◦ S latitude area and 140◦ E–160◦ E east longitude, and 10◦ S south of the equator and
180◦ E east longitude in January, there are marked scattered areas with high intensities
for fish hunting. In this image, the grid coverage rate is 30.4%, and the total investment
time for finding fish schools is 20,935 h. In Figure 7n of purse seine fishing, there is a
high-intensity fishing area near 5◦ S south latitude and 150◦ E east longitude. Compared
with the fishing image of December 2017, the high-intensity fishing area near 10◦ S south
latitude disappeared, and the area in the fish cluster changed. The image grid coverage of
purse seine operations in January is 9.6%, and the total fishing investment time is 12,600 h.
In February, looking for fish in Figure 7o, a high-intensity fishing area located near the
equator and east longitude 165◦ E–170◦ E occurred in January. The overall search for fish
trajectory area is more concentrated, the grid coverage rate is 32%, and the total investment
time for finding fish schools is 21,123 h. In Figure 7p, the high-intensity area for purse
seine operations is similar to the high-intensity area for fish hunting, the grid coverage
rate is 8.8%, and the total fishing investment time is 10,103 h. In March, in the fish hunting
as show in Figure 7q, the high-intensity fish hunting area was originally located near the
equator and east longitude 165◦ E–170E but expands to the north-south direction, and
the other high-intensity fish hunting areas decrease in intensity. The grid coverage rate
is 31.5%, and the total investment time for finding fish is 21,706 h. In Figure 7r of purse
seine operations, there is a marked high-intensity fishing area located near the equator
at longitude 165◦ E–170◦ E east. The grid coverage rate is 8.8%, and the total fishing
investment time is 12,932 h. In April in Figure 7s, the fish-finding high-intensity area near
the equator and east longitude 165◦ E–170◦ E continues to expand along the east-west
direction. The high-intensity fishing area in purse seine operation Figure 7t also increases
in size accordingly. The grid coverage of the fish hunting and fishing images is 29.2% and
8.5%, respectively, and the investment times are 20,152 and 11,871 h, respectively. In May in
the fish hunting Figure 7u, the high-intensity fish hunting areas are primarily concentrated
from 5◦ S to 5◦ N and 140◦ E–170◦ E. However, the high-intensity fish hunting area near
the equator and east longitude 165◦ E–170◦ E decreases, the grid coverage rate is 30.9%,
and the total time for fish hunting is 21,894 h. In Figure 7v of purse seine operations, the
high-intensity fishing area originally located in Figure 7t decreases, the grid coverage rate
is 9.2%, and the total fishing investment time is 10,628 h.
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4.5. Hot Spot Analysis of Vessels Fishing Intensity
4.5.1. Global Spatial Autocorrelation

During the 11 months from July 2017 to May 2018, we calculated a series of parameters,
such as the mean, skewness, kurtosis, coefficient of variation, and global Moran’s I, for
fishing intensity grid data for high-speed transiting and purse seine operations. The results
are shown in Tables 1 and 2.

Table 1. Parameter statistics of the effort invested in high-speed transiting.

Month Mean SD Skewness Kurtosis Cv(S/m) S2/m Moran’s I Z Score p

2017.07 7.009 8.356 4.029 25.496 1.192 9.958 0.434 36.963 0.000
2017.08 6.883 9.246 3.859 20.947 1.343 12.419 0.402 43.216 0.000
2017.09 5.040 6.867 5.721 50.520 1.363 9.356 0.363 41.428 0.000
2017.10 7.273 9.220 3.263 14.209 1.268 11.689 0.518 92.925 0.000
2017.11 7.630 8.619 3.394 21.428 1.130 9.735 0.172 75.019 0.000
2017.12 7.611 10.813 4.359 29.141 1.421 15.363 0.487 112.530 0.000
2018.01 8.012 9.798 3.422 18.650 1.223 11.981 0.362 93.178 0.000
2018.02 7.670 8.885 3.254 17.075 1.158 10.292 0.366 119.225 0.000
2018.03 8.016 11.860 4.731 33.889 1.480 17.550 0.261 143.649 0.000
2018.04 8.022 11.849 3.648 17.043 1.477 17.500 0.480 210.123 0.000
2018.05 8.228 12.089 4.120 28.179 1.469 17.761 0.243 148.628 0.000

Table 2. Parameter statistics of the effort invested in purse seine operation.

Month Mean SD Skewness Kurtosis Cv(S/m) S2/m Moran’s I Z Score p

2017.07 15.929 81.524 9.949 107.181 5.118 414.249 −0.004 −0.129 0.897
2017.08 18.454 106.115 11.304 141.121 5.750 610.198 −0.002 0.204 0.839
2017.09 18.870 84.873 7.955 70.802 4.498 381.748 −0.002 0.173 0.863
2017.10 13.975 85.764 12.804 190.967 6.137 526.324 0.005 1.007 0.314
2017.11 14.395 100.715 14.570 240.525 6.996 704.646 0.002 0.625 0.532
2017.12 17.161 104.200 10.866 123.101 6.072 632.680 0.001 0.509 0.611
2018.01 15.255 97.528 14.109 242.169 6.393 623.508 0.004 1.003 0.316
2018.02 13.347 82.986 13.697 210.533 6.218 515.988 0.007 1.150 0.250
2018.03 17.152 110.036 12.251 163.587 6.415 705.909 0.002 0.822 0.411
2018.04 16.262 98.956 13.178 196.683 6.085 602.153 0.003 1.140 0.254
2018.05 13.488 96.474 20.922 501.533 7.152 690.028 0.000 0.367 0.714

In Table 1, the fishing effort invested in finding fish stocks from January to May of 2018
was typically greater than that in the second half of 2017. The skewness value of all months
is greater than zero, indicating that the distribution is positive. The kurtosis values are
much greater than 3, indicating that the fishing effort of the Pacific tuna purse seine vessels
in search of fish schools is strongly concentrated in each month. The global Moran’s I index
for all months is positive, the Z score is large, and the p value is zero; thus, fish hunting
efforts in all months exhibit a concentrated distribution pattern. Additionally, the Z scores
from March to May 2018 are particularly large; thus, the concentration of high-intensity
areas for fish hunting in these months is marked.

In Table 2, the average fishing effort of purse seine is much higher than the average
fishing effort of finding fish schools. The global Moran’s I indices in July, August, and
September of 2017 were negative; the Z scores were smaller; and the p values were larger;
thus, the fishing efforts in these three months showed a discrete distribution. In the
other months, the Moran’s I index is positive, and the fishing effort shows a concentrated
distribution. The Z scores are small and the p values are not zero; thus, the concentration
of fishing effort is small. Additionally, in October 2017, the p values of January, February,
and April of 2018 were relatively small, and the Z scores were above those of other months;
thus, the fishing efforts in these months were more concentrated.
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4.5.2. Hot Spots Distribution of Fishing Intensity

The results of the hot-spot analysis of fishing effort invested by vessels high-speed
transiting are shown in Figure 8 for all 0.5◦ × 0.5◦ grids in this area of 140◦ E–150◦ W,
15◦ S–15◦ N. The hot spot area is similar to the area for finding fish clusters and purse seine
operations in the spatial analysis of vessel fishing intensity.
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Figure 8. Hot spots analysis of fishing effort invested by vessels at high-speed transiting (Hot spots =
red areas; based on 0.5◦ × 0.5◦ grids).

There are multiple hot spots that are marked with a z value greater than 1.96, which
indicates that the effort to find a school of fish in this area is large and is surrounded by
high values. This area has strong spatial autocorrelation and positive correlation, and
other areas are randomly distributed with z-values between −1.96 and 1.96. The spatial
autocorrelation between high and low fish hunting efforts in these areas is weak, and the
distribution is random.

4.6. Correlation Analysis

The correlation coefficients r1, r2 and r3 between the tuna purse seine production, net
times, CPUE data and the fishing intensity invested by vessels high-speed transiting in
the Western and Central Pacific are shown in Table 3. In 2017 and 2018, all correlation
coefficients r > 0; thus, the data are positively correlated.

Table 3. Statistics of correlation coefficient.

Year Month r1 r2 r3

2017

7 0.850 0.845 0.465
8 0.789 0.809 0.386
9 0.773 0.812 0.334
10 0.871 0.868 0.690
11 0.870 0.784 0.796
12 0.843 0.886 0.378

2018

1 0.807 0.879 0.590
2 0.769 0.822 0.596
3 0.860 0.801 0.591
4 0.887 0.863 0.617
5 0.832 0.901 0.504
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In July, October, November, and December of 2017 and in January, March, April, and
May of 2018, r1 > 0.8; thus, the output data of these months are highly correlated with
the fishing intensity of looking for fish. Except for November 2017, r2 > 0.8 in all other
months, indicating a generally high correlation between the data of tuna purse seine nets
in the Western and Central Pacific and the fishing intensity for finding fish stocks. For
the correlation coefficient between the CPUE data of tuna purse seine nets in the Western
and Central Pacific and the fishing intensity of looking for fish schools, 0.3 < r3 < 0.8 is
satisfied in each month; thus, there is a moderate correlation between the CPUE data and
the fishing intensity of looking for fish schools.

Concurrently, the production, net times, CPUE data and fishing intensity for finding
fish schools of tuna purse seine in the Western and Central Pacific Oceans satisfy the
following linear regression equations:

Y1 = −398.849 + 6.628X (12)

Y2 = −9.657 + 0.245X (13)

Y3 = −3.137 + 0.021X (14)

5. Discussion
5.1. Space Behaviour of a Single Vessel

The interval speed statistics observed indicate that (1) the operating speed of the tuna
purse seine vessel exhibit marked changes, (2) that fishing behaviour is primarily described
by vessel speed and 93) that heading characteristics are not clear.

Fishing vessel activity including transiting, searching for fish, fishing operations, and
transshipment (Global Fishing Watch, 2019). Transshipment is very little compared to other
behaviors; in the case of the tuna purse seine fishery, their main two fishing tactics. First,
vessels detect free-swimming schools depends upon visual clues (birds, radars, and sonars).
This means the vessel is searching for fish schools and the individual searching path of a
vessel may be used to fishing effort [20]. Another fishing tactic is that the vessel directly
sailing to the floating objects or artificial manmade fish aggregating devices (FADs), to find
out if there was an association with a tuna school. This behavior means that the tuna purse
seiner vessel moves quickly through abundance-poor areas and towards fishing grounds,
which was indicated by the fish aggregating devices (FADs) or natural objects. These”
cruising” phases were associated with high speeds.

On the other hand, if the tuna schools were found associated with the floating objects
or FADs, the skippers try to track schools immediately. The instantaneous speeds of
vessel are large while tracking. In this case, the tuna purse seiners vessel action was split
into cruising, tracking, and fishing based on speed and turning angles [4]. It is worth
mentioning that visual checking of tuna schools is constant on board fishing vessels during
daylight, so that cruising phases have to be considered as effectively contributing to fishing
effort, that is, searching for a tuna fishing school (effective in terms of detection of new, rich
patches) [4]. Based on the above description, the vessel is sailing is considered as searching
for fish schools. High speed was defined as searching/cruising and tracking. Finally, the
purse seiners set the net to catch fish while the speed remains still. Therefore, the speed
lower than 2.5 knots was defined as fishing operation in this paper and Souza [16] proved
the accuracy as above.

For a single characteristic vessel, the operation trajectory diagrams analysed (speed
and the fishing effort) give a good indication of the operating characteristics of the tuna
purse seine vessel: high-speed transiting is used to find fish and sailing at low speed is
used during fishing operations.

5.2. Distribution of Fishing Effort by Month

For the monthly fishing effort time series chart (Figure 4), the various broken lines
show that it takes a long time for a tuna purse seine vessel high-speed transiting to find a
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school of fish. Once a tuna purse seine finds a school of fish, it will start fishing operations
at a low speed or stop moving forward. The operation time depends on the catch, and
the cumulative length of stay of various vessel activities is far greater than the sum of the
cumulative duration of finding fish schools and purse seine operations. These phenomena
likely occur because fishermen typically look for fish schools and perform fishing operations
during the day, and a considerable amount of time occurs at night while fishermen rest,
which is characteristic of tuna purse seine fishing. The grid number sequence diagram
summarized in each month (Figure 5), describes the number of grids staying in each state
of the vessel based on the characteristics of various broken lines.

According to our results, whether high-speed transiting or harvesting nets, the overall
fishing intensity was below that in other months. David A. Kroodsma et al. [11] analysed
the reasons for regular changes in the fishing effort of fishing boats. For non-Chinese
vessels, the largest factor is Christmas holidays and weekends, while the annual pattern
of Chinese vessels is primarily determined by the fishing moratorium during the Spring
Festival and summer months.

5.3. Spatial Distribution Characteristics of Fishing Effort in Each Month

In the Pacific 140◦ E–150◦ W, 15◦ S–15◦ N area where vessels stay concentrated, we
discuss the spatial distribution characteristics of fishing effort. This paper studies the
spatial distribution of the fishing intensity of the tuna purse seine vessels for 11 consecutive
months. There are marked differences in the space for transiting activities and fishing
operations of tuna purse seine vessels in each month. The two types of images in the
same month have highly corresponding distribution characteristics in space. Yuan Zuohui
et al. [10] analysed the spatial distribution of tuna longline fishing intensity from July to
December 2017 and found that there are multiple central fishing grounds in each month
that tend to expand north–south, spread or shrink to varying degrees.

When the resolution of the image grid is small, real operating points are discrete, and
the area involved in active fishing operations is small [21,22]. To facilitate observation, the
grid resolution in this study is 0.5◦ × 0.5◦. Nicolas Bez et al. [4] analysed the variance in
various vessel activity grid data at different spatial resolutions, and the results showed that
when the spatial resolution was 0.5◦ × 0.5◦, the variance gradually showed a stable trend.
Therefore, it is reasonable to use 0.5◦ × 0.5◦ as the spatial resolution to analyse the spatial
characteristics of fishing intensity in this study.

Based on Moran’s I index, kurtosis, coefficient of variation and other statistical param-
eters in the global spatial autocorrelation analysis, we can obtain the spatial distribution
of fishing intensity with a grid resolution of 0.5◦ × 0.5◦, presenting a distinction between
looking for fish schools and fishing operations. The coefficient of variation Cv is typically
high, indicating that the fish resource density in each grid area is different. The coefficient
of variation in fishing operations in this study is much higher than that of looking for fish
schools, which again confirms the features of the operation mode. The statistical results
of other types of spatial parameters show that the fishing intensity for looking for fish
schools occur in a concentrated distribution pattern, and the real fishing intensity presents
a relatively discrete distribution pattern, which is consistent with the operating characteris-
tics of tuna purse seine vessels. Yang Xiaoming et al. [23] used spatial statistical methods
to analyse bonito purse seine fishing in the Western and Central Pacific and found that
bonito resources in the Western and Central Pacific showed a strong agglomeration and
distribution as calculated by the hot-spot analysis method of local spatial autocorrelation.
They also found that local spatial autocorrelation was strong.

5.4. Enlightenment of Fishing Effort to Resources

This paper examines the correlation between the defined fishing effort and the ob-
tained tuna purse seine catch data. The fishing effort of each month is highly correlated
with the output and net times data, and the CPUE data are moderately correlated. The
proposed one-variable linear regression model described the linear relationship between
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fishing effort and production, net times, and CPUE data. Without considering error, the
real output, real net times and real CPUE can be estimated based on the length of stay
of the vessels in the grid. We used the behaviour of the vessels to directly and roughly
infer the biomass level in its population. Bertrand et al. [24] simulated the trajectory of
vessels via a random walk model, and results showed that the spatial behaviour of vessels
is essentially the same as predator behaviour.

Traditional fishery data faces several difficulties to describe various behaviours of
vessels in a timely and effective manner. This study uses AIS data to analyse the behaviour
of tuna purse seine vessels in the Western and Central Pacific. The definition of fishing effort
in this study can be used to investigate the distribution of resources; for example, based on
vessel behaviour, the location of the fish school can be estimated, and the distribution of fish
clusters and fishing grounds can be predicted. Cimino et al. [12] combined the behaviour
of vessels with information on ocean conditions and explored the relationship between
fishing behaviours and environmental factors. The area in the fish cluster is related to
environmental factors, that is, the spatial behavior of the vessel is closely related to the
marine environment. Future research should consider environmental factors, analyse the
geographic distribution of marine environmental factors, link these factors to the fishing
effort of vessels, and explore the contribution of marine environmental factors to the
behaviour of vessels.
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