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ABSTRACT: Understanding the spatiotemporal dynamics of micro-
plastics on the ocean surface is crucial for assessing their impact on
marine ecosystems and human health; however, long-term fluctuations
have not been extensively studied. We present a long-term empirical
data set on floating marine plastic debris collected from 1949 to 2020
around Japan in the western North Pacific. We observed three phases:
1) a period of increase (0−104 pieces/km2) from the early 1950s to the
late 1970s; 2) a stagnation period, with high abundance (104−105
pieces/km2), from the 1980s to the early 2010s; and 3) a period of
reincrease (>105 pieces/km2) from the mid-2010s to the present. The
shift from film to fragmented plastic in the 1980s and the continuous
downsizing may have caused the expansion of the offshore polluted
area, resulting in a stagnation period by enhancing removal. The
removal is most likely caused by sedimentation with phytoplankton, as the abundance of the plastic debris during this period was
significantly related to the winter Pacific Decadal Oscillation, an index of annual primary productivity. The recent increase in
microplastics suggests that plastic discharge is outpacing its removal capacity, suggesting that the impact of pollution on ocean
surface biota is becoming increasingly evident.
KEYWORDS: plastic pollution, microplastic, fragmentation, sedimentation, Pacific decadal oscillation

1. INTRODUCTION
Marine plastic pollution is a serious global environmental issue.
This problem is highlighted by the lower-than-expected
amount of plastic debris floating on the ocean surface layer
(OSL), known as the “missing plastic” phenomenon,1,2 which
refers to the challenges in tracking plastic waste. This
discrepancy could be due to the overestimation of input
estimates and underestimation of the significance of plastic
removal from the OSL, including fragmentation.3 Several
studies reassessed plastic discharge from possible sources4,5

and removal/fragmentation processes at the OSL.6−8 How-
ever, the dynamics of the large amounts of plastic that have
entered the oceans remain unclear; notably, land-based sources
of plastic debris transported by river systems contribute 80% of
the total plastic debris in the marine environment.9 Micro-
plastics of <5 mm have been detected in close proximity to
areas of industrial activity and in remote oceanic regions, being
detected in the atmosphere and from the OSL to deep
trenches.10,11 Notably, plastic contamination of the food chain
is a significant concern.12 Basic questions about the location of
plastic debris and its life cycle in ocean water remain somewhat
unanswered; this limits accurate assessment of the impact of
pollution on marine ecosystems and human health.

Plastic debris floating on the OSL can enhance our
understanding of the dynamics of marine plastic debris, given
that once plastics enter the ocean, the OSL water acts as a
reservoir for all the buoyant plastic debris and plays an
important role in transporting them to remote areas and
decomposing them, while dispersing the associated chemical
pollutants primarily via wave action, heat, and ultraviolet (UV)
radiation, thereby increasing the risk of food-chain contami-
nation.10,12 Although the amount of plastic debris on the OSL
has increased over time, the long-term trend of marine plastic
pollution is unexplored. Archived continuous plankton record-
er (CPR) samples from the North Atlantic indicate an
increasing trend in macroplastic entanglement since the late
1950s; however, the subsequent increasing pattern is
ambiguous, as it is semiquantitative, in terms of the frequency
of occurrence.13 As the earliest quantitative record was
obtained using plankton net sampling in 1972,14 the
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abundance of plastic debris in the OSL seemed to increase
from 103 to 104 pieces/km2 until the mid-1980s in the North
Atlantic15 and North Pacific;16 however, several studies
reported no temporal trend in plastic abundance in the OSL
until the 1990s to mid-2000s.17,18 Furthermore, plastic
abundance in the OSL has increased abruptly since the mid-
2000s,19,20 suggesting a global trend.18 However, interpreting
snapshots of plastic abundance on a long-term basis is
challenging because of the gaps in the spatiotemporal data
for a region, variations in sample collection and station
selection, and differences in study techniques and method-
ologies, which complicate the debris-detection process.18

Microplastics in marine environments portray diverse
morphotypes, e.g., spheres, fragments, and fibers, generated
by deterioration of larger plastic debris. The morphotypes and
sizes of plastics determine their buoyancy and are closely
linked to their transport and removal from the OSL; therefore,
studying the historical changes in these processes can be the
key to understanding the evolution of plastic pollution in the
marine environment. However, the current literature reveals no
relevant information.
Hence, we present the longest empirical data set for the

plastic debris collected from the OSL (using plankton nets)
from 1949 to 2020, covering the period from the onset of
plastic pollution to the current situation around Japan in the
western North Pacific (WNP). Notably, our study is the first to
analyze the associated temporal changes in the size and
morphotype of the plastic debris in the region, especially as
these characteristics determine the dynamics of marine plastic
pollution (via dispersal and removal/fragmentation).

2. MATERIALS AND METHODS
2.1. Sampling and Analysis. We analyzed the surface-

towed plankton net-sample series (from 1949 to 2020)
collected by 31 organizations and research institutes that
participated in different monitoring programs for eggs, larvae,
and early juveniles of small pelagic fish in Japan, conducted by
the Fisheries Research Agency. We selected a total of 9362
samples collected from 298 cruises in an area between 125° E
and 180° E and 24° N and 47° N (Table S1). Among these,
8922 samples collected from the area within 131° E−160° E
and 25°−47° N were specifically used for the long-term
variation analysis of the abundance, size, and shape of plastic
debris around Japan (Figure S1). After the onboard sorting of
eggs and larvae of small fish, the remaining samples, including
those of plastics, were preserved in a 0.5−2-L glass/plastic jar
containing formalin seawater (5%). The series of samples were
archived by the Japan Fisheries Research and Education
Agency in Shiogama, Miyagi, in a dark and temperature-
controlled room until analysis.
The plastic samples were manually sorted from the plankton

samples according to the method described by Ogi and
Fukumoto;21 the majority of the plastic particles collected were
less than 10 mm in size, although some were substantially
larger. The floating objects on the surface were removed from
each sample bottle with a pair of tweezers, a glass pipette, and
nylon mesh (200 μm). After removing all recognizable floating
plastics, the remaining contents were gently mixed several
times to check for the presence of plastics entangled with
planktonic organisms. Then, the plastic samples were passed
through a nylon mesh (100 μm), washed with distilled water,
and then dried on filter paper at room temperature (23−26
°C). After drying, all plastic particles were counted and

categorized by size, based on their maximum length (ranging
from <1 mm to >30 mm) and shape (fragment, bead, pellet,
filament, film, and foam) (Figure S2). As for filamentous
plastic, we only counted monofilaments to minimize the
overestimation by the contamination of nonsynthetic micro-
fibers like cellulose/cotton.22 Moreover, monofilaments with
similar characteristics (color, thickness, and surface morphol-
ogy) to those used in the plankton nets made by nylon mesh
were also excluded from the counting, and thus, the
contaminations seem to be negligible even if they occurred.
Polymer composition was not analyzed as the particles would
need to be destroyed by pressing with the probe for Fourier
transform-infrared spectroscopy−attenuated total reflectance
analysis; we needed to preserve the original plastic particles for
further analysis of the surface structure and sessile organisms.
During the monitoring program, three different types of

plankton nets were used, depending on the study period
(Table S1): 1) a “Maruchi” net23 was used to assess the
particles discharged during 1949−1988; it consisted of a
conical net with a 130 cm diameter (at the mouth), 450 cm in
total side length, which consisted of the frontal (300 cm)
cotton spliced net (2 mm) and the posterior (150 cm) coated
with resin GG54 (330-μm mesh aperture). 2) A “Shin-Chigyo”
net24 was used to assess the particles discharged during 1987−
2000; it consisted of a cylindrical-conical net with a 130 cm
diameter (at the mouth), 540 cm in total side length, and 450-
μm mesh aperture. 3) A “new-neuston” net,25 which was
modified from the Manta net26 was used to assess the particles
discharged during 2000−2020; it consisted of a frame of 130
cm (width) and 75 cm (height), 540 cm of total side length,
and 450-μm mesh aperture. The net was towed at the air-sea
interface off the port side. Notably, for the Maruchi and Shin-
Chigyo nets, the net mouth should come up to a position that
is convenient for hoisting the nets up; one-third of the mouth
diameter was kept out of the water. When the exposed portion
of the net was 40 cm at the greatest height, the mouth area
underwater was approximately 1 m2 (same as the dimension
for the new-neuston net, 0.98 m2). The tows were conducted
at a ship speed of two knots for 5 min (Maruchi net) and 10
min (Shin-Chigyo and new-neuston nets); the resulting areas
per sample were 402, 803, and 870 m2, respectively. The net
was not equipped with a flowmeter, and the filtering efficiency
was assumed to be 100%. Although it is not possible to assess
the error of estimation in areas per sampling for past
observations, quantitative assessment for the recent monitoring
program with a new-neuston net using a flowmeter showed the
median value of the swept area was 0.996 and thus closely
approximated the theoretical value of 1.0.27 No corrections for
the effect of wind mixing were considered because of the
considerable shift in plastic morphotypes, which could be a
possible source of error in detecting historical changes in
plastic abundance and composition.
Plastic concentration for each tow was computed as the total

number of collected pieces divided by the tow area, reported in
units of pieces/km2. No calibration was conducted between
the Shin-Chigyo and new-neuston nets, as there was no
statistical difference in their catch efficiencies.25 The data for
the Maruchi net were calibrated using a selection curve,28

based on the data obtained from the two nets (Maruchi net
and Shin-Chigyo net) during 1985−1990. The results
indicated that the catch efficiencies for particles smaller than
2.8 mm were consistently lower for the Maruchi net (Figure
S3). We applied a correction factor (C) for the number of
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plastics for each size class (x) collected by the Maruchi net,
using the following equation:

= + + ×C 4.97 (1 4.97)/(1 10 )x0.95 (1.93 )

The underestimation of particles smaller than 2.8 mm for
the Maruchi net was corrected to the same level as that of the
Shin-Chigyo net by applying the equation. Then, we converted
the microplastic concentration to a total particle weight
concentration (weight per unit area; mg/m2), based on the
empirical relationships between size (mm) and weight (mg),
derived from the samples collected during 1987−2000 for
different morphotypes, including granular fragment, flat
fragment, film, filamentous, foam, and pellet (Figure S4).

2.2. Historical Data Set of Plastic Production and
Climate Indices. To examine the possible factors influencing
the historical fluctuation of floating plastic debris around Japan,
we obtained the annual production data of plastic materials in
Japan from 1949 to 2020, compiled by the Japan Plastic
Industry Federation (https://www.jpif.gr.jp/english/index.
html). Time series data of the total population in Japan from
1949 to 2020 were obtained from the database at the portal
site of official statistics of Japan (https://www.stat.go.jp/
english/data/jinsui/2.html). The data on global production
and use were obtained from the OECD website of Global
Plastic Outlook ©OECD 2022 (https://www.oecd-ilibrary.
org/environment/global-plastics-outlook_de747aef-en) from
“Fig. 2.2 version1” (https://stat.link/r9vlpe). The data of
annual variation of days with heavy rain in Japan from 1976 to
2022 (https://www.data.jma.go.jp/cpdinfo/extreme/csv/
amdday400mm_p.csv) and that of the Pacific decadal
oscillation (PDO) index during winter (December, January,
and February) (https://www.data.jma.go.jp/kaiyou/data/
shindan/b_1/pdo/pdo.txt) were obtained from the website
of the Japan Meteorological Agency (https://www.jma.go.jp/
jma/indexe.html) accessed on February 29, 2024. We also

obtained the data on long-term changes in microplastics in
bottom sediments collected from Beppu Bay, western Japan,
from the Supporting Information of Hinata et al.,29 as an index
of the annual change in microplastics removed by phyto-
plankton aggregation from surface waters. The relationships
between the PDO during winter (mean of December, January,
and February) and the logarithmically transformed (log 10(X
+ 1)) abundance of floating plastic debris (X: pieces/km2)
during the stagnant period (1978−2011), which was
determined as a period wherein the plastic abundance
fluctuated between 104 pieces/km2 and 105 pieces/km2, were
also examined.

3. RESULTS
No plastic debris was detected in the samples collected
between 1949 and 1951 in Japan. However, the earliest
instance of plastic debris in the OSL in Japan was observed in
1952, off the coast of Aomori and north of Honshu, which is
the largest island of Japan. The occurrence and abundance of
plastic debris in the OSL showed an increasing trend,
beginning from the Pacific coast of northeastern Japan in the
1950s and expanding to the Pacific coast of western Japan in
the 1960s, while the occurrence rate remained at a low level
(Figures 1a and 2a). Thereafter, the mean abundance of plastic
debris at the OSL around Japan increased to over 800 times in
the late 1970s on average, from its first occurrence in 1952,
reaching a maximum of 105 pieces/km2 (Figures 1b and 2b).
The rate of increase began settling in the 1980s, remaining
between 104 and 105 pieces/km2 until the 2000s. However,
since the mid-2010s, the number density has shown a tendency
to increase. Several years portrayed an average of >105 pieces/
km2. The weight concentration of the plastic debris exhibited a
pattern similar to that of plastic abundance (Figure 2b).
Between the 1950s and 1970s, the mean concentration steadily
increased from an average of 0.001 to 0.045 mg/m2. In the

Figure 1. Horizontal evolution of plastic pollution in surface waters around Japan in the western North Pacific over the course of 70 years (1949−
2020). (a) Frequency of occurrence and (b) mean number of pieces per km2. The figure portrays a 1° × 1° grid with a 10-year time interval. Five-
pointed star in the 1950s panel indicates the location where the earliest plastic debris was collected in 1952.
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1980s, it sharply increased to 0.163 mg/m2 and then remained
at the same level until the mid-2010s, although a few years
portrayed values exceeding 0.5 mg/m2.
We noted temporal changes in the size composition of the

plastic debris; generally, plastics <10 mm made up >80% of the
total plastic particles recorded during the study period.
However, the proportion of microplastics <5 mm has increased
over time, consistently accounting for 80% of the total number
of particles collected after the 1990s (Figure 3a). Notably, our
analysis revealed a change in the shape of the plastic debris
over time. From the 1950s to the 1970s, film plastics
accounted for half of the total number of pieces. However,
from the 1980s onward, the plastic debris at the OSL mainly
consisted of fragments, accounting for 60−80% of total debris
(Figure 3b). Additionally, the annual mean and median sizes of
all plastic particles decreased significantly over time. In the late
1960s and 1970s, the proportion of primary plastics (beads and

pellets) was high, accounting for up to 20−30% of the total
collected debris in number and 40−50% in weight (Figures 3b
and S4). Since the 1980s, the contribution of primary plastics
has remained below 5% of the total in number and 10% in
weight (Figure S5). Notably, our study confirms that the
contribution of foam plastic has steadily increased since the
1980s, accounting for up to 40% of the plastic debris in the
OSL. At the onset of the discharge of plastic into oceans, the
mean size of all plastic debris in the OSL was approximately 6
mm; this has currently reduced to 3 mm, portraying a decrease
in the size by half over the 70 years (Figure 3c). The mean and
median sizes of the three main types of plastics decreased
significantly over time; however, this was not the case for
filamentous plastics (Figure 3d−g).

4. DISCUSSION
Our results suggest that the amount of plastic debris in the
OSL in the WNP has steadily increased since the beginning of
plastic discharge in 1952, and this increase has not been
monotonic. The temporal changes in plastic debris in the OSL
in the WNP can be classified into three distinct periods, i.e., 1)
a period of increase from the 1950s to the late 1970s; 2) a
stagnation period, with a high plastic-debris density, from the
1980s to the early 2010s; and 3) a period of reincrease after
mid-2010s.
Our analysis indicates that plastic pollution in the WNP

began in the early 1950s. The plastic collected in 1952 in the
North Pacific predated the earliest record of marine plastic
debris collected in the field in 1957 in the North Atlantic
Ocean13 and precisely coincided with the beginning of the
Anthropocene, recently defined by Kuwae et al.30 The data set
collated in this study indicated that during the 1950s, the area
contaminated by plastic waste initially expanded off the coast
of Tohoku (in northeastern Japan), probably due to the
transport of the debris by the Kuroshio and Tsugaru Warm
Currents and the convergence effect of anticyclonic eddies.31

In the 1960s, the areas contaminated by plastic debris extended
to the western coastal areas of Japan; there was still a
substantial area with no plastic occurrence, particularly in the
offshore area (Figures 1b and 2a). This suggests that during
the early phase of marine plastic pollution in the region, the
main source of contamination was within Japan, as indicated
by the exponential increase in domestic plastic production in
the country during the 1950s−1960s (Figure 2c). Subse-
quently, the areas contaminated by plastic debris spread
offshore; by the late 1970s, plastic debris was detected in >50%
of the samples collected in the region, and the mean
abundance reached an order of 104 pieces/km2.
Since the late 1970s, a clear increasing trend in the

abundance of plastic debris was not noted until the mid-
2010s, with values fluctuating between 104 and 105 pieces/km2,
despite the continuous increase in domestic plastic production
by 1997 as well as in the total population in Japan by 2008
(Figure 2b,c). Notably, the abundance of plastic debris during
this period is largely consistent with previous reports of the
North Pacific (Figure 2B). Furthermore, the records from the
North Atlantic for the same period reported a stable plastic
abundance of approximately 104 pieces/km2,32 suggesting that
the stagnating trend during this period may be a globally
observed phenomenon.17,18 It has been suggested that the
implementation of various global policy measures in several
countries since the 1970s partially explains this stagnation
trend,18 although it has not been verified quantitatively

Figure 2. Temporal changes in plastic pollution in surface waters
around Japan in the western North Pacific over the course of 70 years
(1949−2020). (a) Composition of the number of stations, in terms of
plastic abundance (pieces/km2), and (b) mean and maximum
abundance of plastic debris in surface waters (pieces/km2). Records
from previous studies (data sources are shown in Table S2). (c) Mean
concentration of plastic debris in surface waters (mg/km2). Mean
weights were estimated from plastic debris size; length-weight
allometric equations were established depending on the morphotypes
(see Figure S3). Historical changes in the total plastic production and
total population in Japan are shown using gray lines and open circles,
respectively.
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whether the measures have been sufficient to reduce the
increase in marine plastics. In Japan, the Waste Disposal and
Public Cleansing Law was first enacted in 1970. It was revised
ten times before 2010 to strengthen the waste management
system, which included waste reduction and recycling.33 The
Container and Packaging Recycling Law, which included the
establishment of a plastic recycling system, was enacted in
1995.33 This legislation may have reduced the discharge of
plastic from Japan into the surrounding oceans to some extent.
However, in the case of the western North Pacific, it is unlikely
that the measures in Japan effectively suppressed the ocean
plastic abundance until the mid-2010s when economic growth
in East Asia has already started.

Our results indicated that the onset of the stagnation period
corresponded to the time when the presence of plastics in the
collected samples exceeded 80%, and its distribution expanded
far offshore (Figures 1a and 2a). During this period, there was
a shift in the dominant shape of plastics from film-shaped
plastics, which could be easily removed in coastal areas,34,35 to
fragment-shaped plastics, which portrayed higher buoyancy.
Additionally, a progressive decrease in size mitigated the
impact of the nearshore trapping process on larger-sized
plastics that were selectively transported onshore by a
combined process involving Stokes drift and terminal
velocity.36 The effects described may have contributed to the
offshore dispersal of plastic debris from the late 1970s onward,

Figure 3. Temporal change in the qualitative properties of plastic debris in the surface waters around Japan in the western North Pacific over the
course of 70 years (1949−2020). (a) Size and (b) morphotype compositions of the debris by particle count (weight compositions were also shown
in Figure S5); temporal changes in the mean and median size of c) total, d) fragment, e) film, f) filamentous, and g) foam plastic debris.
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resulting in density dilution and, consequently, a reduction in
the apparent increase in the study area.
The expansion of the distribution area of plastic debris

offshore possibly resulted in an increase in the area requiring
plastic removal. Further, a decrease in plastic debris size may
result in an increase in the fraction of sediment requiring
plastic removal and also contribute to the stabilization of the
abundance of the plastic debris in the OSL, given that small-
sized microplastics, with low buoyancy, can be rapidly
eliminated from the OSL as aggregates by phytoplankton
and via biofilm formation.37,38 To investigate the impact of
biological production on sediment removal, we compared the
abundance of plastic debris in the OSL with the winter Pacific
decadal oscillation (PDO) index, which reflects the anomalies
in hydrographic conditions in the North Pacific.39 Previous
studies in the WNP have indicated that nutrient contents
decline as PDO signals increase,40,41 and a strong negative
correlation between the winter PDO index and the annual net
primary production was reported.42 The comparison revealed a
significant positive correlation (p < 0.05) between the two
during the stagnation period (1978−2011; Figure 4a,b).
Furthermore, the winter PDO index for the same period
exhibited a significant positive relationship with the total
amount of plastic debris removed during 1 year from the water

column in Beppu Bay in western Japan, located near the study
site.29 Hinata et al.29 proved that the sedimented plastic debris
in Beppu Bay was significantly related to the chlorophyll-a
concentration in the sediments, indicating that they were
largely removed by phytoplankton aggregation. These
observations suggested that during stagnation in the OSL in
the WNP, annual variations in primary production consid-
erably affected plastic debris abundance, possibly via a
combination of several processes, including sedimentation,
phytoplankton aggregation, and grazing by gelatinous
zooplankton.43,44 Pelagic tunicates, such as salps and doliolids,
are known to reproduce asexually and form blooms (in
response to sporadic increases in primary production) and
occur frequently in the study area.45 They ingest suspended
particles nonselectively through filter feeding (including
plastics smaller than 1 mm)41 and produce large fecal pellets
with a high sinking rate.43 Therefore, they play a significant
role in the efficient removal of microplastics with high primary
production.
In the mid-2010s, the density of plastic debris in the OSL

reincreased abruptly, which could be attributed to the increase
in the number of stations with extremely high plastic debris
densities (≥105 pieces/km2) and the disappearance of stations
with no plastic debris (Figure 2a), indicating that plastic

Figure 4. Temporal changes in plastic abundance and the potential driving factors. (a) Mean abundance of plastic debris around Japan and winter
PDO index during 1978−2022; (b) relationships between winter Pacific decadal oscillation (PDO) index and the mean abundance of plastic debris
during the stagnant period (1978−2011) around Japan (blue dots) and plastic-accumulation rate derived from the sediment core of Beppu Bay
(green dots).33 (c) Historical changes in annual plastic use in the Organization for Economic Cooperation and Development (OECD) Pacific
region (Japan, Korea, Australia, and New Zealand), OECD American area (USA, Canada, Mexico, Chile, Colombia, and Costa Rica), China, and
non-OECD Asian countries. (d) Recent changes in the number of days of heavy rainfall (400 mm/day) and its trends during 1976−2022 in Japan.
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pollution spread over the entire ocean. Although the density of
floating plastic debris during the combined “stagnant” and “re-
increase” period exhibited a significant correlation with the
winter PDO index, the correlation coefficient exhibited a
decrease (R = 0.3746, n = 28, p < 0.05), suggesting that a
different mechanism was involved in the increase in plastic
abundance (compared to that observed in the previous
period). There have been reports of an abrupt increase in
floating plastic debris in the OSL since 2000 in various areas,
including the North Atlantic,13 western North Atlantic
subtropical gyre,20 and the Great Pacific Garbage Patch,19

which could be attributed to the global increase in plastic
production.18 In recent years, plastic production has increased
dramatically in the Pacific Rim countries, especially in China
and non-Organization for Economic Cooperation and
Development (OECD) Asian countries, including Indonesia,
the Philippines, and Vietnam, where plastic production has far
surpassed that of Japan since the 1990s (Figure 4c); notably,
these countries have severe issues related to the mismanage-
ment of plastic waste.46 Thus, increased plastic discharge from
these countries into the ocean may have contributed to the
increase in plastic debris in the study area, which is located
downstream of the coastal areas of these countries.
Furthermore, the increase in plastic debris may have resulted
from the increase in natural disasters in recent years. On March
11, 2011, the Tohoku tsunami released more than 13 times the
total amount of plastic contained in the Atlantic Ocean into
the Pacific Ocean in a single event, and the plastic spread to
the WNP within a year.47 Furthermore, a recent increase in
extreme precipitation (Figure 4d), partly due to climate
change,48,49 which causes a remarkably high abundance of
plastic debris on a local scale due to the enhancement of the
loading of plastic debris through river inflow,50 may have
contributed to the reincrease trend to some extent. A decrease
in the primary productivity associated with the recent increase
in water temperature has been reported in the WNP;42,51 a
decrease in the sediment-removal potential by phytoplankton
aggregation may also have contributed to the increase in plastic
debris.
This study is the first to show that all morphotypes of

floating plastic debris, except filamentous debris, have
continuously decreased in size from the onset of plastic
discharge to the present day. Plastics floating on the OSL
gradually degrade due to various factors, including heat,
humidity, UV radiation, reactions with ozone and chemicals,
mechanical forces, and microorganisms;52 however, as most of
them are generally removed from the surface layer in the WNP
within 3−5 years,53,54 it is unlikely that the size of plastic debris
could become smaller over a long period of time. Therefore,
the successive decrease in the size of the plastic debris
observed in this study indicates two possibilities: first, the
fraction of smaller particles discharged into the ocean has
increased over time; second, the environment in the ocean is
evolving to facilitate the miniaturization of the plastic debris in
the OSL. The former may entail historical changes with respect
to the supply process. A recent study on the global ocean
surface mass balance budget for positively buoyant macro-
plastic suggests that there is a significant time interval, ranging
from several years to decades, between terrestrial emissions
and the representative accumulation of ocean plastics in
offshore waters.55 The majority of secondary microplastics
found in the world’s oceans are from items produced in the
1990s or earlier; these plastics continue to degrade to date.55

Thus, the current source of floating plastic debris is a reservoir
with degraded plastic, e.g., beaches, estimated to accumulate
27.3% of the total ocean plastic.5 Because the beach is an
efficient generator of microplastics,56 its increased contribution
to the oceanic emissions of plastic debris may explain the
successive decrease in the size of the plastic debris in the OSL.
In the latter case, long-term changes in marine biota, known to
interact with plastic debris, could be involved in the size-
selective utilization/degradation/removal of large plastic
debris.57−59 Furthermore, the ongoing period of global
warming,60 characterized by accelerated photodegradation of
plastic debris owing to enhanced surface stratification,61 could
contribute to miniaturization of plastic debris in both
scenarios. Notably, an increase in the frequency and intensity
of tropical cyclones owing to climate change48,49 enhances the
fragmentation of plastic debris at beaches and in the OSL.
Furthermore, the progressive decrease in the size of micro-
plastics over time may increase the likelihood of their
contamination of the food chain, potentially posing a greater
risk to ecosystems10,12 while enhancing the plastic-removal
process.
This study is also the first to provide empirical evidence that

the concentration of floating plastic debris in the OSL did, in
fact, exhibit stagnation for >35 years, which has been a subject
of debate in the literature,17,18 and thereafter increased
abruptly within the past decade. Overall, the long-term
changes in the distribution of plastic debris in the OSL
around Japan align closely with previously reported patterns
observed within shorter periods across different locations; this
finding further implies a consistent trend in the global
distribution of plastic debris. Although the results of this
study are limited to the OSL of the WNP, when considered
alongside the results of modeling studies and surveys of water
column and seafloor sediment distribution, they contribute to a
greater understanding of the past and future dynamics of
plastic pollution throughout the North Pacific. Further, we
demonstrated that marine plastic pollution is influenced by
complex factors, including marine productivity, climate change,
human-related factors, and marine biota response. Thus,
collaborations across different disciplines are required to
provide a comprehensive understanding of the dynamics of
marine plastic pollution. The recent surge in floating marine
plastic debris strongly suggests that plastic discharge is
outpacing its removal capacity, suggesting that the effect of
the pollution on the epipelagic ecosystems is now growing and
expanding. A similar trend has been identified in other regions
worldwide;18 therefore, it is likely to be closely linked to
environmental issues that are progressing synchronously across
the globe, i.e., increased plastic waste and global warming,
which directly affect the ocean environment. Therefore, the
problem of plastic pollution necessitates a coordinated
approach incorporating effective measures to combat climate
change through collaboration among various stakeholders.
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