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The surface morphology of weathered plastics undergoes a variety of changes. In this study, 3950 plastic frag-
ments from 26 beaches around the world, were assessed to identify holes. Holes were identified on 123 fragments
on 20 beaches, with the highest frequency (10.3 %) being identified at Qesm AL Gomrok Beach in Egypt. The
distribution of holes could be divided into even, single-sided, and random types. The external and internal holes
were similar in size (37 £ 15 pm) of even type fragments. The external holes were larger than the internal holes

in single-sided (516 + 259 pm and 383 + 161 pm) and random (588 + 262 pm and 454 + 210 pm) fragment
types. The external hole sizes were positively correlated with the internal hole sizes for each type. This study
reports a novel deformation phenomenon on the surface of weathered plastics and highlights their potential

effects on plastics.

1. Introduction

Plastic, one of the greatest inventions of the last century, is widely
used in daily activities (Rabesandratana, 2021). It is estimated that
approximately 90 % of used plastics have been discarded into the
environment (Najafi, 2013). Plastic litter reaches aquatic systems
through wind, rivers, tides, animals, and oceanic currents (Welden and
Lusher, 2017; Zheng et al., 2019). Beaches and coastal areas are one of
the accumulation areas for plastic marine litter (Serra-Goncalves et al.,
2019). Plastics stranded on beaches undergo continuous fragmentation
and degradation processes due to physical, chemical, and biological
factors (Arp et al., 2021; Horne et al., 2020; Long et al., 2017; Qiu et al.,
2022). Consequently, the larger plastics fragment into smaller items and
reach microscopic size, where they are known as microplastics (<5 mm)
(Thompson et al., 2004).

Differences in the polymer type and external factors can influence
the degree of fragmentation, from slight surface deformation to com-
plete breakdown (Liu et al., 2022). Changes in surface characteristics

result from weathering processes and deterioration degrees under nat-
ural (e.g., U.V. radiation and mechanical abrasion) and artificial con-
ditions (e.g., laboratory degradation studies) (Halle et al., 2016).
Previous studies have reported specific features occurring in plastic
surfaces, such as yellowing, delamination, pits, and cracks (Deng et al.,
2022; Halle et al., 2017; Liu et al., 2019). These surface features and
morphological characteristics are also commonly found in field samples
from beaches and coastal areas (Edo et al., 2019; Zhou et al., 2018).
Most studies only document visually the morphological features,
roughly demonstrating and describing the general changes of weath-
ering and fragmentation of plastics (Monte et al., 2022; Wu et al., 2021).

The aging and degradation processes of plastics are complex and
cause various morphological changes. In material science, holes can be
viewed as a consequence of fragmentation, driving further surface fail-
ures of products (Li et al., 2021). They have been widely documented in
materials (Table S1) such as functionally gradient brittle materials (Li
et al., 2021), metallic glass (Sarac and Schroers, 2013), ductile metals
(Davila et al., 2005), and co-emulsion paint (Cogulet et al., 2018). Since
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plastics are likely to weather under environmental conditions, we hy-
pothesized that holes would occur on the plastic surface during weath-
ering, similarly to other materials.

Therefore, a large-scale field investigation of plastic fragments from
26 beaches in 8 countries around the world was conducted to assess and
classify the distribution patterns of holes on plastics, according to their
characteristics and origin. Our aim was to determine the occurrence and
features of holes on surfaces of weathered plastics in coastal environ-
ments. To our best knowledge, this is the first research about the char-
acteristics and effects of holes on weathered plastic.

2. Materials and methods
2.1. Study area

Sampling was conducted on 26 coastal beaches, in 8 countries be-
tween 2020 and 2022 (Fig. 1; Table S2). A harmonized sampling pro-
tocol was provided to all participants. Only coastal beaches were chosen
as research areas, with sampling occurring within a 5000 m? area. Re-
searchers targeted accumulation areas to ensure enough plastic frag-
ments would be collected. GPS coordinates were recorded at each site.

2.2. Sampling design and data collection

All plastic samples were collected along the coastline following
guidelines provided by the research team. Volunteers wore latex gloves
and used a stainless-steel tweezer to carefully pick up visible plastic
fragments. At least 150 plastics (0.1-25 cm) were randomly collected
from each site. All plastic fragments in each beach were kept in one
aluminum foil bag prior to further analysis. Researchers photographed
plastic fragments using cell phones or a light microscope in their
respective laboratories. The photos allow the research team to confirm
whether sizes and shapes were suitable. When samples did not match the
requirements, further collection was required. Samples were then posted
to our facilities in Shanghai, following all the national and international
requirements.

Marine Pollution Bulletin 193 (2023) 115180

2.3. Selection and cleaning of plastics in the laboratory

Once in the laboratory, all plastic fragments were measured using a
vernier caliper (precision of 0.1 cm; JZYQ-001, Information Technology
Company, China). A total of 3950 plastic fragments, ranging between
0.5 and 5.0 cm, were selected as samples for further analysis (Table S2).
Each fragment was photographed using a digital camera (FDR-AX60,
Sony, Japan) at a unified focal distance. In plastics that were contami-
nated with soil or covered with mud, a soft brush was used for cleaning
them, while avoiding causing any additional damage. Plastic fragments
with organisms attached to the surface were not subjected to the
cleaning process. All plastics were then observed under a stereomicro-
scope (SMZ140-N2LED, Motic, China) to determine whether holes were
present on the surfaces. Each fragment was stored in a sealed bag
adequately labeled with a specific code.

2.4. Optical microscopic inspection of holes

For the examination of the internal characters, plastics with different
characteristics of external holes were dissected crossly using a stainless-
steel razor blade. The details of holes on the plastic surfaces and cross-
sections were observed and photographed using a Carl Zeiss Discovery
V8 Stereomicroscope (Micro Imaging GmbH, Gottingen, Germany). The
stereomicroscope was equipped with a 9.0-million-pixel AxioCam Icc3
camera. During image capturing, plastics were placed on a microscope
carrier with black flannelette. The magnifications were set from 10x to
80x. The image synthesis system of CapStudio software (Image Tech-
nology Company, China) was used to obtain a high-definition image for
the analysis of the hole morphology. The area, color, and shape of
plastics, as well as the number and diameter of holes, were calculated
and recorded using ImageJ software (Fiji, version 1.53c).

2.5. Identification of polymer composition

The polymer composition of all plastics was determined using a
Fourier Transform Infrared spectrometer (FTIR; Nicolet iS5N, Thermo
Scientific, U.S.A.). The samples were measured under transmission
mode with 8 s scan times. The spectra were acquired from a spectral
resolution of 8 cm ™! and a spatial resolution of 6.25 pm. The spectral
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Fig. 1. Sampling sites for plastic fragments from 26 beaches in 8 countries.
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range was set from 4000 to 600 cm ™. All spectra were compared with
the in-built library from Thermo Fisher to identify the polymer type.
Spectral matches above 70 % were accepted as plastics, and the loca-
tions of specific peaks were checked manually.

2.6. Data analysis

The results were presented as mean + standard deviation (SD).
Statistical analysis was performed using Microsoft Excel 2019 (Microsoft
Corporation, Redmond, WA, U.S.A.) and SPSS Statistics 22.0 (IBM Corp,
Armonk, NY, U.S.A.). The homogeneity of variance was assessed using
Levene's test. The normality of the data was first tested with the Sha-
piro-Wilk test. Non-parametric tests were used when the data was not
normally distributed. Mann-Whitney U test was used to analyze the
differences between the two groups, and the differences among multiple
groups were accessed with the Kruskal-Wallis test, followed by multiple
comparisons. Spearman's rank correlation and regression analysis were
used to analyze the correlation of size between the internal and external
holes. The significant level was established at p < 0.05 and p < 0.01.

3. Results and discussion
3.1. Occurrence of holes on the surface of plastic fragments

The properties of each plastic fragment were carefully measured and
analyzed. The dominant composition of plastics was polypropylene (PP,
50 %) and polyethylene (PE, 45 %). Both polymers were commonly
found in each country and at each site (Table S2). Plastic fragments
ranged in size from 0.5 to 4.9 cm in length, predominantly in 1-2 cm
fraction (60 %). The size fraction of plastics collected from different
countries was similar (Fig. S1A; p < 0.01, Kruskal-Wallis test). The most
common type was quadrilateral (50 %), followed by pentagon (19 %)
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and irregular polygons (sides > 6, 13 %) (Fig. S1B). In addition, trian-
gular plastics were also more frequent in Egypt (19 %; p < 0.01, Krus-
kal-Wallis test). Blue was the predominant color (30 %), followed by
white (27 %). In comparison to other sites, there were more transparent
plastics in the Irish samples (39 %) (Fig. S1C; p < 0.01, Kruskal-Wallis
test).

The surface morphology of plastics showed high variations due to the
different degrees of weathering. In addition to the common weathered
appearance, some obvious holes were also found on the surface of
plastics. Some plastic fragments were evenly covered with small holes
on each side with obvious fillers (Fig. 2A, B). There were also some
plastic fragments with holes only on one surface (Fig. 2C, D), and
divergent deformation (e.g., crack) was observed on the opposite surface
of the same fragment (Fig. 2E, F). Holes might also appear only on the
blistered areas of the plastic surface (Fig. 2G, H). In addition, the holes
were randomly distributed on irregular polyhedral-shaped plastics
(Fig. 21, J). Generally, most of the holes were characterized as round
with relatively smooth edges, with each hole having a circular cavity of a
certain depth. The holes were clearly distinguished from the pits
commonly found on aged plastics (Fig. 2K, L). Specifically, the pits were
relatively shallow, and no visible edges or deep cavities were identified.

Holes were found on plastics in all countries sampled (Table 1).
Specifically, plastics with holes existed in 20 out of 26 sampling beaches.
A total of 123 fragments with holes were found, accounting for 3.1 % of
all samples. The percentage of plastic with holes was 1.1 %-5.2 % in
terms of country and 0.7 %-10.3 % in terms of site. The highest fre-
quency of holes (10.3 %) was at Qesm AL Gomrok Beach (S1¢) in Egypt.
The lowest was 0.7 % at both Tjuvholmen Bystrand Beach (S¢) in Nor-
way and National Institute of Oceanography and Fisheries (NIOF) Beach
(S12) in Egypt. The number of holes on plastic surfaces varied from 2 to
226 holes/cm?, and the diameter ranged from 16 to 1120 pm. The
highest density (103 + 87 holes/cm?) and smallest size (218 + 390 pm)

Fig. 2. Morphological surface characteristics of small plastic fragments collected from coastal beaches. Plastic covered with evenly distributed holes (A) and the
embedded fillers in the holes (B). Plastic surface with holes (C) and the enlarged view of holes (D). Plastic surface with cracks (E) and the enlarged view of cracks (F).
Blistered plastic surface (G) and holes on the blistered areas (H). Holes on irregularly shaped plastic (I, J). Surface morphology of aged plastic fragment (K) and pits

on the plastic surface (L).
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Table 1
Basic features of holes on plastic surface.
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Site  Location Number of plastic

Number of plastics with

Frequency of plastics with Diameter of holes Number of holes (holes/

fragments holes holes (%) (pm) cm?)
Norway
Sy Paradisbukta Beach 345 18 5.2 268 + 385 95 + 51°
Sy Ommen Beach 65 3 4.6 441 + 483 13+9
S3 Fornebustranda Beach 48 2 4.2 597 + 319 8+1
S4 Bygdgy Sjsbad Beach 268 16 6.0 218 £ 390 103 + 87
Ss Hvervenbukta Beach 213 4 1.9 418 + 303 5+3
Se Tjuvholmen Bystrand 284 2 0.7 638 + 496 3+1

Beach

Ireland
S, Dooey Beach 93 2 2.2 542 + 321 9+3
Ss Magheroarty Beach 75 0 0 0 0
So Gortnamullan Beach 20 0 0 0 0
Egypt
S10 Qesm Al Gomrok Beach 126 13 10.3 602 + 189 3+0
S11 Ras AL Tin Beach 119 10 8.4 738 + 229 5+2
Si2 NIOF Beach” 137 1 0.7 583 + 156 8+1
Si13 Youth City Beach 156 3 1.9 649 + 313 5+4
Si4 Falfala Beach 149 9 6.0 594 + 273 5+2
India
Sis Puthupettai Beach 122 3 2.5 604 + 524 9+7
China
Si6 Dalian Beach 108 0 0 0 0
S17 Yantai Beach 96 0 0 0 0
Sig Lianyungang Beach 103 0 0 0 0
S19 Shanghai Beach 184 3 1.6 426 + 318 3+2
Sa0 Taizhou Beach 106 0 0 0 0
So1 Xiamen Beach 110 5 4.5 432 + 233 6+4
Sao Zhuhai Beach 103 1 1.0 451 + 262 4+1
Sa3 Haikou Beach 104 2 1.9 566 + 335 4+2
Thailand
So4 Luk Lom Beach 286 10 3.5 573 + 209 4+2
Singapore
Sos East Coast Park Beach 142 3 2.1 539 + 524 6+6
Peru
Soe Sombrillas Beach 388 13 3.4 484 + 108 9+ 2

# Mean =+ standard deviation.
b National Institute of Oceanography and Fisheries (NIOF).

were found on plastic fragments collected from Bygdoy Sjobad Beach
(S4), Norway (p < 0.01, Kruskal-Wallis test).

Previous studies on plastics have only provided photographs of pits
on the surface (Hu et al., 2023). Optical microscope images have been
used to demonstrate the morphology of holes on surface coatings pre-
pared from a co-emulsion of poly(butylacrylate/methyl methacrylate)
(Cogulet et al., 2018). The description and classification of hole
morphology lack research reports. Especially, the details of holes on the
plastic surface were missing in natural environments. Compared to the
images reported in previous studies, the holes identified in this study
differed significantly from the pits in morphological characteristics
(Sarkar et al., 2021; Yu et al., 2018). The primary difference between a
hole and a pit was that the hole had a distinct edge and cavity. Therefore,
the word ‘hole’ was chosen to name the defect found on the plastic
fragments in this study. Since the hole found in this research was a
relatively novel and unique deformation, it was necessary to explore its
form and type in detail.

3.2. Internal structures of plastic fragments and their relation to the
external holes

Internal morphological features were explored through the cross-
section analysis and compared with the external holes. A total of 42
plastics were analyzed, accounting for 34 % of the plastics with holes.
Some fragments were covered with small holes on all surfaces (Fig. 3A,
B), and the internal holes were also evenly distributed in the cross-
section of these plastics (Fig. 3C, D). Overall, these small external and
internal holes were similar to each other in morphology. All of the edges
of holes were more rounded, and the cavities were regular hemispheres.
Some of the cavities were embedded with fillers. Some flat plastic
fragments with external holes on one side usually had many different
characteristics on the other side (Fig. 3E, F), and the internal holes tend
to distribute near the surface of one side with external holes (Fig. 3G, H).
Compared to the external hole, the edge and cavity of the internal hole
were more rounded. For irregularly shaped plastics, the external holes
were randomly and irregularly distributed on the surface (Fig. 31, J), and
internal holes with rounded edges and hemispheres cavity were also
randomly distributed on the cross-section (Fig. 3K, L). The color
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One side

The other side
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Cross-section

Fig. 3. Spatial distribution of holes on plastic surface and cross-sectionally. (A, B) Plastic fragments with evenly distributed holes on the surface. (C, D) Plastic cross-
section with evenly distributed holes. (E, F) Plastics with different surface morphology. (G, H) Tendency arrangement of holes on the cross-section. (I, J) Irregular
plastic with randomly distributed holes on the surface. (K, L) Randomly distributed holes on the cross-section. Scale bars = 1 cm.

gradually lightened from the center of the plastic to the periphery.
Generally, the external holes were larger than the internal ones.

The sizes of the internal and external holes were statistically
analyzed according to three different distribution types in this study
(Fig. 4A). The internal hole size ranged from 15 pm to 58 pm (37 + 15
pm) and the size range of the external hole was 16-60 pm (37 + 15 pm)
for evenly distributed holes (p > 0.05; Mann-Whitney U test). The in-
ternal and external holes evenly distributed were similar in size. The
internal hole sizes were from 140 to 720 pm (383 £+ 161 pm) and the
external hole sizes were from 140 to 1020 pm (516 £ 259 pm) for single-
side distributed holes (p < 0.01, Mann-Whitney U test). The size range
of the internal hole size was 140-920 pm (454 + 210 pm) and the size
range of the external hole was 110-1120 pm (588 + 262 pm) for
randomly distributed holes (p < 0.05, Mann-Whitney U test). The
external holes were significantly larger than the internal holes for single-
sided and random distribution. In addition, there was a correlation be-
tween the size of internal and external holes of each type. The Spear-
man's rank correlation coefficient for the three types was 0.64, 0.60, and
0.63, respectively (p < 0.01). The regression analysis showed a signifi-
cant positive effect of the internal hole size on the external hole size
(Fig. 4B-D). The significance of each type was <0.001, ensuring the
validity of the regression equation. The relationship between the

numbers of holes was not analyzed because of the different spatial lo-
cations of the internal and external holes. The internal holes were
located on the cross-section, while the external holes were located on the
surface.

Holes appeared not only on the surface but also in the cross-section of
plastics, thus inspiring us to explore the causes of their formation. Ac-
cording to previous studies, the even distribution of holes inside and
outside the plastic is a deliberate process (Banerjee and Ray, 2020; Seo
et al., 2011). The fillers in the cavities might be related to engineering
needs for soft inclusions into the holes to create tensile and impact-
resistant plastic materials (Zhang et al., 2013). For plastic fragments
with a tendentious distribution of holes, materials science studies sug-
gest that the internal holes are defects caused by the machining process
(Li et al., 2021). As the surface layer continued to age and peel off, the
holes were gradually exposed. The plastic in the air medium shows a
higher number of holes on its surface compared to the brine medium
(Feng et al., 2022; Ranjan and Goel, 2021). The holes on plastic surfaces
continue to age and break down, resulting in an increase in diameter
(Cogulet et al., 2018). Therefore, we considered the plastic surface with
holes as the side exposed to air for a longer time period.

This study found that irregularly shaped plastics were distinctly
different from manufactured plastic fragments in origin, appearance,
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and thickness. Previous studies have reported that this type of plastic has
been plasticized into pyroplastic, plasticrusts, and plastiglomerate by
melting or burning plastics (De-la-Torre et al., 2021; Ellrich and Ehlers,
2022). When the plastic is heated, globules of air are formed and trapped
in the once-melted plastic. Later, the globules of air are gradually
exposed and ruptured into holes by external environmental effects
(Corcoran and Jazvac, 2020). Information on the interactions between
pyroplastic and environmental factors is still very scarce. Ultimately,
internal holes were linked to material design, defects, or human influ-
ence (e.g., burning), while external holes were progressively exposed
and enlarged due to the occurrence of internal holes and interaction
with environmental factors.

This study defined the plastic with holes into three categories and
presented them with visual patterns, according to the distribution
characteristics and formation reasons of holes on the surface and cross-
section (Fig. 5). Type A referred to the ‘even distribution’. It meant that
the external holes and the internal holes were evenly distributed on
plastic fragments with similar shapes and sizes. Holes were deliberately
machined structures and some holes were embedded with fillers
(Fig. 5A). Type B referred to the ‘single-sided distribution’. It meant that
the external holes were distributed on one surface of the plastic frag-
ment, and the internal holes were arranged close to the surface with
holes indicating that there may be an inevitability in the location of the
holes (Fig. 5B). Type C referred to the ‘random distribution’. It meant
that the external and the internal holes were randomly distributed on
the irregularly shaped plastic surface and inside (Fig. 5C).

3.3. Dynamic changes of holes in plastic fragments

We found that the occurrence of holes on the plastic surface caused
other changes around or inside the cavity of the holes. Several holes
were connected by cracks on the surface of plastics (Fig. 6A). Magnifi-
cation revealed multiple cracks extending outward from the edge of
holes (Fig. 6B). The plastics were usually contaminated with sediments
(Fig. 6C). Coarse sands with various grain sizes were trapped in holes on
the surface (Fig. 6D). In addition, more colonization did not pass
through the surface, but specifically through holes (Fig. 6E). The re-
mains of host organism were found inside in holes (Fig. 6F). Inevitably,
the filler embedded in the hole was also exposed (Fig. 6G). For example,
the filler found in this hole was rounded and spherical in shape with a
diameter of only 248 pm (Fig. 6H).

The holes on the surface have an important role in the fragmentation
and degradation of plastics. The holes on the plastic surface induced
irregular cracks. Cracks lay the foundation for plastic fragmentation
(Deng et al., 2022). This phenomenon was clearly verified in the field of
stainless steel materials (Cao et al., 2019; Xiang et al., 2018). Sands and
gravels of different grain sizes were trapped in holes. The plastic is thus
subjected to more intense mechanical wear, resulting in progressively
larger holes (Ravishankar et al., 2018). In addition, the organisms select
better sheltered holes as living habitats. The interaction between or-
ganisms and plastics accelerates the process of plastic fragmentation
(Zheng et al., 2023). When exposed to plastic fragments surface, the
fillers inside the holes were more likely to fall out. Eventually, the
apparent density of fragmented plastics was altered.

Given the coastal occurrence, plastics stranded on the beach might
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Fig. 5. Distribution pattern of holes on the surface and cross-section of plastics.

248 pm

100 pm

Fig. 6. Optical images of holes on plastics surface. Plastic surface with holes (A) and cracks extended outward from holes (B). Plastic surface with holes (C) and
gravels in holes (D). Plastic surface with holes (E) and organisms in holes (F). Filler embedded in a hole (G) and a filler falling out of the hole (H).

be washed out and returned to the sea during storm actions (Nakajima
et al., 2022). The formation of holes and the accompanying phenomena
also lead to changes in plastic fate in the environment. Generally, the
sinking behavior of plastics depends on their density in the water
(Pabortsava and Lampitt, 2020; Subias-Baratau et al., 2022). Most
plastic polymers are positively buoyant, so they float on the surface or
are suspended at an equal level of density in the water column (Geyer
etal., 2017; Hidalgo-Ruz et al., 2012). This study suggested that plastics
with holes on surfaces may be changed the sinking process in the marine
environment (Fig. 7). When holes are filled with water, the plastic be-
comes denser and slightly sinks into the water column. The fouling

significantly changed the density and settling state of plastics (Amaral-
Zettler et al., 2021). The total weight of the plastic increased with the
amount of biofouling. When sands and gravels become trapped in the
holes, the weight of plastic increases dramatically. Plastic with a high
concentration of contaminants on the surface will gradually sink. Over
90 % of marine plastics eventually end up on the seafloor (Koelmans
et al., 2017).

Size and irregular shapes (surface-area ratio) typically also affect the
sinking behavior of plastics (Waldschlager and Schiittrumpf, 2019).
Plastics with small sizes, their density depends on many factors,
including the attached contaminant load (Kooi et al., 2017). Given
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Fig. 7. Effects of holes on plastic surfaces in the environment.

similar volumes and densities, the smoother plastics experience less
resistance and thus have larger sinking velocities (Khatmullina and
Isachenko, 2017). While the ecological impact of sunken plastics is not
entirely clear, there is evidence or both lethal and sub-lethal effects of
micro and nanoplastics have been previously identified (Lopez-Rojo
et al., 2020; Pikuda et al., 2022). For example, plastics accumulate into
patches and gyres around islands both at the surface, being transported
by currents or undergoing fragmentation by erosion or UV radiation and
breakdown to be deposited in the seafloor by marine snow or deep-sea
current (Mohrig, 2020). Ingestion of microplastics by water column
organisms and benthic organisms in the seafloor sediments may result in
altered metabolic and reproductive endpoints (Galloway et al., 2017).
Regardless of their occurrence and composition, fragments should be
considered important intermediates in the dynamics of plastic frag-
mentation in the environment. The tiny and/or deep holes in plastics set
the stage for the formation of larger holes on the surface (Civancik-Uslu
etal., 2018; Fan et al., 2021; Qin et al., 2022). Environmental conditions
accelerate the formation and enlargement of holes on plastic surfaces.
The presence of holes not only changed the external morphological
characteristics of plastic fragments but also affected the weathering
process and the existing state of plastics in the environment (Amaral-
Zettler et al., 2021; Hidalgo-Ruz et al., 2012). Holes bear more infor-
mation about the release of fillers and the embedment of contaminants,
a particular area that lacks information at the global scale. In previous
studies, fragmented plastic and shed fillers have been proven to
contribute to primary and secondary microplastic contamination in the
environment (Brebu, 2020; Laskar and Kumar, 2019; Wu, 2022). Our
findings emphasized that holes in the surface of the plastic could cause
additional unknown environmental impacts that require assessment.

4. Conclusion

This study describes the presence of holes on the surfaces of plastics
exposed to environmental conditions in beaches spread worldwide. The

occurrence of external holes on the surfaces was a combination of design
or defects of the material itself during the manufacturing process and the
environmental conditions they are exposed to. The distribution pattern
of holes on plastics surface can be divided into even, single-sided, and
random categories. The external holes promoted crack formation, or-
ganisms hosting, sand trapping, and filler losing, which in turn changed
the density and fate of plastics. Our study indicates that the holes on
plastic in the environment were obvious deformation of weathering
plastics. Given the implications that fragmentation and degradation of
plastic debris have (e.g. incorporation into marine food webs), this topic
should receive more attention and investment to assess density changes
and improve mathematical distribution models on macro- and
microplastics.
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