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tems receive little scientific attention. Meanwhile, the impacts of microplastics and nanoplastics on coral health
and its potential mechanisms remain further studied. Herein, this review first summarized the current status of
microplastics pollution in global coral reefs, especially included (i) abundance and distribution characteristics of
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1. Introduction microplastics can serve as carriers for various associated chemical

In the “Plastic Era”, multifarious plastic products have been
widely used in various aspects of our life and brought great conve-
nience to humans. With the growing demands, the annual global
plastic products reached about 359 million tonnes (Mt) in 2018
from 348 Mt. in 2017 (PlasticsEurope, 2019). Because of the overuse,
mismanagement and durability of plastics, almost 6300 Mt. plastic
wastes had been continuously generated from 1950 to 2015, 79% of
which entered landfills or natural environments (Geyer et al.,
2017). It was estimated that the amount of plastic wastes discharged
into the ocean annually has reached Mt. level (Jambeck et al., 2015;
Lebreton et al., 2017). Large plastic wastes in different environments
can be gradually broken into the microscopic plastic fragments
through the long-lasting weathered and degradation behavior,
such as mechanical abrasion, hydrolysis, UV photodegradation,
biodegradation, and even biological ingestion (Dawson et al., 2018;
Hernandez et al., 2019; Liu et al., 2020). The plastic fragments
<5 mm in diameter were recognized as microplastics (Arthur et al.,
2009; Thompson et al., 2004), while nanoplastics were generally
termed as plastic particles <100 nm or 1 pm due to lack of a stan-
dardized specified size boundaries (Hartmann et al., 2019;
Koelmans et al., 2015). In addition, the environmental sources of
nano- and micro-plastics are derived from either primary (from
microbeads in consumer products or industrial abrasives and acci-
dental pellet spills) or secondary (fragmentation/degradation from
large plastics) (Alimi et al., 2018; Hernandez et al., 2019; Liu et al.,
2020; Rochman et al., 2015).

Research on the occurrence, distribution and impacts of
microplastics began in 2004 with a pioneering work put forward by
ecologist Richard Thompson, and it has been a hot spotlight in marine
ecology for over a decade (Kane et al., 2020; Law and Thompson,
2014; Thompson et al., 2004; Zhang et al., 2020a). Recently, scientists
have expanded their focus from the oceans to freshwater (Alimi et al.,
2018; Eerkes-Medrano et al., 2015; Gonzalez-Pleiter et al., 2020; Li
et al,, 2018), terrestrial environments (Brahney et al., 2020; de Souza
Machado et al., 2018; Rillig and Lehmann, 2020; Rochman, 2018), and
even atmosphere (Allen et al., 2019; Brahney et al., 2020; Liu et al.,
2019a; Zhang et al., 2020b). The issues about “microplastic cycle” and
their complex interactions with biogeochemistry (e.g., nitrogen, car-
bon), bioavailability, trophic transfer, human health, and even climate
change have gained significant interest from researchers (Bank and
Hansson, 2019; Carbery et al., 2018; Rochman et al., 2019; Rochman
and Hoellein, 2020; Shen et al., 2020). In nature, weathered behaviors
can impact how plastic items ultimately fragmented into microplastics
or nanoplastics, and the extent to which they leach toxic additives
into the environment (Chen et al., 2019; Liu et al., 2019b). Moreover,
due to their ubiquity, hydrophobicity, microscopic and durability,

contaminants (e.g., organic pollutants, heavy metals) (Brennecke
et al., 2016; Godoy et al., 2019; Teuten et al., 2007; Wang et al.,
2018), and colonized microbial communities named “Plastisphere”
(Amaral-Zettler et al., 2020; Wang et al., 2021; Zettler et al., 2013).
Microplastics, as diversified and complex contaminants, have raised
the wide concern about their potential toxic effects on diverse organ-
isms and ecosystems due to their persistence, ubiquity, and diversity
of plastic polymer, type, size, morphology, color, leaching additives,
adsorbed environmental chemicals, and surface biofilm (Rochman
etal, 2019).

Even though covering only less than one-tenth of 1% of the ocean
surface, coral reef ecosystems are crucial to marine biodiversity mainte-
nance, global climate mitigation, human harvesting of natural resources
and livelihoods of more than 275 million people (Burke et al., 2011;
Spalding and Brown, 2015). Yet, they are highly vulnerable and suffer
from anthropogenic damages, and environmental stressors such as
rapid climate change, ocean acidification, marine pollution and
pathogen-induced disease (Hoegh-Guldberg et al., 2007; Hughes et al.,
2018). Plastic pollution can be considered as an emerging threat to the
coral reefs due to their complex interactions (e.g., entanglement/
catches, covering/smothering) (de Carvalho-Souza et al., 2018;
Yoshikawa and Asoh, 2004). In a field investigation in 124,000 reef-
building corals from 159 coral reefs across the Asia-Pacific oceans,
Lamb et al. (2018) found the estimated 11.1 billion large plastic items
were “trapped” in coral reefs, with a predicted increase of 40% by
2025. These benthic macroplastics (diameter > 50 mm) increased the
susceptibility of reef-building coral disease from 4% to 89% and more
easily affected the structurally complex corals, but their pathogenic
mechanisms need to be further studied. Plastic items can result in the
physical abrasions and injuries to the coral tissues and promote the in-
vasion of pathogens and ciliated protozoan, causing the coral disease
such as skeletal eroding band (Lamb et al., 2016; Page and Willis,
2008). Also, plastic items can bring about foreign microbial communi-
ties (e.g., coral opportunistic pathogens) and might disturb the normal
host-symbiont relationships. For instance, the floating plastic debris
can be served as a vector for the Rhodobacterales and Halofolliculina
spp. that are considered as the opportunistic pathogens associated
with outbreaks of coral diseases (e.g., white syndromes, skeletal eroding
band) (Dang et al., 2008; Goldstein et al., 2014). Similarly, microplastics
in coral reef regions can be enriched with the disease-caused microbial
communities such as Vibrionaceae, Rhodobacteraceae and
Flavobacteraceae, which are the pathogens of coral tissue damage and
bleaching (Feng et al., 2020). In addition, two studies contrasted the dif-
ference in effects of 500 pm HDPE microplastics and 10 x 10cm LDPE
film on cold-water corals (Chapron et al., 2018; Mouchi et al., 2019).
Macroplastics, as a “physical barrier” for food supply and energy acqui-
sition, increase the coral polyp activities and polyp “cap” structure
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overgrows to gain food, but it significantly reduced zooplankton capture
rates and skeleton growth rates. In contrast, the long-term exposure of
microplastics caused the species-specific effects (e.g., impaired prey
capture and growth rates, decreased skeletal growth rates, reduced
coral calcification) on corals. Thus, the impacts of microplastics need
to be paid more attention because the ubiquitous microplastics may di-
rectly or indirectly affect coral health by a multitude of pathways.

Although two marine issues (coral reef degradation and microplastic
pollution) have raised appreciable attention, knowledge about the oc-
currence, fate, and impact of microplastics in coral reef systems remain
still limited. In the last few years, researchers have gradually begun to
investigate the abundance and distribution characteristics of
microplastics in coral reef regions (Ding et al., 2019; Imhof et al,,
2017; Cordova et al., 2018; Reisser et al., 2013). The investigated envi-
ronmental media in coral reefs included seawater (Jensen et al., 2019;
Nie et al,, 2019), sediments (Patterson et al., 2020; Vidyasakar et al.,
2018), and coral samples (Ding et al., 2019; Rotjan et al., 2019). Further-
more, the potential impacts of microplastics on coral species in labora-
tory conditions have been studied in recent five years. Since 2015, Hall
etal. (2015) first put forward to a work about the PP microplastic inges-
tion by the mound-shaped stony scleractinian coral Dipsastrea pallida
with a feeding rates of ~50 ug cm~2 h™!, and found that ingested
microplastics retained in the mesenterial tissue of coral gut cavity. Sub-
sequently, some laboratory studies revealed that microplastic active in-
gestion and passive surface adhesion can affect coral energetics, growth
and health, with adverse consequences for feeding behavior, photosyn-
thetic performance, energy expenditure, skeletal calcification, and even
tissue bleaching and necrosis (Lanctot et al,, 2020; Reichert et al,, 2018;
Savinelli et al., 2020; Syakti et al., 2019; Tang et al., 2018). Additionally,
other potential threats (e.g., combined effects of microplastics and asso-
ciated chemicals, disease-causing pathogens induced by microplastics,
impacts on coral-zooxanthellae symbiosis, coupled impacts with cli-
mate change) to coral species are gradually receiving attention
(Aminot et al.,, 2020; Feng et al., 2020; Okubo et al., 2018; Okubo et al.,
2020; Su et al.,, 2020). A comprehensive understanding of the occur-
rence, sources, and hazards of microplastics in the coral reef systems
is urgently needed.

Over the past decade, the occurrence, distribution characteristics,
and ecotoxicological effects of microplastics have been widely reviewed
in aquatic environments such as freshwater and marine (Hidalgo-Ruz
et al., 2012; Li et al,, 2018; Rochman and Hoellein, 2020). Nevertheless,
no attempts have been performed to comprehensively summarize the
occurrence and fate of microplastics in coral reef systems. The present
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review aims to summarize the known information including:
(i) abundance, distribution characteristics and fate of microplastics in
global coral reef regions; (ii) interaction mechanisms between
microplastics and corals; and (iii) potential impacts of microplastics
on coral species. This work is expected to provide a meaningful perspec-
tive for better understanding the fate and impacts of microplastics in
coral reef systems.

2. Methods of literature review

According to the approach of PRISMA (Moher et al., 2009), we con-
ducted a literature review using databases (ISI Web of Science and Sci-
ence Direct) and published volumes in some environmental field
journals (e.g., Environmental Science & Technology, Science of the
Total Environment, Environmental Pollution, Marine Pollution Bulletin),
for studies published up to September 2020. The keyword terms used in
our searches were included: microplastics, plastic debris, coral and coral
reef. Furthermore, we consulted the article contents and reference lists
in the searched literatures, and then tracked back to other relevant topic
literatures. After a selection process, we identified 43 research articles.
From them, this review presents the main information on
(i) microplastic pollution status in the coral reef systems and (ii) direct
and indirect effects of microplastics on coral species.

3. Abundance and distribution of microplastics in coral reef systems

Based on an assessment report published by World Resources Insti-
tute in 2011 (https://www.wri.org/publication/reefs-risk-revisited),
the global coral reef areas were estimated to cover 249,713 km? of
ocean surface and roughly divided into six reef regions, including the
Southeast Asia (28% of global reef areas), Pacific (26%), Australia
(17%), Indian Ocean (13%), Atlantic (10%), Middle East (6%) (Burke
etal, 2011). To date, microplastics are ubiquitous in the marine envi-
ronments, yet only limited coral reef regions have been investigated,
as shown in Fig. 1. According to these available investigations in recent
years, the abundance and distribution characteristics of microplastics in
the coral reef systems (including seawater, sediments, and corals) were
summarized in Table 1. Researchers have documented that microplastic
abundance in the surface water of coral reefs generally ranges from zero
to tens of thousands of items/m°, while these in sediments and corals
are difficult to quantify due to lack of a relatively standardized unit or
enough available data. Also, microplastics in coral reefs are mainly com-
posed of fibers, pellets, fragments, films, and granules, with the board
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detected sizes and diverse colors. The common plastic polymers mainly
include PP, PET, PA, PVC, PE, PS, PU, PP-PE, PAN and UA, which predom-
inantly originated from waste emissions from coastal cities and the in-
tensive fisheries.

Microplastics in seawater, sediments and coral samples have been
investigated. The analytical methods of microplastics in coral reefs
were mainly consisted of sampling (e.g., trawl, water sampler, in-situ
sediment sampling), extraction (e.g., removal of organic matter, flota-
tion, filtration), microscope inspection, and polymer identification
(e.g., Raman, FTIR spectroscopy). Noteworthy, the coral reef regions in
the Southeast Asia is a hotspot of microplastic field investigation. For ex-
ample, Cordova et al. (2018) investigated the coral sediments of ten
sites in Sekotong, Lombok Island of Indonesia, and found that the aver-
age concentration of microplastics is 48.3 £ 13.98 items/kg. In their re-
sults, PS was the most abundant microplastic types and plastic shapes
were mainly consisted of foam, fragment, and granule. Another study
conducted in coral seabed sediments of four coral islands in Hong
Kong by Cheang et al. (2018) showed that the concentrations of
microplastics (0.3-5 mm) ranged from 171.7 + 57.6 to 223 + 51.4
items/kg and their dominating polymer types were PE and PET,
followed by PP, PS, PVC. In addition, Zhang et al. (2019) investigated
the microplastic abundances of sands/sediments from four coral reef
islands in the South China Sea. Their results demonstrated that the con-
centrations of microplastics (0.3-5 mm) in two atolls from Xisha and
Nansha Islands, and two nearshore fringing reefs from Weizhou Island
and Sanya Lu Hui Tou sites) were 60 4+ 3 to 610 £ 11 items/kg, 40 +
4 to 100 + 2 items/kg, 60 + 2 to 90 + 5 items/kg, and 50 + 3 to
530 + 7 items/kg, respectively. Interestingly, Ding et al. (2019) investi-
gated the abundance of microplastics in seawater, coral and fish sam-
ples in three atolls of Xisha Islands in the South China Sea. As shown
in their survey, the abundances of microplastics (7-4856 um) in the
outer reef slopes, reef flats, and lagoons were 200-11,200,
1000-12,200, and 1000-45,200 items/m?>, respectively. Then, they ex-
tracted microplastics in the surface and inside of coral skeleton by a
two-step process including density flotation and skeleton-dissolved
treatment, and identified microplastics (24-4729 um) in corals with a
concentration of 1.0-44.0 items/individual (0.02-1.3 items/g). Also,
the microplastic distribution characteristics (e.g., size, polymer type,
shape, color) in seawater were more similar to these in fish gills than
that in fish gastrointestinal tracts or coral samples. Additionally, the dis-
tribution characteristics of microplastics in the reefs of Nansha Islands
from South China Sea have been continuously investigated. First,
microplastic abundance of surface seawater at Zhubi Reef ranged from
1400 to 8100 items/m> and more than 80% of them were < 0.5 mm in
size (Huang et al., 2019). Then, another study by Nie et al. (2019) re-
corded the concentrations of microplastics (48 um-5 mm) with
1250-3200 items/m° in surface water at the Nanxun Reef, and observed
that blue microbeads accounted for the majority of microplastic types,
while the collected fish species would like to ingest blue and transpar-
ent fibers that resembled with their natural prey. Somewhat differently,
the microplastic abundance of seawater in Near Loaita/Tizard Bank and
Reefs (seven reefs) in the Nansha Islands was lower, with a concentra-
tion ranging from 0.148-0.842 items/m> (Wang et al., 2019). They
also observed a variety of polymer types, shapes, and colors of
microplastics, reflecting the complexity of types and sources in waters
from Nansha Islands. Recently, the microplastic pollution in remote un-
inhabited reef atolls from Nansha Islands was examined through the
trawl sampling (Tan et al., 2020). In their results, the abundance of
microplastics (20 um-5 mm) in surface water was only 0.0112-0.149
items/m> and more than 70% of microplastics was <3 mm in size. By
comparison of three investigations in Nansha Islands, evidences demon-
strated that the intensity of human activities (e.g., human waste emis-
sions, fishery activity) may be the dominant factor affecting the
microplastic pollution in reef regions. In the Pacific reef regions,
Connors (2017) found microplastics (0.05-5 mm) in the seawater of
fringing reef of Mo’orea at French Polynesia, with a concentration of

et al., 2013)

(Hall et al.,
2015)
(Reisser

Ref.

and fishing items)
Fragmentation of
larger plastic

larger packaging
objects (e.g.

Breakdown of
packaging and
fishing items)

Source

/transparent
>blue>others

Color
White

styrofoam> foil>fiber

Fiber, fragment
(mostly hard and soft

Styrofoam, pellet
plastic)

Shape

fragment>
pellet>tar>

Hard plastic, soft
plastic, plastic line,

EPS, EVA (mostly PE and PP)

Polymer type
PU, PS and PEST
PE, PP,

4256.46 + 757.79
items/km?); 8966.3
+ 1330.75 items/km?
in vertical

in intertidal line
items/km?

Abundance

2 items/11 m®
(0-48,895.6
wind-mixing

Size

100-500 pm
839 plastic
pieces
(0.4-82.6 mm,
mostly
microplastics
with a mean
size of

4.9 mm)

Analytical methods
Trawl sampling; FTIR
spectroscopy

Trawl sampling;
Microscope inspection;
FTIR spectroscopy

and 42 samples,

respectively)
transit voyages

(57 sites, seven
aboard

Media
Seawater
3 sites)
Seawater
Australian
vessels)

Orpheus and Pelorus
Islands(Australia)
Australia (Australia)

waters adjacent to
Waters around

Investigation regions
Great Barrier Reef

Note: 1. Based on the Reefs at Risk Revisited 2011 of WRI (World Resources Institute), the worldwide coral reefs were divided into six regions including Southeast Asia, Pacific, Australia, Indian Ocean, Atlantic, Middle East; 2. Herein, the minimum

filtered mesh size is considered as the detected threshold value of wild-collected microplastics.

Table 1 (continued)
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0.74 items/m? sea surface area. Also, diverse microplastics
(0.031-2.44 mm) were detected in 21% of the guts of four fish species
captured from Mo’orea Island waters, suggesting the presence of
microplastics in this coral reefs (Garnier et al., 2019).

In the Great Barrier Reef from Australia reef regions, microplastics
have become contaminants of emerging concern (Kroon et al., 2020;
Kroon et al., 2018). For the first time, the presence of plastic pieces
(0.4-82.6 mm, mostly microplastics <5 mm) were detected in 57 sam-
pling sites from the Waters around Australia with an average concentra-
tion of 4256.46 + 757.79 items/km? (Reisser et al., 2013). Also, Jensen
etal. (2019) conducted a surface tows at near eleven inshore and eleven
offshore reefs, and collected 547 complex micro-debris (0.355-5 mm,
0.04-0.48 items/m>, mostly microfibers) was consisted of the synthetic
(n = 36%), semi-synthetic (n = 39%) and naturally-derived items (n =
25%). Based on their study, the ingestion of micro-debris characteristics
(e.g., polymer types, shape, colors) by Lemon damselfish (a coral reef
fish) collected in this region had no significant relationship with the mi-
crofiber in the surface water, thus indicating the complexities in sources
and fates of microplastics from coral reefs. Additionally, Hall et al.
(2015) reported up to two microplastics (size 100-500 pum) per 11 m>
seawater from the Great Barrier Reef waters adjacent to Orpheus and
Pelorus Islands. In the Indian Ocean reef regions, the presence of
macro-, meso- and microplastics in the sand sediment of accumulation
zones and intertidal line from the remote Vavvaru Coral Island in
Lhaviyani Atoll (Maldives) was first reported (Imhof et al., 2017). Fol-
lowing this, Patti et al. (2020) investigated microplastic abundance in
sediments around the Naifaru coral island in Lhaviyani Atoll, Maldives,
and found that the average concentration of microplastics is 277.90 +
2498 items/kg. Notably, the “inner atoll” region and “reef flat” environ-
ment contained the highest abundance of microplastics, while concen-
tration and size across these regions have no significant relationship.
In addition, Saliu et al. (2018) analyzed the seawater and sediments
samples in the Faafu Atoll of Maldives. Results demonstrated that the
mean microplastic abundance was 0.32 + 0.15 items/m? in seawater
and 22.8 + 10.5 items/m? in beach sediments, whose primary plastic
polymers included PE, PP, PS, PVC, PET, and PA. Subsequently, they
found the ng/g levels of plastic-derived PAEs in the plankton and
scleractinian corals in the Faafu Atoll (Saliu et al., 2019). Another
study done by Vidyasakar et al. (2018) found the abundance of white
colored and irregular shaped plastic debris in the sediment samples of
Rameswaram Coral Island from Gulf of Mannar, India. Currently,
Patterson et al. (2020) surveyed the distribution characterastics of
microplastics and heavy metals in the Tuticorin and Vembar island
groups from Gulf of Mannar, India. Notably, microplastics ranged from
60,000-126,600 items/m> with the most abundant fibers (1-3 mm) in
seawater and from 50 to 103.8 items/kg with the most abundant frag-
ments (3-5 mm) in sediments, and PE and PP were the most common
plastic polymer. In the Atlantic reef regions, microplastics were ob-
served in benthic faunal samples (112 organisms) in the East Mingulay
special area of conservation, Western Scotland (La Beur et al,, 2019). An
interesting investigation by Rotjan et al. (2019) into the microplastics in
four wild-captured coral colonies from Rhode Island found that the
microplastic abundance was 112 items/per polyp with the most abun-
dant fibers and the polymer mainly comprised PA, PEST, and synthetic
cellulose-based fibers. Recently, Portz et al. (2020) reported that the av-
erage microplastics (1-5 mm) on beach sediment are 90 items/m? and
plastic debris (>80 um) in the atoll inner lagoon are 0.059 items/m> in
the Albuquerque atoll, Caribbean Sea, with the diverse colors and com-
plex plastic sources. In brief, the abundance and distribution character-
istics (e.g., concentration, polymer types, size, shape, color) of
microplastics in surface seawater and sediment samples varied from
different coral reef regions. Thus, the effects of different factors
(e.g., sampling area, analytical methods, water movement, coral spe-
cies) on the reported microplastic abundance in reef regions need fur-
ther assessment in future studies. Furthermore, the sources of
microplastics are complex and affected by human activities and natural

Science of the Total Environment 762 (2021) 143112

factors. Also, the microplastic pollution status in Middle East reef re-
gions remains so far uninvestigated.

As there are no standardized analytical methods for microplastics, it
is difficult to contrast microplastic abundances in different environmen-
tal media, especially reef sand/sediments. Besides, although the samples
of surface seawater and sediments in reefs have been monitored, the
distribution characteristics of microplastics in reef skeleton surface
and inside are still poorly understood. In reality, the microplastic adhe-
sion to the coral reef skeletal surface might be significantly higher than
the suspension in environmentally realistic seawater or microplastic in-
gestion by corals (Corona et al., 2020; Martin et al., 2019). Ding et al.
(2019) developed a two-step combined method including density flota-
tion with the saturated sodium chloride solution and skeleton dissolu-
tion with HCl solution, and extracted microplastics from the surface
and inside of field coral skeleton. Thus, a standardized, operable and
environmentally-friendly analytical method should be developed to
evaluate the microplastic pollution status in worldwide coral reef re-
gions. Furthermore, the sources, distribution patterns, and composition
of microplastics vary from various reefs, because complex environmen-
tal factors, such as plastic fragmentation and transport mechanisms,
sampling areas, and water movement, are highly variable.

Additionally, the knowledge gaps for nanoplastics in coral reefs are
even larger yet due to limitations of classical sampling and analytical
techniques. Although multiple techniques have been applied to the sep-
aration (e.g., flotation, filtration), identification (e.g., FTIR, Raman spec-
troscopy) and quantification of microplastics in different environmental
matrices, most of them are not suitable for detection of nanoplastics be-
cause of the size discrepancy. Therefore, more efforts need to develop
advanced analytical techniques to improve the resolution and sensitiv-
ity of nanoplastics determination (Li et al., 2020). For example, develop-
ing suitable membrane materials (e.g., ultrafiltration membrane) or
efficient separation process (e.g., field flow fractionation, cloud point
extraction, pressurized fluid extraction, thermal hydrolysis) is meaning-
ful. Further developments of the spectroscopic techniques (e.g., nano-
FTIR absorption spectroscopy, nano-Raman Tweezers), advanced
mass-spectrometry (MS)-based methods and other thermal analysis
method are helpful for the nondestructive identification of nanoplastics.
Considering its greater toxicity caused by the nanoscale size, surface
chemical properties and in-vivo accessibility (Shen et al., 2019), the
field investigation and risk assessment of nanoplastics in coral reef re-
gions is also urgently required.

4. Potential impacts of microplastics on corals

According to the existing studies, the potential mechanisms be-
tween microplastics and corals include microplastic ingestion and expo-
sure, combined effects of microplastics and associated chemical
contaminants, coral disease induced by plastics, and impacts on coral-
zooxanthellae symbiosis. The knowledge regarding the different effects
of microplastics on coral species was summarized in Table 2.

4.1. Effects of microplastic ingestion and exposure

Research on the effects of microplastic ingestion by corals started in
2015 with a pioneering work put forward by Hall et al. (2015). Their re-
sults showed that blue PP microplastics (10-2000 pm) can be ingested
by scleractinian corals Dipsastrea pallida with a feeding rates of
1.2-55 pg plastic cm~2 h™!, and retained in the mesenterial tissue of
coral gut cavity for more than 24 h. According to the subsequent studies,
the majority of ingested microplastics may be expelled via the cleaning
mechanisms (e.g., direct interaction, mucus production) after 1-2 days,
but the potential impacts of retained microplastics on corals are non-
negligible (Allen et al., 2017; Hankins et al., 2018; Rotjan et al., 2019).

The underlying mechanism about microplastic ingestion by corals is
still an open topic. Existed knowledge shows that the weathering pro-
cess of microplastics and presence of natural food can influence



Science of the Total Environment 762 (2021) 143112

W. Huang, M. Chen, B. Song et al.

(8107 “Ie 39 Bue])

(6107 “Ie 19 uehoy)

(6102 “Ie 39 11eAS)

(6102 “I® 3 IYINO])

(6102 “Te 12 11AYIY)

(610 “Ie 12 A11og)

(0207 " 32 1[j2uIALS)

(0z0Z “Ie 19 eUOIO))

(0Z0Z “Ie 19 eYd0Y)

(0Z0z “e 19 3010ueT)

e Juajuod [[Aydoiofyd aseasdur Ajqearasqo Aysuap
9P[[2YIULX00Z d130IqUIAS Jo sydedur Juedyiudis oN
SY99M § I91Je UIBap [BI0D 03 Ped] S[[I 1]0I DIYILIdYIST
[IIM SpeaqoIdIW uonsagur-od (889 dwiLiys

auLIq Jo SuIpady Juanbasqns suIIIP pue SpeaqoIdIW
1598ur 03 19j2.1d S[eI0D ‘Y §Z 10] pa[[odxa a1om
speaqosdiu jo Auiofew yng ‘AJiAed 1p[NISPAOIISES
93 JO SaNSSI [BLI2IUISIW Y] UI UIe3al sonsejdoidru
Pa1sa3u] ‘pue[S] 9pOYY WOJJ S[EI0D PIII[0I-P[IM

ur dAjod 1ad/swain dnsejdosdiw z1 [ Jo ageiane uy
9P[[2YIUBX00Z JSBI[AI

Apuedyrugis ‘uonsass pue uonsadur dnsejdosdnu

Jo ssadouad xa1dwod $329))9 Juapuadap-azIs

pue -3s0p 33 YIIM (SISOIaU pue Surydea|q)

U3[eay [el0d 103)je A[9sI19Ape a1nsodxa dnsejdosdi
DIDINI0

p10oda.ppj (210D JO SUIPIJ) puP YIMOIS 133)Je Jou

op ainsodxa dnserd :smoidiaao ainynns ded, dAjod
ay3 asned swy dnsejdordew ‘vsnyad pyjaydoT [e10d
Jo saje1 yamoid pue arnided Aaxd areduir aunsodxa
Jnsejdomniu (se1od oMl uo syedu dyads-sanads
suonenuaduod [[AydoIo[yd pue saIsuap JuoIquIAs
a8ueyd jou syuolquuAs jo duewLoyrad d139yIUAS0]
-oyd 1)e ‘(sausered ‘siso1dau anssiy ‘Suryaes|q “3-9)
sugIs yj[eay pue sajel yimolis [e1od uo speduin
oy12ads-sanads 03 pea] aansodxa dnsejdoIdIN
sassadoid

[e10D 9J1] A[183 [EJ1ILID JO $S9IINS AYI YIIM dI9)1)ul
A[[eniuelsqns Jou :JUaWI[II3S [PAIR] PUP A)I[euwLIouqe
oA1quua ‘uo1ezI[1319) [e10d UO s1dedwl pajIwi| asne)
Surpasy uopjuerd woiy AS1aus

ySnous ured jou pue aduewiojad Surpasy [e10d
Jreduy ‘sonsejdoniw SuneySigal pue ‘SUIMo[[ems
‘3uryoed 10y awin d3erapisuod puads sdAjod
tsdwiiys prisneydna pooj pue sonsejdoidiw uaamiaq
ysmSunsIp 03 SWSIUBYIW UOIBIYIUIPI JO YIe]

sonsejdoIoIw pajnojoiq aIow urelal pue 3sasul [e10d
‘wistueydaw Arewnid 3y st uoisaype aalssed (sadeyns
[e102 0] UOISAYPE dAISSed pue UOISIZUI JAIIIL
y3noiy) sonsejdoIdIw pue s[eIod UadM1aq UOIILIIU]
3500

5139819U9 2dNpul Jou pue AOuIYJd d13xyIuAsojoyd
9SBAIDUI INQ ‘SSAIIS JAIEPIXO PUE UOISIYPE [B10D YSIYy
asned (/3w 1) sonsedomniw JAJ :3dd1 Ueyl DA
0] JAIISUIS IOW SI SIS S1Y) :S[e10d uo syoedur
Jynads-dnsejdomniw 0) pes| a1nsodxa d1se[dodIA
Seg[e IB[[9YIULX00Z J1I0IqUIAS

9y3 03 11oddns [edrwayd pue Sureusis urseadur

Aq 3dua193193ul SIY3 03 puodsal s[elod jey) pue
Surreudis JuoiquiAs-3soy 3dnisip sonsejdoidmu ([e10d
Jo sajgouid a31j0qEISW 01 SUOIIRISI[E JUBIYIUSIS INg
9[1qNS ISNEI ‘UONRIIUIIUOD T/SWAI 0OO0S I° Paidajje
S1juolquIAS [e10d 9Y) Ul dduewIo}iad d13dyIuAsoloyd

yve

(8urpagy
peagoIw-wiyolq
1100 °7) S)aM ¥
{(193eMPEDS UBIP UL
A19A0231) U 7+
(8urpagy) unw 06

skep 1

syjuowr ¢

syjuowr 9

Uvziyse

unw 06

‘unu Qg tunw og

skep 7

Y 96

SEEIe

(1/swa ;01 x 6) /3w 05

wIyoIq 102 DIYIHAYIST
a4} YIM SPeAqoIW GZ-01 *1/3 70

1/8 S1°0 PUB 1'0 ‘500

T/sw 0GE :--

(7/swat 002) 1/3W S0

1/s9231d
06-G “1/speaqomiul 00Z-ST

Swal 0t

8eq 1 ¢'1/sjuawidely pa[nojoiq
L F 90S1+speeq L1 F 0871
‘3eq 1 G'1/sjuawiSey pajnojoiq
G€ F S00€ eq1 S'1/speaq 9 F
L66T :38q T G'1/5peaq § F 966¢

(7/swan 0L x G'I-c01 X L0
~'s0L X F=401 X §'0~) /3w QL ‘L

7/sWwa1t 000°0S ‘000

um |

um g'0£z-S0LL

wri 005-00Z
‘00Z-001 ‘001>

speaqoII
wr oG ‘sonsejdorewr
dd Wwo QL x 0ol

wr 01%-69

dd paI1ayieam
AW TG0
‘speaqoJotw g4 um g ‘|

wuw ¢€-7

sjuawiSely

wrl 0001-008 ‘008-00S
‘005-00¢ ‘speaqomdi
uni 0001-058

‘01£-009 ‘SS€-T1T

wn 6z1-€9

wn 6Z1-901

Sd

(sfep 6 10§ saImINd [[22

1102 D1Y2LIAYIST Ay ul payids-aid
‘4 8- 10j pajeqnoul wiyoiq
[BIQOIDIW 9IBJINS JO UOLPULIO]
33 YIIM) SpeaqomI Fd ang

4dd1

(syauow om) 1oy pajeqnoul-axd

WyoIq [eIqOIdIW IBJINS JO

UONeWLIO [BINJBU Y} YIIM) FdAT

4ddH

2Baq Wolj P31d3[0d
dd paIayjeam speaqoniw 4

s3eq onserd wouy paureiqo d

(o3 98eqIED) dYIDEJ JBIID WOI)
Pa123][0d syuawiseyy 44 pue 4d
Pa[N0JoIq ‘SPeaqoIIW F UISIIA

JAd ‘4dd1l

ad

(smroonupp viodojrood)
[e10d uerunoeIdps dAjod [ewrs

(pavpnood p1Sun.isy)
[e10D 1e3s UIdy)Iou jeraduwa]

(psourtof p1odo.dy) [e10d UIOYSRIS

(pappnoo viodatpopy ‘psnitad
p1jaydoT) S[e1od 19)em-plod
(pajn4a07 viodoyay sepriodolaHq
‘DaIn] $ajL04 LPNLIOJ ‘DSOINLIIA
p.10doj)1204 sepriodo[od
‘pIvoLnw piodo.oy
aepLIodoIdy) S[eI0d UPIUNIRISS

(sinuay
p10d0.0y) [e10D UPIULIDRII[IS

(S14DJN2ADI Sap10.43SY)
[eJ0d ueruIdRIAS Auols aguelg

(psodn.os
piSunfpup() [e10d WOOIYSNIA

(snap120s snyjunoz) elj[elodexay

(pavpsid
p.0YydojA3S) [10D UBIUNDLIIIS

394

S}nsay

uoneing

2U0)

az1s

JwA[od

1nsodxa sonsejdodip

sa12ads [e10)

's[e10d uo sonsejdoioru jo syeduwr [eryuajod Y3 UO SAPNIS JUIY

ZolqeL



Science of the Total Environment 762 (2021) 143112

W. Huang, M. Chen, B. Song et al.

(610
‘oured-e[[iped
pue Ayliomxy)

(8102 e 39 0qnyQ)

(0z0z “1e 39 oqm|0)

(0zoz “Ie 319 nS)

(0zoz “1e 39 10ury)

(S102 "8 32 1IBH)

(102 “Te 12 ua[Iy)

(8107 “Ie 19 112Y219Y)

(8107 “[e 39 sunjueH)

(8107 “Ie 32 uoxdey))

$S31)S [ELLIAY) Japun

uonsagur disejdoIdIw 3dNPal Jou Ing 1jdnou pILALLY
uo SuIpasy asearap Apuedyrusis sarads [e10d om],
sdiysuone[al d1oIquIAs

JO uonenIul ay3 193je {3soy ay3 ojul deS[e dr3oIquuhs
Jo A1anajur ssaxddns A[219A3s sonsejdsodmu yim
ndnou puway pue sonsejdoidiuw jo uonsagur Ay,
‘sdiysuonefa1 JuolquiAs-[e10d [ewIou gqInisip

pue apaopiulpolquAs syuolquiAs Aq pajiqeyqur JaAe|
[192 9prIUa) 3y Adnddo sonsejdosdiw :sonsejdordmu
9s014>03eyd pue (23ed pnom S[[9J [ELLIIPOPUD
{S9[oeIU) pue Apoq 3yl Inoy3noayl asiadsip

U3Y] PUP JUSWE[Y [PLISIUISIW 0] dAOW SdnIsejdororu
‘s1e10d Ayaeay ay3 uey Aqises atow sansejdoiomu
ure3al pue 3saul 03 A[a1] aIe S[e10d Paydeag
11odsuen uol pue [943] sisojdode ‘ssans

QAIIBPIXO0 Jseadul ‘aduewioltad onayjulsojoyd

pue ayeidn juaLnnu ‘A)NA1IE UONEIYIX0IIP

ssaxddns Aduanyje [edrwaydojoyd aSueyd jou pue
sAep £ 3e [[Aydoioqyd aseamdur Apuedyrudis :aed[e jo
Ayisuap pue yamois ay3 Jqiyur aansodxa dnsejdodIp
uonoenal dAjod [e1od ur Jnsal jeydes|

Ul JUSNJIISUOD J9YIOUP ‘UOoenUdU0d [[Aydorofyd
pue Aysuap juolquiAs ‘dueurioyrad dnayjuksojoyd
[eJ0D uo sydedwl PIIWI| Sey SINSSI) 210D

ur uonIEINWNIILOIq AAJFH ‘AdJIHR Jo Aep/3/3u 0G1
[Jr3[ SJUaWSel) SJ Weoj Palds[[od-1deag

4 < Joy A&yaed ng

[102 JO NSSI) [BLI2JUISAW YY) U Ure3al sonsejdordiw
paisadur :Aaxd 103 sonsejdoidiua IS

LRZAS

1oy sonseyd pajsadul jJo %8~ urelal :sonsejdorou
pa[nojoliq ay3 uey3 sonse[doIdIw 391j-9qOIdIW dIoW
3s93ur s[elod ‘syuenuwisogeyd se sajeyoes) dnseld ayy
0 anp s[eod Aq sadA) onserd Jualayip jo uonsasuj

(s1somau

anssiy pue uiydea[q “8-3) $333)J9 Yijeay aanesau
asned {(YImoI319A0 ‘uondnpold snanw ‘syusawe[y
[PLI9USIWI IO SIIBIU) YIIM UOIIIRIUI ‘UONISITY
pue uonsagur opsejdoidmw “8-3) sonsejdoidu

4d 01 APuaIayIp puodsal sa13ds [e10d JUIIYIA

SI2QUOIdIW WW G—¢

SNSIIA SPEIOIDIW Wi OOG-GZF JO SAWI) UOHUI)AI
10 UO[3SaSUI UT 2UIIYIP OU $1I31Jd UOIILIYII[BD
ou ‘| 8§ Joj pa[[adxa a1om speaqoidiu jo AjLiofe|y

uonedyd[Ed dNpal

nq ‘sages anided Aaxd pue toiaeyaq dAjod 129))e Jou
sonsejdomniw sajex axnided Aaxd sonpalr ng Aianoe
dAjod aseandur sonsejdoIdely (sajel yimois [e1a]s
[e102 9seaIdap Appuedyrusis sonsejdoidew pue -01IA
sanpeded sunwiwl pue uonedyIxolap ssaiddns
{SOWAZUS JUBPIXONUE JO SAMIALDR pue asuodsar
ssans adueyua sonsejdomniwt Jo amsodxa ande (Y g1

skep 01

skep 6
‘sfep 7

skep £

skep g

Yy gpuezl iy sy

yve

SYoaM

U8y

syjuowr g

J.0€ paseanur
10 ), LT Iapun 7/swall 000T

(1/swait (01 x 0°6) T/3W §

aasgH-+
pue ‘-¢J -0 yum payids ajeyoea

/8 ¥2°0 PUB L61°0 /3 S6€°0

1/swan 000¥

7/8w 0g

T/swa OS¢ -

umpgr-0s1

un 9-¢ ‘um [1°‘9‘g

wr |

skep 1g

10J (SLIqapoIdeW
P1D[[02-1oBaq WD 7<
wolj padI[s) syuawgely
d1qnd W 1-6°0

/8 9°0 woy 31eYdea]

um 000Z-01

wr 0001-SZ1
‘um 0001-00S

um €91-£€
(ww G-¢)

191s9A10d (Ww §'Z-H'C

‘ww Qz-L'1
‘wnt 0001-058
‘um 005-Szh
‘um 06Z-71¢
‘um 901-06) 4d

SpeaqoIdIw
w006 ‘sonsejdorew
AddTwdQL x 0l

SpeaqoIW gJ

[SEMIDBJ [EIDIWILIOD
wo1j speaqonIu sa1aydsodnu
91e[AX0q1BD JUIISAION]]

Sd

(aad>gH)
$aUBIIPOPOIAIOWIOIGEXIY

JuepIelal
Juwe]j pajeurwolq Surureuod
Sd Weoj pajoda[[od-yieag

dd ang
(3daH"3dd1 ‘sd Surpnjour)
saimxiw dnseld pajnojoiq

pue paayieam-ysiuns
$(SdDAdDd'14d'dd AdATAdAH
Surpnpur)

sarnjxiw dnsed 991j-aqoIDIA]

(sporad ainsodxa

3uLmp wiyoIiq [eIqOIdIW IIeJINS
JO UOIeULIO] [BINJRU Y] YIM)
dd aunstid

SI9QUOIIW 121SIA[O :(SH29M
XIS 10j pajeqnoul-aid wyolq
[PIQOIDIWI 9BJINS JO UOIJPULIOJ
[eINJRU 9] YIIM) SPBIOIIW I

(syauow om} 1oy pajeqnour-aid
W[YoIq [PIJOIDIW IBJINS JO
UOIeWLIO) [BINJRU Y YIM) I

(s11021upp viodojpidod ‘pIIIdDI
D10d1JUOJ) S[BI0D URIULIIRIIIS

(+ds pisvadiy)
QUOWAUE B3S :(SISUauiYyd
$371AD) [10D UBRIUNDIBIIIS AUOIS

wis[ueg10 [9pow UPOZOYIue
ue se (pispidiy) auowaue
©36 { (wnupuaiypd n.10do3o1ias) [e10)

S[eJ0D UBIUNJRIIPIS Ul Suniqeyur
(1npa.1o3 winidooopn)))
Jeg[e aeadeIUIpOIqUIAS

(vapjpsid
D.10Ydo]A1S) 210D URIULIIRIIIS

(vpyivd pauasosdiq) [e10d
uerunoeIds Auols padeys-punopy

(p3pnood
D1SuD.ISy) [0 URIUNDRIS[IS

(Da1puljAd sajiiod ‘Dajn| sajLod

‘StuLooUDP D.10d0])1904 ‘DSOINLIIA

p10doj1004 ‘piodajpiu p1odosdy
‘syjiunyy piodo.ady) sardads
[e10d uerundeIas dAjod [fews Xxi1s

(vID]02ADS D)J221GLO
‘DSOUIIADD DADIISDIUOJA] )
S[e10d uerunoeIas dAjod

(psnysad
Dp1]aydoT) [e10d I9JeM-P[0)



W. Huang, M. Chen, B. Song et al.

microplastic ingestion by corals. Interestingly, Allen et al. (2017) found
that the microbe-free, sunlight-weathered and biofouled microplastics
were ingested by scleractinian corals due to the plastic leachate as
phagostimulants. Corals would like to ingest the microbe-free
microplastics than the plastics with a microbial biofilm, while this result
is contrary to other microplastic feeding studies (Goss et al., 2018;
Vroom et al., 2017). Recently, Corona et al. (2020) revealed that the
probability of ingesting and retaining PE biofouled-microplastics by
mushroom corals Danafungia scruposa was higher because corals may
mistake the plastics spiked with microbial surface biofilms as the natu-
ral food source. It remains to be further studied whether the
microplastic weathered/aging behaviors (e.g., UV-radiation, biofilm)
play a role in plastic ingestion by diverse corals and cause other adverse
impacts (e.g., intestinal blockage, transfer of pathogens and associated
chemical contaminants). In addition, Reichert et al. (2018) investigated
the response of six small polyp coral species to PE microplastics
(37-163 pm, 4000 items/L) with a microbial biofilm, and found that
the exposure to biofouled microplastics caused different impacts
(e.g., microplastic ingestion and egestion, interaction with tentacles or
mesenterial filaments, mucus production, overgrowth) on different
coral species (Fig. 2a). The microplastics-coral interaction is not only
the ingestion versus egestion processes, but also involves the complex
pattern (Reichert et al.,, 2018; Syakti et al., 2019). Additionally, a recent
study reported that orange stony scleractinian coral Astroides calycularis
is lack of identification mechanisms to distinguish between
microplastics and natural food euphausiid shrimps, and the presence
of foods can stimulate ingestion of 2-3 mm PE microplastics (Savinelli
et al,, 2020). Also, coral polyps spent considerate time for treating
microplastics, and these ingested microplastics impaired coral feeding
performance. On the other hand, the amount comparison between
microplastic consumption by corals and heterotrophic feeding is
needed. Hall et al. (2015) found that ingestion rates of 10-2000 pm PP
microplastics were similar to the consumption of plankton and Artemia

Science of the Total Environment 762 (2021) 143112

nauplii. Another study done by Rotjan et al. (2019) reported that corals
Astrangia poculata would prefer to ingest PE microbeads
(170.5-230.8 um), and reduce the intake of natural food brine shrimp
eggs due to the false perception of “satiety”, suggesting the inhibition
of heterotrophic feeding caused by microplastic ingestion and potential
coral health impacts (Fig. 2b). Nevertheless, evidence also showed that
coral heterotrophic feeding rates can be far beyond microplastic con-
sumption and not impaired by microplastic exposure (Corona et al.,
2020; Martin et al,, 2019).

In addition to the microplastic active ingestion by corals, the passive
adhesion to the coral structure surface might be the primary
microplastics-coral mechanisms (Corona et al., 2020; Martin et al.,
2019), as shown in Fig. 2c. Nearly five years, laboratory studies have
demonstrated that microplastic exposure (including active ingestion
and passive surface adhesion) can influence the coral energetics, growth
and health, with consequences for feeding behavior, photosynthetic
performance, energy expenditure, skeletal calcification, and even tissue
bleaching and necrosis (Table 2). Since 2018, Dr. Jessica Reichert and her
co-workers reported that the species-specific impacts of microplastics
on different scleractinian coral species. In their first experiments for
four weeks, results showed six small polyp coral species (Acropora
humilis, Acropora millepora, Pocillopora verrucosa, Pocillopora damicornis,
Porites lutea, Porites cylindrica) responded differently to PE microplastics
(37-163 um, 4000 items/L) spiked with a microbial biofilm, and caused
bleaching and tissue necrosis (Reichert et al., 2018). Then, they investi-
gated the six months exposure of 65-410 um PE microplastics (200
items/L) to four representative reef-building scleractinian corals in
Indo-Pacific, and found that microplastics led to the species-specific ef-
fects on coral growth rates and health signs (e.g., bleaching, tissue ne-
crosis, parasites) and altered the photosynthetic performance of
symbionts (Reichert et al., 2019). Similarly, Mouchi et al. (2019) re-
ported that PE microplastic exposure for five months had a species-
specific impacts on two cold-water corals (Lophelia pertusa and
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Fig. 2. The effects of microplastic ingestion and exposure on corals. (a) Response of scleractinian coral species to PE microplastics exposure. Reproduced with permission from Reichert et al.
(2018). Copyright 2018 Elsevier. (b) Comparison between microplastic consumption by corals and heterotrophic feeding. Reproduced with permission from Rotjan et al. (2019). Copyright
2019 The Royal Society. (c) Microplastic active ingestion by corals and passive adhesion to coral surface. Reproduced with permission from Martin et al. (2019). Copyright 2019 Elsevier.
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Madrepora oculata), and contrasted the difference in effects of the
10 x 10 cm PE macroplastic films and 500 pum PE microbeads. In their
experiments, the exposure of PE microbeads at a concentration of 350
items/L impaired prey capture ability and growth rates of coral Lophelia
pertusa but did not affect another coral Madrepora oculata. Notably, the
exposure to PE macroplastics films had a limited effect on coral Lophelia
pertusa and only caused the polyp “cap” structure overgrows due to the
avoidance behavior of plastic obstacle and easy access to foods. Another
study by Chapron et al. (2018) has reported that the two months expo-
sure of 10 x 10cm LDPE macroplastics and 500 pm LDPE microbeads
significantly decreased the skeletal growth rates of cold-water coral
Lophelia pertusa. Based on their results, macroplastic pieces from plastic
bags increased polyp activity but reduced prey capture rates, while
microplastic exposure did not influence polyp behavior and capture
rates but decreased coral calcification. Noteworthy, Tang et al. (2018)
studied the 24 h acute exposure of 1 um PS microplastics (9 x 10'°
items/L) to the cytological, physiological, and molecular responses of
small polyp scleractinian coral Pocillopora damicornis. Their results re-
vealed that acute exposure of microplastics enhanced stress response
and activities of antioxidant enzymes, and suppressed detoxification
and immune capacities. Additionally, Syakti et al. (2019) explored the
effects of three microplastic sizes (<100, 100-200 and 200-500 pm)
and concentrations (0.05, 0.1 and 0.15 g/L) on health of staghorn coral
Acropora formosa. In their experiments for 14 days, they observed that
LDPE microplastics exposure caused the coral bleaching and necrosis
with the dose- and size-dependent effects. Finally, LDPE microplastics
with a 100 um size and concentration of 0.15 g/L led to the 93.6 £
2.0% of bleaching and 5.9 + 2.5% of necrosis, suggesting the adverse im-
pact on coral health. Compared the potential effects induced by two
types of microplastics (63-125 um, 1 and 10 mg/L) for 96 h exposure,
Rocha et al. (2020) revealed that hexacorallia coral Zoanthus sociatus
was more susceptible to PVC microplastics than the LDPE. The exposure
of PVC microplastics at a concentration of 10 mg/L significantly in-
creased the plastic adhesion to coral surface and induced oxidative
stress (e.g., lipid peroxidation, antioxidant defense), but it promoted
the photosynthetic efficiency of symbionts and did not induce energetic
costs. Recently, Lanctot et al. (2020) investigated the four weeks expo-
sure of 106-125 pm PE microplastics (5000 and 50,000 items/L) to
scleractinian coral Stylophora pistillata, and found that PE microplastics
at 50000 items/L adversely affected the photosynthetic efficiency in
coral symbionts and both concentrations significantly altered the coral
metabolite profiles. Taken together with their experimental results
and previous studies, they concluded that microplastic exposure can
disrupt host-symbiont relationship by the chemical signals.

However, the limited harms of microplastics to corals were also re-
ported. For example, Hankins et al. (2018) found no observable effects
on coral calcification for 48 h exposure to the biofouling PE microbeads
(90-106, 425-500, and 850-1000 pm) at a concentration of 30 mg/L. In
addition, Berry et al. (2019) studied whether the exposure to PE
microbeads (1 and 6 um) and beach-collected weathered PP
microplastics (0.5, 1, and 2 mm?) affects the early life processes of
scleractinian coral Acropora tenuis. Results showed that only 2 mm? PP
microplastics negatively influenced the coral fertilization, but other
microplastic exposure had no significant impacts on the coral embryo
development and larval settlement, suggesting the limited impacts on
the coral early physiological stages. Furthermore, the species-specific
and microplastic-specific responses of different coral species to
microplastic exposure are required to pay more attention (Mouchi
et al., 2019; Reichert et al., 2019; Rocha et al., 2020). As a result, the re-
sponse of corals to microplastic exposure might be affected by some
consequences, such as coral species and physiological stage,
microplastic properties (e.g., polymer types, size, concentration, weath-
ered behavior), and exposure conditions (e.g, duration, environmental
stresses).

In general, the existing studies mainly focus on laboratory experi-
ments at the higher microplastic concentrations than in-situ conditions
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in reef regions. Future efforts should be used the environmentally-
realistic conditions (e.g., concentration, polymer type, weathered
behavior) to perform the comprehensive evaluation regarding the
long-term impacts of microplastic exposure on diverse coral species, es-
pecially the reef-building corals. Furthermore, the response mecha-
nisms of corals to microplastic exposure (including active ingestion
and passive surface adhesion) remain unclear and further explored.
Noteworthy, the issue regarding which one of both microplastic active
ingestion and passive surface adhesion causes greater impacts on coral
species also needs to concern. Additionally, researchers must raise ques-
tions about the combined impacts of microplastics and other exogenous
stressors (e.g., chemical pollutants, pathogens, climate-induced
changes) on the highly biodiverse and complicated coral reef
ecosystems.

4.2. Combined effects of microplastics and associated contaminants

Microplastics serve as a considerable sink and source of associated
chemical contaminants and enhance their transport into organisms
(Teuten et al., 2007; Teuten et al.,, 2009), potentially posing a threat to
coral health. The field studies regarding the interaction between
microplastics and associated contaminants in coral reef areas are pre-
sented in Table 3. On the one hand, microplastics can accumulate vari-
ous environmental chemical contaminants such as PCBs, PAHs, DDTs
and heavy metals, and carry them long distance (Brennecke et al.,
2016; Godoy et al.,, 2019; Wang et al., 2018). Based on the metal analysis
and PCBs determination, Hong et al. (2013) reported the presence of
PCBs at ng/g levels and metals at the mg/kg in the coral reef bed sedi-
ments from Katen and Samui Island, Thailand. In subsequent experi-
ments, they found that eight plastic materials can release PCBs at the
variable concentrations for 6 months, suggesting the importance of
selecting submerged plastic equipment with low additive leaching.
More recently, Patterson et al. (2020) investigated the pollution status
of different microplastics and heavy metals (Ni, Fe, Cr, Mn, Cu, Hg, Cd,
Zn, Pb) in the Tuticorin and Vembar island groups of Gulf of Mannar
from Indian Ocean reef regions. Based on the SEM-EDAX analysis and
determination of ICP-MS and AAS, heavy metals associated with
microplastics were greater than those in sediments at the mean pg/g
levels, suggesting that microplastics can be served as a source of metals
or that metals in sediments is preferentially distributed to microplastics.
It is unknown whether microplastics transport enough environmental
chemicals to corals and lead to substantial harm.

On the other hand, the fragmentation processes of plastic debris po-
tentially release toxic additives such as plasticizers, flame retardants,
and heavy metals that are added to plastics during manufacturing. Ac-
cording to the microplastic determination and PAEs analysis, Saliu
et al. (2019) preliminarily reported that the possible correlation
between microplastic contamination in seawater and plasticizer addi-
tive PAEs in scleractinian corals at the Faafu Atoll, Maldives. Then,
based on the procedure combined the biocompatible solid-phase
microextraction with liquid chromatography coupled to mass spec-
trometry, they developed a novel method for determining different
PAEs in marine invertebrates (e.g., scleractinian corals, sponges,
clams) (Saliu et al,, 2020). Subsequently, Montano et al. (2020) investi-
gated five PAEs in the coral reefs from Magoodhoo Island in Faafu Atoll
by the LC-MS/MS analysis. Results showed that more than 95% of wild-
collected scleractinian corals were polluted by the total PAEs, with an
average concentration of 30 ng/g per coral. Alarmingly, a recent study
showed how PS foam debris from beaches leach 150 ng/g/day flame-
retardant hexabromocyclododecanes and their bioaccumulation in
scleractinian corals, as well as how PS leachate affect coral physiology
(e.g., photosynthetic performance, symbiont density, chlorophyll con-
centration, coral polyp retraction) in the short-term (Aminot et al.,
2020).

From the above, the current studies provide limited data on the pol-
lution status of plastic-derived associated chemical contaminants
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Table 3
Field studies about interaction between microplastics and associated chemical contaminants in coral reef regions.
Investigation Media Contaminants  Analytical methods Results Ref.
regions
Tuticorin and Sediment; Microplastics; ~ SEM-EDAX; ICP-MS (for MPs EDAX-analysis showed the presence of Ni, Cd, Pb, Cu, (Patterson et al., 2020)

Vembar island
groups in Gulf

Microplastic surface Heavy metals

of Mannar, pollution indices
India
Faafu Atoll, Scleractinian corals Microplastics;  Microplastic determination;
Maldives Acropora muricata; Plastic PAEs analysis by LC-MS
Neuston in subsurface additives PAEs
seawater
Magoodhoo Scleractinian corals Plastic PAEs analysis by LC-MS/MS
Island of Faafu  (Porites lutea, additives- five
Atoll, Maldives  Pocillopora verrucosa ~ PAEs

and Pavona varians)

Plastic-derived
metals and
PCBs

Samui and Katen  Sediment
coral reefs in

Gulf of Thailand

Metal analysis; PCBs
determination by gas

debris

from sediments) and AAS (for
sediments); Calculation of

chromatograph; Determination
of PCBs release from plastic

Al, Zn and Fe associated with microplastics; Heavy
metal associated with microplastics were greater
than those in sediments, suggesting microplastics as
a source of metal pollution or metals from the
sediment preferentially partition to microplastics.
Widespread microplastic contamination and
appreciable levels of PAEs in the scleractinian corals
sampled inside the atoll were correlated with the
highest microplastic concentration.

More than 95% of scleractinian corals were
contaminated, with a maximum of 172.4 ng/g; The
average total PAEs concentration was about 30 ng/g
per coral, but it in species, depth or reef exposure had
no significant differences.

Relatively little contamination of metals and PCBs in
sediment of coral reef areas in the Gulf of Thailand;
laboratory leaching study indicated that scientific
equipment made of plastic materials might release
PCBs to seawater and sediment.

(Saliu et al., 2019)

(Montano et al., 2020)

(Hong et al., 2013)

(e.g., organic pollutants, heavy metals, toxic plastic additives) and es-
tablish a preliminary correlation between microplastic pollution and
chemical pollution. Microplastics might be non-negligible sources and
media to transport chemical pollution in the coral reef systems, where
microplastic exposure or ingestion by corals potential result in the ex-
posure to associated contaminants. However, determining how much
heavy metals and toxic components transported into corals and
whether contamination levels in environmental media (e.g., seawater,
sediment) affect the transfer process remain unknown. Moreover, as
these contaminants are present in relatively low concentrations in the
environmental samples and easily influenced by external factors
(e.g., coral species, sediment media, laboratory contamination), there
is lack of a standard and accurate analytical method to identify and
quantify them. Consequently, future efforts are required to investigate
the pollution status of associated chemical contaminants in coral reefs,
and explore their actual combined impacts with microplastics on vari-
ous coral species.

4.3. Disease induced by microplastics

Plastic debris, which provides a durable, mobile and hydrophobic
substrate, enhances the microbial colonization and biofilm formation.
The “Plastisphere” comprises a variety of colonized microbial communi-
ties including heterotrophs, autotrophs, predators, and symbionts on
plastic debris, potentially promoting the dispersal of harmful opportu-
nistic pathogens (Amaral-Zettler et al., 2020; Zettler et al., 2013). Ac-
cording to a previous study, benthic macroplastics (>50 mm in
diameter) significantly magnify the coral disease susceptibility and ad-
versely influence the structurally-complex coral communities (Lamb
et al., 2018). By comparison, due to its microscopic and surface proper-
ties, ubiquity, mobility, and complex interaction (e.g., ingestion, surface
adhesion) with corals, microplastics might be easier to introduce
disease-causing pathogens to invade coral reefs and increase the likeli-
hood of disease susceptibility. Nevertheless, the potential mechanisms
of microplastics on harmful microbial colonization, pathogen transmis-
sion and disease process, and their “pathogen-carrier” effects to corals
remain to be further investigated.

In several previous studies, cross-ocean plastic debris (e.g., PP, PE)
can act as colonization vectors for microbes, such as the genus Vibrio,
Rhodobacterales and Halofolliculina spp. that are considered as the op-
portunistic pathogens associated with outbreaks of prevalent coral dis-
eases including white syndromes and skeletal eroding band (Dang et al.,
2008; Goldstein et al., 2014; Zettler et al., 2013). Recently, Feng et al.
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(2020) placed nine kinds of 3-5 mm microplastics (including PP, PS,
PC, PA, PVC, LDPE, PET, EPS, ABS) in four coral reef sites for two weeks,
and investigated the composition and properties of microplastic surface
biofilms. Based on their colonization experiments, the sequencing re-
sults of 16S rRNA revealed that the composition and distribution of bio-
film on microplastic surface in coral reef area remarkably differed from
the surrounding seawater samples, and were mainly affected by the
polymer types of microplastics and reef sites. Noteworthy, the domi-
nant biofilm pathogens inhabiting in microplastics include Vibrionaceae,
Rhodobacteraceae and Flavobacteraceae, and Vibrio, which can result in
tissue damage and coral albinism, respectively. Also, other pathogens
such as Pseudomonas and Bbellvibrio cholerae were observed in these
microplastic biofilms. Additionally, Rotjan et al. (2019) studied the in-
gestion of PE microbeads (170.5-230.8 um) with the Escherichia coli bio-
film by a temperate coral Astrangia poculata, and found that increased
Escherichia coli on the polyps were observed within two weeks and
coral polyps died after four weeks post-ingestion. On the other hand, ev-
idence showed that the short-term exposure to 1.0 pm PS microplastics
(9 x 10" items/L) repressed the detoxification and immune system of
the scleractinian coral Pocillopora damicornis (Tang et al., 2018), which
might increase the likelihood of coral disease susceptibility. These lim-
ited studies indicated the non-negligible threat of disease-causing path-
ogens inhabiting in microplastic surface and provided a new research
direction about the impacts of “Plastisphere” communities on diverse
corals.

4.4. Impacts of microplastics on coral-zooxanthellae symbiosis

Reef-building coral species gain the majority of nutrient and energy
from the endosymbiotic relationship with the photosynthetic genus
Symbiodiniacea, thus the sustainable coral-zooxanthellae symbiosis is
the cornerstone of healthy coral reef ecosystems. So far, the impacts of
microplastics on the coral-zooxanthellae symbiosis and photosynthetic
performance have been rarely reported. The first evidence demon-
strated that the direct or indirect ingestion of carboxylate microspheres
(3,6,11 pm) and microbeads from commercial facewash (3-60 pum) can
severely inhibit the symbiotic Symbiodiniacea infecting into their host
(e.g., coral Favites chinensis, sea anemone Aiptasia sp.), disturbing their
initiation of symbiotic relationship (Okubo et al., 2018). Then, they re-
ported that PS microplastics (3 and 6 pm) can be accumulated in the
zone of phagocytosis and endocytosed into the cells of mesenterial fila-
ments (Okubo et al., 2020). These microplastics might be dispersed in
the cell layer of coral tentacles and occupy the sites inhabited by
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Symbiodiniaceae, thus hindering normal coral-symbionts relationships.
Moreover, the exposure to 1 um PS microplastics (9.0 x 109 items/L)
suppressed the growth of endosymbiotic Symbiodiniaceae species by
affecting its apoptosis and metabolism, declining the detoxification
activity and photosynthesis, and increasing oxidative stress and apopto-
sis (Su et al., 2020). Another study done by Syakti et al. (2019) found
that the ingestion of LDPE microplastics (<100, 100-200, and
200-500 um) by staghorn coral Acropora Formosa led to the release of
zooxanthellae and subsequent coral bleaching and necrosis. Currently,
Lanctot et al. (2020) reported that the four weeks exposure of PE
microplastics (106-125 pm, 50,000 items/L) negatively affected photo-
synthetic efficiency of symbionts in the scleractinian coral Stylophora
pistillata and significantly altered their metabolite profiles. These au-
thors thought that microplastics can disrupt the host-symbiont physio-
logical relationships. Somewhat differently, Reichert et al. (2019) stated
that six months exposure to HDPE microplastics (65-410 um, 200
items/L) resulted in the species-specific impacts (including enhance-
ment or no change) on the photosynthetic performance of four
scleractinian coral species, but it did not change the symbiont densities
and chlorophyll contents. Although the 24 h acute exposure to 1 um PS
microplastics (9 x 10'° items/L) led to the adverse cytological, physio-
logical, and molecular responses to the scleractinian coral Pocillopora
damicornis, the increase of symbiont density and chlorophyll content
was observed (Tang et al., 2018). Additionally, Rocha et al. (2020) re-
ported that 10 mg/L PVC microplastics (63-125 um) exposed to the
Hexacorallia coral Zoanthus sociatus for 96 h increased the photosyn-
thetic efficiency and did not induce the energetic costs. From the
above, additional evidence must to be gained to assess whether the
enough adverse impacts of microplastics on the coral-zooxanthellae
symbiosis in the long-term exposure.

4.5. Potential threats to coral reef systems

Coral reefs are the crucial marine regions with the high complexity,
biodiversity and productivity, but in turn, they are exposed to the com-
bination between natural perturbations and human activities. Different
influence factors such as climate change, ocean acidification, marine
pollution, diseases and plastic pollution affect coral reefs in a different
way. Notably, the mutual combination of factors potentially leads to
the greater impacts than a single factor alone. For example, complex in-
teractions between nano- or micro-plastics and climate change may af-
fect coral reef systems in the long term. Recent evidence showed that
the coupled impacts between the environmental parameters
(e.g., CO,, temperature, light irradiance) shifted by climate change and
PS nanoplastics (100 nm) can influence the growth of primary producer
microalgae and change toxicity of nanoplastics (Yang et al., 2020). The
first study by Axworthy and Padilla-Gamifio (2019) into the effect of
marine thermal stress on the microplastic ingestion and heterotrophic
feeding by two scleractinian corals (Montipora capitate and Pocillopora
damicornis) found that rising sea temperatures (30°C) did not signifi-
cantly affect microplastics ingestion, but observably reduced heterotro-
phic feeding of Artemia nauplii. Furthermore, Okubo et al. (2020)
reported that bleached corals Seriatopora caliendrum under thermal
stress are more likely to ingest and retain microplastics (3 and 6 um)
than the healthy corals. To better comprehend microplastics as an
emerging global pollutants, exploring the potential synergistic effects
of microplastics with environmental stressors relevant to climate
change on reef-building corals is urgently needed.

5. Conclusions and recommendations

Considering the ecological and economic value of coral reef systems,
microplastic pollution in reef regions is gradually receiving attention. In
recent years, studies have demonstrated that microplastics have been
detected in different compartments (e.g., seawater, sediment, corals,
aquatic biota) of coral reef regions in the Southeast Asia, Pacific,
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Australia, Indian Ocean and Atlantic. Nevertheless, there is a significant
difference in the abundance and distribution characteristics of
microplastics, which might be primarily attributed to intensive anthro-
pogenic activities (e.g., population density, fishery activities, human do-
mestic sewage, land-based emissions, tourist activities, etc.) and natural
factors (e.g., fragmentation behaviors, water flow transport, sediment
properties, habitat condition, atmospheric deposition, etc.). Further-
more, laboratory evidence showed that main interactions between
microplastics and corals are microplastic active ingestion and passive
surface adhesion. The exposure of microplastics to corals can adversely
affect coral physiology, energetics, growth and health, and potentially
lead to tissue bleaching and necrosis in the long-term exposure. More-
over, toxic chemicals and disease-causing pathogens onto the
microplastic surface might increase the risks to coral health.

Although some efforts about the field survey and toxicity studies of
microplastics have been performed, there are still many scientific issues
that require to be addressed in future studies. Some points are listed as
follows:

(1) Incorporate microplastics and plastic-derived associated contami-
nants into environmental monitoring indicators in coral reef
regions and establish a long-term effective monitoring network
to evaluate microplastic pollution status. Nevertheless, current an-
alytical methods (including sampling, extraction, identification
and qualification) of microplastics used in reef investigations
have been not standardized. Further efforts are required to develop
the standardized, operable and environmentally-friendly analyti-
cal methods, and clarify the microplastic pollution in different
compartments (e.g., seawater, sediment, corals, aquatic biota) of
coral reef regions. Notably, the level of PAEs in coral tissues may
represent a meaningful indicator for microplastic pollution (Saliu
et al,, 2019). Meanwhile, the main sources, transport modes and
accumulation areas of microplastics in coral reefs need to be iden-
tified.

Evaluate the impacts of microplastics on coral species comprehen-
sively. While present laboratory ecotoxicological studies revealed
the short-term impacts on coral species at the relatively high
microplastic concentrations, the additional evidence about long-
term effects of microplastics and related toxic mechanisms under
environmentally realistic conditions is urgently required. In addi-
tion, microplastics can serve as sinks and sources of environmental
chemical pollutants (e.g., heavy metals, persistent organic pollut-
ants, plastic additives), thus their potential combined effects on
corals require further studied. Moreover, more attention should
be paid to the underlying pathogenic mechanisms of corals and in-
terference of normal host-symbiont relationships caused by
microplastics exposure.

Understand the potential impacts of nanoplastics. Due to its
nanoscopic size and limitations of analytical techniques, the abun-
dance and distribution of nanoplastics in coral reefs are still
uninvestigated. Thus, the development of advanced and effective
analytical techniques to improve the resolution and sensitivity of
nanoplastics determination must be required in the future works
(Li et al,, 2020). In addition, the adverse effects of nanoplastics on
corals should be further assessed because it may be more likely
to interact with corals and its toxicological risks might increase
with the decreasing plastic particle size.

Explore the threat of nano/microplastics to coral reef systems. As
an exogenetic contaminant, microplastics can widely distribute
in the different media (e.g., surface water, water column and bot-
tom sediment) in reef regions and interact with various aquatic
biota (e.g., corals, fish, bivalves, etc.). To our knowledge, no data
exist for the effects of microplastics on trophic structure and eco-
system function of coral reef systems. Also, study regarding syner-
gistic effects of nano/microplastics with environmental stressors
relevant to climate change on reef-building corals are still scarce.
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With the rapid increasing plastic consumption and the pervasive
global coral bleaching, marine microplastic research must focus
on the critical coral reef areas and include a comprehensive knowl-
edge about the distribution, fate, trophic transfer, and toxicological
effects from an ecosystem perspective.

Develop the protection strategy of coral reefs and reduce
microplastic environmental emissions. Of even greater concern is
that the removal of microplastics from the reef areas is extremely
difficult and impractical. Nevertheless, annual global plastic pro-
duction is still increasing rapidly year by year and has reached at
least 359 Mt. in 2018 (PlasticsEurope, 2019). Consequently, future
plastic researchers should concern how to reduce microplastic pol-
lution from the root by reducing plastic consumption, improving
waste management and eliminating the vast marine inputs of
microplastics.
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