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Although millions of tons of plastics end up in oceans each year, floating plastics
account for only about 1% of all plastic inputs in the ocean. Particularly, microplastics
below 1 mm in length, are missing in surface waters due to removal processes like
ingestion by marine animals, biofouling, and sinking. Here, we studied how a species
of mushroom corals (Danafungia scruposa), common in the Maldives, contributed to
the removal of microplastics from the water suspension through active (ingestion) and
passive (adhesion to the surface) mechanisms. We evaluated if removal rates were
affected by the presence of the coral natural prey (i.e., Artemia salina) and by biofouling
on the surface of the microplastic. We found that the coral quickly interacts both actively
and passively with microplastics and that the probability for the coral to ingest and retain
microplastics was higher when the surface of the microplastic was biofouled. We also
found that passive adhesion of microplastics was the primary mechanism through which
corals sequester microplastics from the water column.

Keywords: microplastic ingestion, microplastic adhesion, Maldives, biofouled microplastics, Fungiidae, coral reef

INTRODUCTION

In the ocean, plastic debris accounts for more than 90% of marine litter (Galgani et al., 2015)
and fragmentation of this debris into smaller particles forms microplastics (<5 mm in length,
Moore, 2008; Barnes et al., 2009). Microplastics can also directly enter the marine environment
in the form of microbeads or pre-production pellets (Van Cauwenberghe et al., 2013). Although
millions of tons of plastic are estimated to enter the ocean every year, only about 1% of that
amount remains floating in the surface waters (Jambeck et al., 2015; Law, 2017). Especially,
microplastics below 1 mm are found in much lower concentrations than expected in near-surface
waters (Cozar et al., 2014; Eriksen et al., 2014). Fragmentation of plastics, ingestion by marine biota,
deposition on the shore, biofouling, and consequent sinking are possible mechanisms leading to the
removal of plastics from surface waters (Cozar et al., 2014). Among these mechanisms, ingestion of
microplastics, which has been observed in a wide range of organisms (Murray and Cowie, 2011;
Baulch and Perry, 2014; Hämer et al., 2014; Baalkhuyur et al., 2018; Arossa et al., 2019) is of
particular concern as it introduces risks into the marine food web, including for humans (Carbery
et al., 2018). Ingestion of microplastics has been shown to have negative effects on organisms. For
example, the presence of microplastics in cultures reduced the algal feeding rates of copepods, with
a consequent reduction in ingested carbon biomass over time (Cole et al., 2013). Furthermore,
plastics can act as both sinks and sources for chemical pollutants (Teuten et al., 2009) and may

Frontiers in Marine Science | www.frontiersin.org 1 March 2020 | Volume 7 | Article 128

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2020.00128
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2020.00128
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2020.00128&domain=pdf&date_stamp=2020-03-05
https://www.frontiersin.org/articles/10.3389/fmars.2020.00128/full
http://loop.frontiersin.org/people/811487/overview
http://loop.frontiersin.org/people/463413/overview
http://loop.frontiersin.org/people/368172/overview
http://loop.frontiersin.org/people/135333/overview
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00128 March 3, 2020 Time: 19:27 # 2

Corona et al. Microplastic Interactions With Mushroom Corals

provide substrata for the development of non-indigenous and
complex microbial communities (Harrison et al., 2011).

Corals support biodiversity in the oceans as a source of both
food and shelter for a wide range of marine life. Given the
importance of corals in the marine system, their exposure to
microplastic pollution threatens the health of the whole coral
reef ecosystem. Indeed, corals have been reported to be able
to capture and ingest microplastics (Hall et al., 2015). When
corals contact alien particles, such as microplastics, they have
been found to respond in a variety of ways, depending on the
species. Such responses include deploying cleaning mechanisms,
retaining particles through overgrowth, and egesting ingested
plastic particles (Stafford-Smith and Ormond, 1992; Reichert
et al., 2018). Previous studies on the ingestion of microplastics
by corals have, altogether, considered only a few species of
corals (Hall et al., 2015; Allen et al., 2017; Reichert et al., 2018;
Martin et al., 2019; Rotjan et al., 2019) and have employed
experimental conditions that depart from the natural conditions
of the marine environment. For instance, the corals previously
tested in microplastics studies were fed industrially produced
virgin microplastics rather than environmental microplastics
and no alternative food sources were provided during the
experiments (Hall et al., 2015; Allen et al., 2017; Reichert
et al., 2018). Moreover, although corals were often observed to
trap microplastics on their surfaces during microplastic feeding
experiments in the laboratory (Allen et al., 2017; Reichert
et al., 2018), adhesion has only just recently been identified
as an effective microplastic sink in three coral species in
the Red Sea (Acropora hemprichii, Goniastrea retiformis, and
Pocillopora verrucosa (Martin et al., 2019). That study showed
that adhesion of microplastics to coral is 40 times more effective
in removing microplastics from the water column than is
ingestion of microplastics.

The coral reefs of the Maldives constitute one of the largest reef
systems on the planet (8920 km2) (Spalding et al., 2001). These
reefs are affected by a number of natural and anthropogenic
threats, such as bleaching, algal overgrowth, and coral and
invertebrate disease outbreaks (Montano et al., 2012; Saponari
et al., 2018), along with pollution and physical impacts derived
from human activities, such as coral mining, pollution, land
reclamation, tourism and fishing (Jaleel, 2013; Fallati et al.,
2017). The amount of microplastics polluting these reefs is
staggering: 4.2 ± 1.2 microplastic L−1 were measured in the
surface waters of the Indian Ocean (Barrows et al., 2018), whereas
0.32 ± 0.15 particles m−3 and 22.8 ± 10.5 particles m−2 were,
respectively, counted in the surface waters and in the beach
sediments at Magoodhoo island in the Faafu Atoll in the Maldives
(Saliu et al., 2018).

Mushroom corals (Scleractinia, Fungiidae) are attached to
a hard substratum as juveniles but occur mainly as free-living
organisms as adults. After reaching maturity, these corals may
migrate onto the soft substratum or down the reef slope
(Hoeksema, 1989; Hoeksema and Moka, 1989; Hoeksema and
Yeemin, 2011). Mushroom corals are common on reef flats
and shallow slopes but are rare in deeper waters (Goffredo and
Chadwick-Furman, 2000). Some species of fungiids can also
move actively toward light (Yamashiro and Nishira, 1995) and

are able to colonize, as adults, the sandy substratum, such as
that in reef lagoons (Goffredo and Chadwick-Furman, 2000),
unlike other coral species. Among mushroom corals, Danafungia
scruposa is a solitary species with a large polyp (3–38 cm in
diameter) commonly distributed across inner reefs and lagoons
(Hoeksema, 1989; Hoeksema and Moka, 1989). It is one of
the few coral species still thriving near Magoodhoo Island,
Maldives, where corals were heavily impacted by the 2016 global
bleaching event (Perry and Morgan, 2017). Its free-living nature,
its distribution and its size distinguish D. scruposa from the
other coral species used in studies of marine microplastics. In
this study, we measured both active (ingestion) and passive
(adhesion) removal of microplastics byD. scruposa. To go beyond
the limitations of the laboratory conditions of earlier studies, we
then evaluated if this species’ microplastic removal rates were
affected by the presence of the coral’s natural prey (e.g., Artemia
salina) and by biofouling on the surface of the microplastic.

MATERIALS AND METHODS

Specimen Sampling and Acclimation
We sampled and exposed to microplastics one species of
mushroom coral, D. scruposa (Scleractinia, Fungiidae), easily
identifiable due to its serrated septa (Figure 1). Individuals
of D. scruposa (>9 cm in diameter) were collected from
a reef close to the inhabited island of Magoodhoo, Faafu
Atoll, Republic of Maldives (N 3◦ 05′ 24.3′′ E 72◦ 58′ 04.5′′)
(Supplementary Figure S1), between 5 m and 15 m below the
surface. The sampling site, called “Coral Garden,” is located in
the inner part of the southeast portion of the atoll, about 140 km
south of Malé, the capital city of the Maldives. The site exhibits
the features of a typical low-energy reef with a gentle slope.

Collected corals were transported to the laboratory inside tubs
filled with seawater and oxygenated with air pumps.

FIGURE 1 | (A) Two samples of Danafungia scruposa (Scleractinia,
Fungiidae), each a solitary coral composed of a single polyp. (B) Recognizable
serrated septa.
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Subsequently, the corals were placed inside crates, covered
with a mesh to reduce sunlight exposure, and left for 24 h in the
lagoon close to the laboratory for acclimation to the experimental
conditions (∼31◦C).

Experimental Set-Up
After acclimation, 28 healthy individuals were individually
transferred to transparent and reinforced plastic bags filled with
1.5 L of filtered seawater (200-µm filter). We conducted two
experiments, each involving 14 corals, run from 3 pm to 11 pm
on two consecutive days (4 and 5 April 2018), during which time
the corals were exposed to 4 h of light and 4 h of darkness.

In the first experiment, the corals were subjected to two
treatments. In the first treatment, seven corals were exposed to
fluorescent virgin microplastic beads (“Plastic treatment”) and
in the second treatment, seven individuals were exposed to a
mix of the same microplastics and Artemia salina, representing
the coral natural prey (“Plastic + Artemia salina treatment”),
to verify if the rate of plastic ingestion was affected during
natural feeding on A. salina. Details on the size and number
of microplastics are reported below (“Microplastic preparation”)
and in Supplementary Table S1.

In the second experiment, the corals were subjected to
three treatments in absence of the natural prey. In the first
treatment, four individuals were exposed to fluorescent virgin
microplastic beads (“Virgin treatment”); in the second treatment,
four other individuals were exposed to biofouled microplastics
(“Biofouled treatment”) and in the third, six other individuals
were exposed to a mix of virgin and biofouled microplastics in
equal number (“Mixed treatment,” Supplementary Table S2).
Details on size and number of microplastics used for this
experiment are reported below (“Microplastic preparation”) and
in Supplementary Table S2. The aim of this second experiment
was to evaluate if the presence of biofouling on microplastic
particles enhances their ingestion.

In both experiments, all replicates were put back inside the
crates and moved from the lagoon to the nearby reef (N 03◦ 04′
55.17′′ E 72◦ 57′ 54.88′′), where we observed that the stronger
current favored the mixing of plastic particles in the suspension
inside the plastic bags. In fact, each crate contained only seven
plastic bags, not fixed inside the crate, allowing freedom of
movement. The crates were covered with a mesh to reduce
sunlight and placed at 2.5 m depth, where the temperature
reached 31◦C and the salinity was 34.9 ppm.

Microplastic Preparation
In the first experiment, we used fluorescent polyethylene
microbeads from Cospheric LLC (virgin microplastics). To each
of the 14 plastic bags, we added microplastic beads from three size
classes (212–355 µm, 600–710 µm, and 850–1000 µm), 989 ± 2
beads per size class for a total of 2996± 5 beads (0.57± 0.0001 g
per plastic bag; Supplementary Table S1).

In the treatment in which virgin microplastics were mixed
withA. salina (7 replicates), we culturedA. salina cysts 1 day prior
to the start of the experiment. To estimate the density of A. salina
in the culture batch, we counted A. salina in three aliquots of
1 ml drawn from the previously homogenized batch, under a

stereoscope using a Sedgewick rafter counting chamber. Then, we
added to each plastic bag a volume of A. salina culture of about
10.5 ml, corresponding to 2989 ± 155 A. salina, similar to the
microplastic concentration in each bag.

In the second experiment, we used virgin microplastics as
described above and biofouled ones. The biofouled plastic came
from the Great Pacific Garbage Patch; it was composed of
hard fragments made mainly of polyethylene and polypropylene
exhibiting an accumulation of microorganisms, algae, and
small animals on their surfaces (Supplementary Figure S2).
We further shredded the plastic fragments using a mortar
and pestle and then divided them in three size classes of
microplastics (200–500 µm, 500–800 µm, and 800–1000 µm)
by using sieves with different mesh sizes. Stereomicroscopic
pictures of the microplastics obtained after the fragmentation
step and acquired with a Leica S8AP0 indicated the continued
presence of biological material and aging on the surfaces of
the microplastic fragments (Supplementary Figure S3). To
ensure that the material on the microplastics was biological
in nature, we extracted and quantified DNA from the three
size classes. We did the same on the virgin plastic beads to
confirm that no biological contamination had occurred on
them. Total DNA extractions were performed using the MOBIO
Powersoil commercial extraction kit (MOBIO Laboratories,
INC., Carlsbad, United States). From each size class and type
of plastic (biofouled or virgin), the DNA was extracted starting
from a total of 0.25 ± 0.01 g of dry microplastic (stored at
room temperature) following the manufacturers’ instructions.
Extracted DNA was resuspended in a final volume of 100 µL
and stored at −20◦C. The amount of DNA obtained was
quantified with a QubitTM dsDNA HS Assay Kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. The DNA
concentration of each sample was determined and expressed as
ng per gram of microplastics (Supplementary Table S2). The
extraction quality was also assessed by measuring absorbance at
260/280 nm and 260/230 nm wavelengths using a NanoDrop
spectrometer (Supplementary Table S3). The DNA from the
virgin microplastic was under the detection limit of the high
sensitivity kit (<0.01 ng/µl).

The second experiment consisted of three treatments: the
“Virgin treatment,” the “Biofouled treatment,” and the “Mixed
treatment” in which the corals were exposed to microplastics in
absence of their natural prey. To each of four bags assigned to the
first treatment (Virgin treatment), we added 2997± 6 fluorescent
beads (0.57± 0.0001 g) from the three size classes (212–355 µm,
600–710 µm, and 850–1000 µm). To four other bags assigned to
the second treatment (Biofouled treatment), we added 3005± 35
fragments (0.55 ± 0.0001 g) of biofouled plastic from the three
previously separated size classes. To the last six bags, we added
1480 ± 11 (0.29 ± 0.0001 g) of virgin plastic and 1506 ± 14
(0.29± 0.0001 g) of biofouled plastic (Supplementary Table S2).

Measurements
At the end of both experiments, all D. scruposa individuals were
carefully collected from the plastic bags. While extracting the
coral from the water, we masked it with a hand to avoid contact
between the coral and the microplastic floating on the surface of
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the water. The microplastics that attached to the hand were then
rinsed back into the bag such that they could be counted in the
further step as plastic that was not retained during ingestion nor
that adhered to the coral surface. The corals were then rinsed
thoroughly to remove the microplastics that had adhered to
their surfaces, which were saved for further counting. The corals
treated with fluorescent beads were further checked under UV
light to verify that the whole surface had been cleared of plastic.
The corals treated with biofouled plastic were further checked
under a stereoscope to ensure the same. The water from each
plastic bag was also collected and the plastic bag was washed
thoroughly to ensure that all microplastics were saved for further
counting. A. salina left in seven of the bags in the first experiment
and attached to the corresponding coral were also counted.

Subsequently, plastic beads from the coral surfaces and the
plastic bags were counted and measured under a Discovery V.20
Carl Zeiss stereoscope, using UV light for fluorescent beads and
halogen light for biofouled fragments, and characterized by size
using the Axion Vision 4.8.2 software (Supplementary Data S1).
Considering the high abundance of microplastics retrieved from
the plastic bag, washes from the bags were first concentrated to
a 200-mL solution and then microplastics contained in a 5 mL
subsample of the previously homogenized solution were counted.

Finally, to count the microplastic particles ingested by
the corals, each individual was decalcified in 5% formic
acid overnight until saturation of the solution (adapted from
Hall et al., 2015) and then tissue digestion was obtained by
soaking the decalcified coral in 8.25% sodium hypochlorite
for 24 h (Allen et al., 2017). After the digestion ended, we
washed the coral skeletons to remove any tissue still attached.
This and the digestion solution were filtered using a 25-µm
nylon mesh and the microplastic particles on the filter were
counted and measured with the stereoscope, under UV light
for fluorescent beads and halogen light for biofouled fragments
(Supplementary Data S1). Before digestion, each coral was
placed on a rotating platform to record 360◦ videos, later used to
calculate their surface areas by 3D modeling using the Autodesk
ReCap 5.0 software.

To determine the recovery rates of plastics, we repeated the
previously described procedure on three mushroom corals after
spiking them with a known number of microplastic particles.
Specifically, each coral was spiked with 30 pieces of plastic:
five pieces of each type (virgin and biofouled) and each size
(as those used during the experiment). We then decalcified
each coral in formic acid and digested its tissue in sodium
hypochlorite. After the digestion, we filtered the solution and
counted the number of plastics particles we could recover.
Recovery rates were 100% for all sizes of virgin plastic and for
the larger biofouled plastics (800–1000 µm), while they were,
respectively, 86.6 ± 6.6% and 53.3 ± 6.6% for medium sized
(500–800 µm) and smaller (200–500 µm) biofouled plastics. To
account for possible underestimation, we corrected the values
of ingested biofouled plastics accordingly by multiplying by a
factor of 1.15 the number of medium-sized plastic particles and
by 1.87 the number of smaller-sized plastic particles. We ran the
following statistical analyses with both uncorrected and corrected
values for comparison.

Calculation and Statistical Analyses
For both experiments, we calculated the removal rate of
microplastics by ingestion or adhesion as the number of
microplastic particles ingested and then retained or the number
of microplastic particles adhered per individual per hour.
Differences in ingestion or adhesion between treatments were
tested with a Wilcoxon rank sum test. We characterized the
contribution of each plastic removal mechanism by calculating
the relative proportion (mean ± SE) of plastic removed by
ingestion and removed by adhesion.

Plastic retrieved after washing the bag was considered as
plastic left in the suspension and therefore not removed from
the water by the coral. Indeed, given the presence of strong
currents at the field station where the experiment was conducted,
plastic particles were well mixed inside the bag and available to
the coral during the experiment, except for some plastic pieces
that became permanently stuck in the closing strip of the plastic
bag. To account for, and later exclude from calculations, the
plastic stuck in the closing strips of the bags, we conducted an
experiment in the laboratory that also allowed us to verify that the
mixing of the plastics occurred during the 8 h of the experiment.
We filled three plastic bags with 1.5 L seawater and 2891 ± 8
plastic pieces (similar to the plastic concentration used in the
experiments), placed them in a box and gently agitated them
on an orbital shaker for 8 h. Finally, we stopped the mixing
and we cut the strip out of the bag, opened it and counted the
plastic pieces. We determined that 82± 3 beads were stuck in the
strip, corresponding to 2.8 ± 0.1% of the plastic initially added.
We excluded this portion of the plastic to ultimately compile a
budget of plastic distribution in the presence of D. scruposa by
calculating the relative proportion of plastic left in the plastic bag
and removed for either ingestion and retention or adhesion.

To determine the number of A. salina ingested during the
experiment, we subtracted the number of A. salina left in each
plastic bag and adhered to the coral surfaces to the number
of A. salina added at the beginning of the first experiment.
Differently from the plastic, A. salina was not observed to stick
to the closing strips of the plastic bags.

To determine if there were a preference for the size of
microplastic either ingested or adhered, we plotted the ingestion
or adhesion removal rates against the mid-value of each size
class bin and built a linear model. The preference was considered
significant if the p-value of the linear model was less than 0.05.
Differences in the preference for size classes between treatments
were tested using Analysis of Covariance (ANCOVA).

All values are reported as mean ± SE and the results were
considered statistically significant if the p-value was less than
0.05. All statistical analyses were performed by using the JMP
Software from SAS.

RESULTS

Plastic Ingestion
During the first experiment, D. scruposa ingested its natural prey
(A. salina) at high rates (311.8 ± 13.9 number of A. salina
individual−1 hour−1, 83.1 ± 3.7% of the A. salina added at the
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FIGURE 2 | Plastic removal by ingestion and distribution of ingested plastic in size classes (uncorrected values). (A) Ingested plastic (number of microplastic beads
individual-1 hour-1) in corals exposed to two treatments: corals treated with plastic (“Plastic,” in blue, N = 7) and treated with plastic mixed with Artemia salina
(“Plastic + A. salina,” in yellow, N = 7). (B) Ingested plastic (number of microplastics individual-1 hour-1) in corals exposed to three treatments: corals treated with
biofouled plastic only (“Biofouled,” in green, N = 4), with virgin plastic only (“Virgin,” in pink, N = 4) and biofouled plastic (in green), and virgin plastic (in pink) mixed
(“Mixed,” N = 6). All estimates have been compared with Wilcoxon tests for which the p-value and Z value are reported in the figures. (C) Distribution of ingested
plastic in size classes in the Plastic treatment (blue) and in the Plastic + A. salina treatment (yellow). (D) Distribution of ingested plastic in size classes in the Virgin
treatment (pink) and in the Biofouled treatment (green). In plots (C,D), size classes are reported as the mean value of the size class bin. Lines represent the linear fit
of each set of data of the corresponding color. Equations and p-values of each linear model are reported in figure.

beginning of the experiment, N = 7). However, the corals ingested
and retained only 0.12 ± 0.04 plastic beads individual−1 hour−1

(0.05 ± 0.02% of plastic initially added, N = 14) independently
if they were concurrently exposed to A. salina or if they were
fed only microplastics (Figure 2A and Supplementary Table S4).
Plastic ingestion by D. scruposa was dependent on size, with
the corals preferring small-sized virgin particles (215–355 µm,
Figure 2C and Supplementary Table S5).

During the second experiment, D. scruposa ingested and
retained plastic at rates ranging from 0.16 ± 0.06 (N = 14)
to 0.25 ± 0.1 (N = 14) plastic beads individual−1 hour−1,
using uncorrected (Figure 2B and Supplementary Table S4)
and corrected (Supplementary Figure S4 and
Supplementary Table S4) values for the ingested biofouled
plastic (see recovery test in Materials and Methods),
respectively. The ingested plastic was only a 0.06 ± 0.02%
(N = 14) of the plastic initially added. Ingestion rates were
independent of the type of plastic (virgin or biofouled)
both if corals were exposed to virgin and biofouled plastics
separately or to a mixture of these two types (Figure 2B,
Supplementary Figure S4A, and Supplementary Table S4).

However, the higher interquartile range (IQR) for biofouled
plastic compared to the IQR for virgin plastic (when the two
types of plastics were given separately or mixed; Figure 2B,
Supplementary Figure S4A, and Supplementary Table S4)
indicates that the likelihood of ingesting and retaining
more plastic pieces was higher when D. scruposa were
exposed to biofouled fragments compared to when they
were exposed to virgin plastic. Plastic ingestion was not
dependent on size when the corals were exposed to biofouled
microplastics (Figure 2D, Supplementary Figure S4B, and
Supplementary Table S5).

Plastic Adhesion
In the first experiment, plastic beads were removed from the
suspension by adhesion to mushroom coral surface at rates of
4.8 ± 0.7 of plastic beads individual−1 hour−1 (1.8 ± 0.3% of
plastic added,N = 14, Supplementary Data S1), independently of
whether they were exposed to plastic alone or concurrently with
A. salina (Figure 3A). After the first experiment, only 0.2± 0.09%
(N = 7) of A. salina were passively removed by adhesion to
the coral surfaces.
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FIGURE 3 | Plastic removal by adhesion and distribution of adhered plastic in size classes. (A) Adhered plastic (number of microplastic beads individual-1 hour-1) in
corals exposed to two treatments: corals treated with plastic (“Plastic,” in blue, N = 7) and treated with plastic mixed with Artemia salina (“Plastic + Artemia salina,” in
yellow, N = 7). (B) Adhered plastic (number of microplastics individual-1 hour-1) in corals exposed to three treatments: corals treated with biofouled plastic only
(“Biofouled,” in green, N = 4), with virgin plastic only (“Virgin,” in pink, N = 4) and biofouled plastic (in green), and virgin plastic (in pink) mixed (“Mixed,” N = 6). All
estimates have been compared with Wilcoxon tests for which the p-value and Z value are reported in the figures. (C) Distribution of adhered plastic in size classes in
the Plastic treatment (blue) and in the Plastic + A. salina treatment (yellow). (D) Distribution of adhered plastic in size classes in the Virgin treatment (pink) and in the
Biofouled treatment (green). In plots (C,D), size classes are reported as the mean value of the size class bin. Lines represent the linear fit of each set of data of the
corresponding color. Equations and p-values of each linear model are reported in figure.

In the second experiment, 8.1 ± 1.6 of plastic beads
individual−1 hour−1 (N = 14) were removed by adhesion,
independently of whether the corals were treated with virgin or
biofouled plastic or a mix of the two (Figure 3B). Adhered plastic
accounted for 3.0± 0.6% of the plastic added at the beginning of
the experiment (Supplementary Data S1).

In both experiments, adhesion of plastic to the coral
surface was not dependent on size (Figures 3C,D and
Supplementary Table S5).

DISCUSSION

Our results show that D. scruposa removes microplastics from
the water suspension through both passive (adhesion to the coral
surface) and active (ingestion) mechanisms. Adhesion was the
dominant mechanism responsible for removing microplastics
from the water column. Indeed, of all the plastic removed by
the coral, 97.7 ± 0.7% of plastic pieces individial−1 hour−1 was
removed by adhesion, whereas ingestion by the corals removed
40 times less plastic, at a rate of only 2.3 ± 0.7% plastic beads
removed individual−1 hour−1 (N = 28). The higher efficiency

of the passive mechanism in removing microplastics from the
water suspension compared to ingestion supports the finding
that adhesion is an efficient sink for microplastics in the marine
environment, as previously reported for three species of corals
from the Red Sea (Martin et al., 2019). The confirmation of
this finding despite the difference in growth form, polyp size
and distribution of the studied species, further strengthens
its universality.

Adhesion, the dominant process responsible for the loss
of microplastics from the water column, is a consequence
of the rugose skeleton structure of corals that entraps
microplastics transported by water currents. Long-term
exposure to microplastics, and possibly its adhesion, may have
very negative consequences on corals, such as necrosis and
bleaching (Reichert et al., 2018) and may promote pathogen
transmission (Zettler et al., 2013). Recently, sea anemones
were found to incorporate microplastics into their host cells,
consequently suppressing the uptake of Symbiodinium and
seriously impacting symbiosis (Biquand et al., 2017). Overall,
adhesion of microplastics to the coral surfaces could partly help
explain the loads of plastic missing from the ocean surface, where
only 1% of plastic discarded annually into sea can be quantified
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(Jambeck et al., 2015; Law, 2017), particularly in tropical regions
supporting expansive coral reefs. As a consequence, adhered
microplastics can enter the food web of coral reef ecosystems
(Wilson et al., 2003).

Our results show that ingestion of plastic was independent of
the presence of natural prey. Indeed, the presence of a natural
food source did not affect the coral feeding on microplastics,
neither negatively, e.g., for preference of the natural prey over
plastic, neither positively, e.g., for accidental ingestion during
predation. This result confirms that corals are generalist feeders
who unselectively capture and ingest particles from the water
column, as previously indicated by their non-selective feeding
on zooplankton (Palardy et al., 2008). Indiscriminate capture of
appropriately sized particles by corals results in the ingestion of
plastic, as shown by Hall et al. (2015), who reported microplastic
ingestion rates by Dipsastrea pallida corals of up to ∼ 50 µg
plastic cm−2 h−1. However, some scleractinian corals can egest
previously ingested microplastics by directly rejecting the piece or
excreting it with fecal pellets, although this activity is energetically
expensive (Hankins et al., 2018). Indeed, we observed that
ingestion rates of microplastics were three orders of magnitude
lower than the ingestion rates of A. salina, suggesting that
either the mushroom corals tested here can discriminate between
plastic and living prey or, more likely, they can egest part of the
plastic ingested.

Average loads of plastic retained after ingestion were
independent of the presence of biofouling on the plastic surface.
However, the likelihood of ingesting more plastic pieces was
higher when corals were exposed to biofouled plastics, suggesting
that the capacity of the coral to discriminate plastic as an alien
particle is reduced if this is covered by biological material. In fact,
biofouling on plastic, or generally particles, constitutes a highly
nutritional source of food for corals that are able to digest and
assimilate it, thus increasing the processing and retention time of
biofouled plastic, while readily discarding virgin plastic lacking
any coating of biological material (Anthony, 1999).

Scleractinian corals were found to preferentially retain smaller
virgin plastic beads, both in these experiments involving
D. scruposa and in previous experiments (Martin et al., 2019).
Indeed, the smaller plastic beads matched the dimensions of a
typical natural prey (10–100 µm, Anthony and Fabricius, 2000;
Mills et al., 2004). In contrast, retention of biofouled plastic
in D. scruposa was independent of size and larger sizes were
equally retained, which is expected given the large polyp-size
dimensions of D. scruposa. Indeed, mushroom corals have been
shown to feed on prey with a broad range of dimensions,
reaching a few centimeters (Hoeksema and Waheed, 2012). This
suggests that unfouled plastic (virgin) is more likely recognized
as an alien particle and consequently egested if larger than the
natural prey, while smaller pieces are not easily distinguished and
therefore not egested. Instead, biofouling inhibits plastic egestion,
allowing retention of all sizes indiscriminately. Indeed, corals
often rely on chemoreception to capture their prey, initiating
feeding responses stimulated by compounds found in prey items
(Lindstedt, 1971; Lenhoff and Heagy, 1977).

Ingestion of microplastics potentially affects coral energetics,
by reducing feeding on organic matter and spending energy in

egesting plastic (Rotjan et al., 2019), enhances the toxicity of
pollutants absorbed by the plastic that resides undigested for
long periods in the coral gut (Rotjan et al., 2019) and impacts
trophic transfer affecting organisms that feed on corals and
entering the food web (Reichert et al., 2018). The same egested
plastic might have an impact along different components of the
food web, and it could also transfer components of the coral
microbiome, including pathogens to the organism ingesting it
next (Oberbeckmann et al., 2015).

Danafungia scruposa was one of the few thriving species
present in the study area that had been affected by a strong
bleaching event during the 2016 global event (Hughes et al.,
2018). The negative effects resulting from interactions of this
species with microplastics could further impact the already
severely affected coral reef ecosystem. Whereas our goal was to
test the role played by mushroom corals as sinks for microplastics,
the evidence reported here suggests that D. scruposa may be
impacted by plastic ingestion and adhesion. However, long-term
exposure experiments investigating the effects of plastic ingestion
and adhesion on D. scruposa are needed to demonstrate the
impact of plastic pollution on the reef, followed by confirmation
in the field of the actual loads of plastic to which the species
could be exposed. Indeed, since mushroom corals inhabit the
inner reef, which may be an accumulation zone for plastic litter
(Saliu et al., 2018), they are potentially subjected to high loads
of microplastics. In addition, mushroom corals are mobile and
tend to move toward shallower waters, where floating plastic
abounds. Moreover, in these shallow waters, they are also exposed
both to plastics in the surface waters and plastics sequestered
in sediments, which are highly abundant at Magodhoo Island
(Saliu et al., 2018). Plastics in surface sediments may be
trapped by the polyp tissue, generally used for locomotion
(Hoeksema and Bongaerts, 2016).

In conclusion, our experiments showed that D. scruposa
removes microplastics from the water column mainly through a
passive mechanism of plastic adhesion to the coral surface. Given
that plastics ingestion by corals is already recognized as a sink
for plastics in the oceans, the much higher removal rate through
adhesion of plastics to the coral surfaces indicates that the role
played by coral reefs in removing plastic is more important than
previously realized. Mushroom corals also ingest plastic particles,
with a higher probability of retaining biofouled plastics, possibly
because plastic that has been in the marine environment long
enough to be colonized by micro- and macro-organisms becomes
more palatable to corals. Further experiments on other species
conducted directly in the field would be useful to confirm our
results and better understand the role played by coral reefs as sink
for microplastics.
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