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Abstract

Scleractinian coral are experiencing global and regional stressors. Microplastics (<5 mm) are

an additional stressor that may cause adverse effects on coral. Experiments were conducted to
investigate ingestion size limits and retention times of microspheres in a two-day exposure as
well as observing growth responses in a 12-week exposure in two Atlantic species, Pseudodiploria
clivosa and Acropora cervicornis. In the two-day exposure, P. clivosa ingested a higher number

of microspheres ranging in size from 425 pm-2.8 mm than A. cervicornis. Both species egested
the majority of microspheres within 48 h of ingestion. In the long-term exposure, calcification
and tissue surface area were negatively affected in the treatment group of both species. Exposure
also negatively affected buoyant weight in A. cervicornis but not in P. clivosa. The results indicate
that microplastics can affect growth responses, yet additional research is warranted to investigate
potential synergistic impacts of microplastics and other stressors.

Graphical Abstract

Electronic address: hankins.cheryl@epa.gov.

Author statement

Cheryl Hankins: Conceptualization, Formal analysis, Investigation, Resources, Writing — original draft, Visualization, Supervision,
Project administration, Funding acquisition. Elizabeth Moso: Investigation, Data curation, Writing — review & editing. Danielle
Lasseigne: Investigation, Data curation, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Appendix A. Supplementary data



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Hankins et al. Page 2

EXPERIMENT |
é- a2 * 212-250 pm
< ] : -
a g ® 425-500 ym e
= .: » K50-1000 pm Z
E » =0
= € ¢ 1.7-20mm )
2 7 o 2428
- - mm
- 48-hour exposure
Control MP EXPERIMENT 2
C:::) C-::) = Tissuc Surface Arca®

= Calcification®

l

P. clivosa

=T
|

O

==t Buoyant Weight

== Tissuc Surface Arca®

GROWTH

I

= Calcification®

A. cervicornis

= Buoyant Weight*

12-weck exposure
*Sigmilicant difforences betwoon treatment groups within specses

Keywords
Coral; Growth; Ingestion; Microplastic; Retention

1. Introduction

Coral reefs have been heavily impacted by anthropogenic stressors. The condition of reef
habitats have declined dramatically in the past few decades due to global stressors such as
ocean acidification and increased temperatures (Lesser 1997; Hoegh-Guldberg et al., 2007;
Anthony et al., 2008; Eakin et al., 2019) as well as by local stressors such as sedimentation
and pollution (Pastorok and Bilyard 1985; Rogers 1990; Lamb et al., 2018). Specifically,
plastic pollution may also have detrimental impacts on coral reefs, but potential effects have
not been adequately investigated.

The presence of microplastics (MPs) has been documented in nearly every marine
environment. Even remote habitats such as the Arctic Ocean and hadal trenches contain
MPs (Jamieson et al., 2019; Kanhai et al., 2020; Tekman et al., 2020; Peng et al., 2020). Of
the 265 million tons of plastic produced globally in 2010 (Plastic Europe, 2011), upwards
of 12.7 million tons entered the world’s oceans (Jambeck et al., 2015). Assuming the

same percentage, 4.8% of the 359 million tons produced globally in 2018 (Plastic Europe,
2019) potentially introduced 17.5 million tons into the oceans. Should plastic production
and management continue at the “Business as Usual” pace, by 2040 nearly 300 million
metric tons of plastic will enter the aquatic environment annually (Lau et al., 2020). The
exponential production of plastic (Lau et al., 2020) and the growing pervasiveness of plastics
in the marine environment has led to increased research efforts on the potential impacts that
plastics may have on marine ecosystems.
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Microplastics, small pieces of plastic <5 mm, can originate from various sources including
degraded macroplastic, industrial processes, synthetic clothing, tire fibers, and personal care
products (GESAMP 2015; Thompson 2015; Boucher and Friot 2017). Once in the marine
environment, MPs tend to serve as a surface for microbial community growth as well as
attracting pollutants (Teuten et al., 2007; Andrady 2011; Zettler et al., 2013). As a result,
the buoyancy of particles decreases and they become more bioavailable to organisms in the
environment (Ye and Andrady 1991; Teuten et al., 2007), including benthic organisms such
as scleractinian coral.

Scleractinian corals are suspension feeders that ingest plankton from the water column.
Whether actively or passively, corals have been shown to ingest microplastics (Hall et

al., 2015a; Allen et al., 2017; Hankins et al., 2018; Reichert et al., 2018; Axworthy

and Padilla-Gamifio 2019). Daily metabolism requirements rely heavily on photosynthesis
from the corals’ symbiotic zooxanthellae (Muscatine and Porter 1977; Porter et al., 1989).
Nonetheless, heterotrophic feeding becomes important when light is restricted or during
bleaching events when zooxanthellae density is low or absent (Grottoli et al., 2006; Palardy
et al., 2008; Anthony et al., 2009; Bessell-Browne et al., 2014). Ingested microplastics
could potentially reduce the energy available for calcification, reproduction, and survival by
inhibiting ingestion and digestion of food resources. There is also evidence that the physical
interaction, that is, mere exposure to, microplastics impair feeding responses (Reichert et
al., 2018, 2019; Savinelli et al., 2020) as well as diminish immune system and anti-stress
responses (Tang et al., 2018).

Another emerging issue of microplastics is pollutant toxicity. In addition to the polymer
composition and potential additives, plastic debris will also absorb contaminants, including
metals from the water column (Mato et al., 2001; Ogata et al., 2009; Ashton et al.,

2010; Holmes et al., 2012; Van et al., 2012; Rochman et al., 2013a). These contaminated
microplastics have been shown to be bioavailable across many genera in the food web
(Teuten et al., 2009; Fossi et al., 2012; Besseling et al., 2013; Rochman et al., 2013b; Chua
et al., 2014); some plastic additives, such as phthalic acid esters, have been detected in at
least 75% of corals sampled in the Maldives (Saliu et al., 2019; Montano et al., 2020).
Contaminant uptake by coral has been shown to have adverse effects that include reduced
fertilization, metabolism, and photosynthesis (Pait et al., 2007). Additionally, harmful
pathogens, such as Vibrio spp., have been found on microplastics (Zettler et al., 2013;
Kirstein et al., 2016), potentially making them vectors for infectious coral diseases, such as
those caused by Vibrio coralliilyticus (Ben-Haim et al., 2003) and Vibrio shiloi (Kushmaro
et al., 1996). Hallofoliculina, a ciliate known to cause skeletal eroding band syndrome/
Caribbean ciliate infection (Antonius and Lispcomb, 2000), has also been detected on
marine plastic (Goldstein et al., 2014). Whether through ingestion, exposure, or both,
microplastics may be impacting coral feeding and health.

Acropora cervicornis and Pseudodiploria clivosa were chosen for study because of their
different morphologies. Previous experiments demonstrated that the large-polyp coral,
Montastraea cavernosahad a higher ingestion rate of a microplastics (850 pm-2.8 mm)
compared to the smaller-polyp Orbicella faveolata (Hankins et al., 2018). Pseudodiploria
clivosais a large-polyp, mounding species commonly found in the Atlantic and Caribbean.
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Acropora cervicornis is a small-polyp, branching species that was historically a prominent
reef-building coral in the Atlantic (Cramer et al., 2020). Over the past decades, A.
cervicornis has experienced drastic declines (Aronson and Precht 2001; Jackson et al.,
2014) and is a listed threatened species under the U.S. Endangered Species Act of 1973.
There are concerted conservation efforts in the Atlantic and Caribbean to ensure the species’
survival (Herlan and Lirman 2008; Hollarsmith et al., 2012; Ware et al., 2020). Although
P, clivosais not listed as threatened, both species are susceptible to coral diseases plaguing
the Florida Keys and the Caribbean (Aronson and Precht 2001; Precht et al., 2016; Kramer
et al., 2019). The objectives of this study were to expand on previous research (Hankins

et al., 2018) to (1) determine ingested size ranges (212 um-2.8 mm) and retention times

of microspheres with additional Atlantic/Caribbean species and (2) investigate long-term
effects of exposure to microspheres on two species of scleractinian coral with differing
morphologies. Knowledge gained from this study will provide a better understanding of
the impacts microplastics may have on scleractinian coral growth and if such impacts are
species-specific.

2. Materials and methods

Two laboratory experiments were conducted using the Caribbean, scleractinian coral
species, Pseudodiploria clivosa and Acropora cervicornis. Coral were collected from Florida
Keys National Marine Sanctuary Coral Nursery Program and Mote Marine Laboratory’s
in-situ coral nursery located near Looe Key (Permit number FKNMS-2011-036). Coral were
shipped to an indoor coral research facility at the U.S. Environmental Protection Agency’s
Gulf Ecosystem Measurement and Modeling Division in Gulf Breeze, Florida. Coral arrived
with signs of stress such as mucus production and polyp retraction but otherwise healthy;
within 24 h mucus production ceased and polyps expanded. Corals were maintained for

at least three months in recirculating culture systems (~1000 L) prior to moving them

to experimental systems for exposure. Both culture and experimental systems were kept

at a temperature of 26.0 + 1.0 °C and salinity of 35.0 + 0.3 ppt. Other water quality
parameters such as pH (YSI® Ecosence pH100), calcium (Salifert®), alkalinity (Salifert®),
magnesium (Salifert®), ammonia (HACH®), and nitrate (HACH®) were all measured prior
to experimental exposures and either weekly or bi-weekly thereafter to ensure accordance
with culture condition parameters (Borneman, 2001; Delbeek and Sprung 2005; Holmes-
Farley 2004). Lighting was provided by metal halide lights on a 10.5:13.5 light:dark cycle.
Light intensity in culture and experimental systems ranged from 25.0 to 40.0 W m™2
depending on age of the bulbs and placement within the system. In each experiment, at
least three parent colonies of 2 clivosawere used and cut into 2.5-4 cm? fragments using

a Gryphon Corp. Aquasaw XL (Model C-40). A. cervicornis were cut with the Gryphon
saw into ~3 cm non-branching lengths and were from two genotypes (genotyped in 2008
by Illian Burns and later confirmed by Mote Marine Laboratory in 2017). Fragments were
acclimated in the experimental system five days prior to the start of the experiment. During
all experiments 100% cotton clothing was worn by laboratory personnel. Previous exposure
to microplastics was assumed as corals originated from a natural environment and could
have been exposed to microplastics in culture or in their natural environment. Therefore,
easily identifiable microplastics were used in the experiments. Commercially available,
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fluorescent, high-density polyethylene microspheres/microplastics (MPs) were used in the
smaller size classes (1000 um) and white, polyethylene MP in the larger (>1.7 mm) size
classes (Cospheric®). Polyethylene is a common polymer found in marine sediment and/or
surface waters (Ng and Obbard 2006, Teuten et al., 2007; Erni-Cassola et al., 2017, 2019).

2.1. Experiment 1: ingestion size ranges (425 pm-2.8 mm) and retention times

In the first experiment, ingestion in coral polyps and retention after 48 h was determined

for different size microspheres (MP). The experimental system (~850 L) was identical to
the system used by Hankins et al. (2018) whereby a 2” diameter polyvinyl chloride (PVC)
pipe with 118 um Nitex® was used as a chamber for individual fragments. Pseudodiploria
clivosa fragments sat freely on egg crate (i.e. louvered ceiling panels) within the chamber;
Acropora cervicornis fragments were glued onto a 2.5 cm diameter polycarbonate disc so
that the coral fragments would be oriented vertically in the chamber. Experimental chambers
(n = 10/species/treatment) contained one coral fragment each and were placed on egg crate.
Water flowed continuously (4 L=1 min) in the recirculating system and two pumps were
placed in the tank for additional water circulation.

Five size classes of uncured MP were applied to coral fragments (/7= 10 per species for each
of five size classes). The MP size classes used were: (1) 212-250 pm, (2) 425-500 pm, (3)
850-1000 pum, (4) 1.7-2.0 mm, (5) 2.4-2.8 mm, and (6) a control group not exposed to MPs.
Microspheres were not cured in this experiment to ensure that they floated to the surface if
not initially ingested or if later egested. To elicit a feeding response, food (5-50 pm Golden
Pearls® Brine Shrimp Direct, Ogden, UT) was added to seawater at a concentration of 156
mg/100 mL. The seawater/food mixture was used to apply three MPs of the same size class
to a coral fragment’s polyps within the PVC chamber using a 1 mL transfer pipette. Each
fragment was visually monitored for 20 min to observe ingestion. Microspheres not ingested
after 20 min were removed from the chamber. The control group was fed in the same manner
with the Golden Pearls but without MP application. The number of MPs in the water at 48

h after ingestion were counted to determine if the coral polyp had egested the MPs. Data
were recorded as the percentage of MPs egested per fragment. A one-way ANOVA was
performed (Minitab 16, Inc.) along with Tukey’s post-hoc pairwise comparison between MP
size ranges within a species; figures were generated in SigmaPlot 14®.

2.2. Experiment 2: growth effects of coral exposed to microspheres

The second experiment was designed to determine whether microplastic (MP) exposure, and
possible ingestion, affected growth in the two coral species over a 12-week exposure period.
Three size classes of fluorescent, polyethylene MPs were used in this experiment: 212-250,
425-500, and 850-1000 um. The density of each of the three size classes was 1.002 + 0.006
g cc™L. The approximate density of 26.0 °C and 35.0 ppt salinity sea water is 1.025 g cc™1,
denser than the MPs.

For MPs to be bioavailable to the coral they must remain in the water column. To maintain
neutral buoyancy, MPs can be cured to encourage biofouling which will increase their initial
density. A study was conducted to determine if prior curing of MPs affected buoyancy. MPs
of each size class were placed in separate 80 um mesh containers and placed in a culture
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system to cure for six weeks. The containers consisted of clear polycarbonate tube cut into
2” lengths. Nitex mesh (80 um) was adhered by silicone to either end of the tube that held
the MPs. The number of MPs in suspension (10 mg™1 L per size class) was determined in
100 mL water samples for the following: (1) cured MPs immediately after surface agitation
by use of a metal spatula, (2) cured MPs 15 min after agitation, and (3) non-cured MPs
immediately after agitation. The water samples were vacuum filtered onto membrane filters
(Millipore Isopore® 10.0 um pore size) whereby the collected MPs were quantified visually
with the naked-eye (425-500 pm and 850-1000 um) or under an Olympus® SZ61TR stereo
microscope (212—-250 pum).

Prior to initiating the experiment, MPs were cured, enabling them to stay in the water
column longer making them more bioavailable to coral. Sixteen 8 L plastic, circular
chambers were used as experimental chambers (17 = 4 chambers/species/treatment) and
contained in a water bath to maintain temperature (26.0 + 0.5 °C) (Fig. S1). Each chamber
contained six fragments of one species (7= 24 fragments/species/treatment), either A.
cervicornis or P. clivosawhich were randomly assigned to species-specific chambers. All
parent colonies in both species that were used for fragmentation were present in both the
control and MP treatments. Fragments were glued to acrylic pegs to sit securely in egg crate.
Each species consisted of a control treatment and MP exposed treatment resulting in four
treatments. Each chamber of the exposed treatment contained all three MP size classes at
a dose of 30 mg L™ (10 mg L™ per size class). The number of particles for each size
class were counted for each size class at 30 mg L1, either with the naked eye or under

an Olympus® SZ61TR stereo microscope. The average number of particles for each size
class was 11,213 for 212-250 pm, 215 for 425-500 um, and 24 for the 850-1000 pm. To
ensure consistent bioavailability of the microspheres throughout the experiment, chambers
were drained, cleaned, and re-dosed every 3—4 weeks. The curing process of the MPs were
staggered to ensure six weeks of curing for every dose.

The experimental setup was modeled after Hankins et al. (2018), however, a flow-through
design had to be implemented as preliminary observations in static water showed that A.
cervicornis polyp extension was reduced after approximately two weeks and tissue loss
ensued after three weeks. For flow-through, each chamber was outfitted with 200 um Nitex®
mesh over the drain to prevent microspheres from escaping. A refugium, i.e. sump, supplied
system water to one of four headboxes (Fig. S1). Each headbox had a corresponding
manifold that contained six ports that supplied water to the chambers, each of which had

a needle valve near the bottom to adjust water flow. Each chamber had a pump (Hydor®
Koralia Nano 240) that sat in the center of the egg crate directing water downwards. Surface
water within the chambers was agitated once a day to mimic wave action to re-suspend MPs
that may have floated to the water surface.

Corals were fed two-three times a week whether or not calcification was measured (water
flow was turned off for two days when measuring calcification, see section 2.2.2). Each
chamber was fed 10 mL from a mixture of Golden Pearls® (Brine Shrimp Direct, Ogden,
UT) (0.256 g 5-50 um, 0.338 g 50-100 pm, and 0.296 g 100-200 um) coral food in 260 mL
seawater.
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2.2.1. Tissue surface area—~Prior to exposure, each coral fragment was photographed
in fixed positions on a rotating camera stand (Fournie et al., 2012; Enzor et al., 2018; Vivian
et al., 2019). Briefly, a mask of tissue area was generated in image processing software
(Adobe® Photoshop® CS3 version 10.0, ©1990-2007 Adobe® Systems Inc.). The mask
was then exported to ImageJ software (ImageJ 1.38x, Wayne Rasband, National Institutes
of Health, USA, http://rsh.info.nih.gov/ij/; public domain) to determine surface area values.
Tissue surface area (TSA) was measured for all fragments at week 0, 3, 6, 9, and 12 and
converted to three-dimensional (3D) surface area (Vivian et al., 2019). The difference in

the 3D surface area was determined for the overall change in the 12-week experiment.

Data were tested for normality using Anderson -Darling test and difference in treatments
per species was analyzed using a one-way ANOVA (Minitab 19, Inc.); figures generated in
SigmaPlot 14®.

2.2.2. Calcification—Total alkalinity was measured during the acclimation period to
ensure uniformity across all chambers. After acclimation, total alkalinity was measured
every 2-3 weeks by using open celled titration (Metrohm Titrando 905) and was used to
estimate/calculate calcification based off the alkalinity anomaly principle, which assumes
that for every 1 mol of calcium carbonate precipitated, total alkalinity decreases by 2

mol (Kinsey 1978). This method is ideal as a non-destructive protocol to measure short
term calcification (Smith and Kinsey 1978; Chisholm and Gattuso 1991). Water from each
chamber was collected (time point 1) and water flow was immediately turned off. The
chambers remained static for two days but with water within the chamber still circulating.
Prior to turning the water flow back on, water samples were collected (time point 2).
Alkalinity was measured at each time point to determine calcification by the following
equation:

A AT
AT —AT2=—5—~C

Where, At is total alkalinity (umol) and G is calcification, i.e. calcium carbonate
precipitated (umol). Calcification data were tested for normality using Anderson -Darling
test and analyzed using a two-factor ANOVA (Minitab 19, Inc.); figures generated in
SigmaPlot 14®.

2.3. Buoyant weight

The buoyant weight technique was used to determine the change in weight of coral over
the course of the 12-week exposure (Jokiel et al., 1978). This technique was modified
using recent advances in balance technology which allowed for a simplified and more time
efficient procedure. Coral fragments were individually weighed using a Mettler Toledo®
MS403S New Classic MF balance outfitted with a density determination kit (Mettler
Toledo® MS-DNY-43 (Fig. S2). The salinity was measured from the experimental system.
The temperature was measured by a precision thermometer in the balance’s glass beaker.
Density of the sea water was calculated from these salinity and temperature measurements.
Seawater density was then entered into the balance which has a central processing unit. By
slightly altering the manufacturer’s operating procedure, the balance converted weight of
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coral in seawater to weight in air by using Archimedes Principle. Prior to measurements,
the balance and procedure where verified by measuring validation weights. Buoyant weight
was measured at week 0, 3, 6, 9, and 12. The overall change in weight was determined

for the 12-week experiment. Data were tested for normality using Anderson -Darling test
and analyzed using a one-factor analysis of variance (ANOVA) (Minitab 19, Inc.); figures
generated in SigmaPlot 14®.

3. Results

3.1. Experiment 1: determination of ingestion size ranges (425 um-2.8 mm) and retention

times

Pseudodiploria clivosa did not ingest any MPs in the 212-250 um size class. The species
did ingest 100% of MPs offered in the 425-500 and 850-1000 pm size classes and a

mean of 70.0% (SD = 39.9) and 23.3% (SD = 35.3) for the 1.7-2.0 and 2.4-2.8 mm size
classes, respectively, with a significant difference between size classes (ANOVA, df= 4,

F =36.25, p=0.000). Ingestion of the 212—-250 um and 2.4-2.8 mm size classes were
significantly different from the other size classes (Fig. 1; Tukey’s post-hoc p < 0.05). In
addition to the 212-250 um size class, Acropora cervicornis did not ingest either the 1.7-2.0
or the 2.4-2.8 mm size classes, however, it is important to note observations for lack of
ingestion. In both £ clivosaand A. cervicornis, the addition of the 212-250 pm size MPs
did not elicit a feeding response, i.e. tentacles did not actively grab onto MPs and bring

to mouth. In A. cervicornis, a feeding response was observed in 1.7-2.0 and 2.4-2.8 mm
size classes, although it appeared that the coral was not physically able to get MPs into the
polyps’ mouths. A. cervicornis did ingest the 425-500 um (mean 63.3%, SD = 39.9) and the
850-1000 pm (mean 16.7%, SD = 28.3) size classes, respectively. A significant difference
was observed among the A. cervicornis treatments (ANOVA, df=4, F = 15.70, p=0.000),
with only the 425-500 um having a significantly higher ingestion than the 850-1000 pm size
class (Fig. 1; Tukey’s post-hoc p < 0.05). P, clivosaand A. cervicornis egested at least 79%
of all ingested MPs; P, ¢livosa79.80% (SD = 31.11), A. cervicornis 87.88% (SD = 26.97).
There was no significant difference in egestion rates among the size classes in either species
(P clivosa. ANOVA, df=3,F=1.28. p=0.300, A. cervicornis, ANOVA, df=1,F=0.82, p
=0.389) (Fig. 1).

3.2. Experiment 2: growth effects of coral exposed to microspheres

In the MP curing study, the average number of particles of cured MPs in suspension
immediately following agitation was nearly double (100.2 particles 100 mL~1) the number
of non-cured MP (53.9 particles 100 mL™1). Fifteen minutes after agitation, the number of
cured MPs in suspension (56.7 particles 100 mL17) decreased to levels near the numbers of
non-cured MPs immediately after suspension (Table S1). Those MPs not in suspension in all
treatments floated to the water surface.

3.2.1. Tissue surface area—Measurements were observed at five time points to
establish change of four time periods. Three-dimensional tissue surface area (TSA) measures
over the four time periods were not normally distributed in 2 c/ivosa. As there is no
comparable non-parametric test for a two-factor ANOVA, the percent change in TSA over
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the 12-week exposure was used for statistical analysis for both £ c/ivosaand A. cervicornis.
Mean TSA of £ clivosaincreased 46.94 and 35.95% for the control and MP treatments,
respectively, in the first three weeks of the experiment. Throughout the remainder of the
experiment, TSA did not change more that 11% between time points (Fig. S3). Over the
12-week exposure, £ clivosa TSA increased in both control and MP treatments with the
mean increasing 79.20% (SD = 45.48) and 48.07% (SD = 42.95), respectively (Fig. 2).
There was a significant difference in TSA between the treatments measured at the end of the
study (ANOVA, df = 1, F =5.95, p=0.019) with the MP treatment having less tissue growth
than the control treatment. Likewise, the mean percent change of TSA for A. cervicornis was
higher in the control treatment (48.83%, SD = 9.12)) than the MP treatment (40.32%, SD =
7.98) resulting in a significant difference (ANOVA, df = 1, F = 11.85, p=0.001) (Fig. 2).

3.2.2. Calcification—No significant differences in calcification were observed during
acclimation (week 0) between the designated control and microplastic treatments in either
species (ANOVA, P clivosa, df=1, F =0.00, p> 0.05; A. cervicornis, df= 1, F = 0.15,
p>0.05). Mean calcification across both treatments over the 12-week exposure was 97.91
pmol kg1 (SD = 49.74) and 162.04 pmol kg™ (SD = 40.11) in 2, clivosaand A. cervicornis,
respectively. Mean calcification in the £ c/ivosa control treatment were higher than the MP
treatment weeks 1-12. Mean calcification in the A. cervicornis control treatment was higher
than the MP treatment in all weeks except week 3 (Fig. 3). The two-factor ANOVA revealed
significant effects (p < 0.05) at both main levels, treatment and time, but no interaction
effects for either £ clivosaor A. cervicornis (Table S2).

3.2.3. Buoyant weight—Buoyant weight was measured at five time points to establish
change over four time periods. However, buoyant weight data from the four time periods
was not normally distributed in £, c/ivosaor A. cervicornis. As there is no comparable non-
parametric test for a two-factor ANOVA, the change in buoyant weight over the 12-week
exposure was used for statistical analysis for both £ c/ivosaand A. cervicornis. Buoyant
weight increased in both the control and MP treatments in both species. Mean percent
change in buoyant weight of both £ c/ivosaand A. cervicorniswas higher in the control
treatments than the MP treatments (Fig. 4). However, there was no significance difference
between treatments in £, c/ivosa (ANOVA, df=1, F =0.90, p = 0.348). Buoyant weight

in A. cervicornis was significantly higher in the control treatment than the MP treatment
(ANOVA, df=1,F=7074,p =0.01).

4. Discussion

The results of this study contribute to the growing literature to characterize adverse effects
of plastics on scleractinian coral (Richards and Beger 2011, Lamb et al., 2018; Reichert et
al., 2018, 2019, Tang et al., 2018). Specifically, this study investigated the ingestion and
retention rates in a two-day exposure to microplastics, as well as examining the 12-week
growth responses in two Atlantic species of coral, the mounding species Pseudodiploria
clivosa and the branching species Acropora cervicornis. Observations indicated that 2
clivosa ingested a large size range of MPs, whereas A. cervicornis ingested a narrower
range. As species in the laboratory have been acclimated to feeding during the day, these
observations are expected to be similar to nighttime observations when reef corals normally
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feed. Both species egested greater than 79% of ingested MPs within 48 h. Furthermore,
both P, clivosaand A. cervicornis exhibited reduced calcification and tissue surface area in
the 12-week exposure to MPs. Buoyant weight was affected in A. cervicornisbut not in P
clivosa.

In the two-day experiment, £ clivosaand A. cervicornis displayed differences in ingestion
of microsphere size classes. Neither species exhibited a feeding response to the 212-250
um size class. Feeding responses (e.g. active ingestion) were defined by tentacle capture

of MP, delivery to mouth, and enveloping the particle. The same response was found in
Montastraea cavernosa and Orbicella faveolata (Hankins et al., 2018), suggesting that the
minimal size microplastic that triggers a feeding response by scleractinian coral is between
212 and 500 pm and is not species specific. Although not actively ingested, small or light
MPs may inadvertently be consumed (Hankins et al., 2018; Axworthy and Padilla-Gamifio,
2019) with larger prey as coral are suspension feeders. P, clivosa ingested MPs from all
remaining size classes ranging from 425 pym to 2.8 mm. Coral fragments ingested 100% of
MPs administered at the 425-500 and the 850-1000 um size classes after which ingestion
decreased with increasing microsphere size. As P, clivosa ingested MPs at the largest size
class (2.4-2.8 mm), a maximum MP capable of being ingested by £ c/ivosawas not
established. However, A. cervicornis ingested the 425-500 and the 850-1000 um size
classes but not the 212-250 um, 1.4-1.7 mm or the 2.4-2.8 mm size classes indicating

that the maximum MP size A. cervicornis may ingest is between 850 um and 1.4 mm. A.
cervicornis did not ingest the 212-250 um size class because those MPs did not induce a
feeding response. The same is not true for the larger size classes, A. cervicornis brought the
MPs to the mouth, however, within minutes the microplastic was released. Similar blockages
have been seen in the cold-water coral Lophelia pertusa where macroplastic pieces acted

as obstacles for zooplankton ingestion by the coral (Chapron et al., 2018). It is unknown if
short-term blockage from MPs, as seen in A. cervicornis, would have detrimental impacts of
zooplankton ingestion.

The results of experiment two demonstrated the adverse effects microplastics can have on
coral growth, however, growth strategies must be taken into consideration when interpreting
results. The mean percent change of tissue surface area in £ clivosa over the course of the
experiment was influenced by the tissue growth in the first three weeks of the experiment.
The cutting of the coral fragments may be the cause of variation in tissue growth between
time points. Since the fragments were cut into squares exposing skeleton, each of those

four sides created a clean, bare surface resulting in fast tissue generation in the first three
weeks of exposure in both treatments. This process is similar to observations made whereby
tissue regeneration dramatically declined over time in coral inflicted with experimental
lesions (Meesters et al., 1997; Croquer et al., 2002; Sabine et al., 2015). Such surfaces

were not available for A. cervicornis as the cut surface was glued to a base, which is
reflected in the narrow range of 7.50-12.46% tissue surface area change between time
points. Environmental conditions have been shown to slow tissue regeneration (Hall et al.,
2015b; Sabine et al., 2015) and, although not specifically addressed in the scope of this
study, the reduced growth of P, c/ivosatissue in the MP exposure may have been influenced
in the first weeks after cutting suggesting that coral may be more susceptible to effects of
microplastic exposure proceeding natural fragmentation events such as hurricanes or storms.
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Additionally, the effects of calcification over time in this study must be approached with
caution. Alkalinity is a measure of bicarbonate in the water that is available for uptake by
coral to convert into calcium carbonate (Borneman 2001; Delbeek and Sprung 2005); higher
alkalinity levels, within acceptable culture ranges, provide coral a greater potential for
calcification. Time point 1 titrations for total alkalinity measurements ranged from 1958.87
to 3278.18 umol kg~ throughout the experiment which is close to the 2100-2700 umol
kg~! range found in natural reef habitats (Watanabe et al., 2006; Yates et al., 2007; Lantz

et al., 2013). The variances in calcification found across time for both P, c/ivosaand A.
cervicornis, regardless of treatment were likely dependent on the available bicarbonate in the
experimental system and why it is important that comparisons are made only between the
differences of time points 1 and 2.

Though water chemistry may affect calcification over time, the effects of calcification across
treatment groups were less confounding. There were calcification differences between the
control and MP treatments in 2. c/ivosaand A. cervicornis over the course of the study.
At every week measured, the mean calcification was lower in the MP treatments than the
controls; the only exception was at week 3 when the mean calcification in A. cervicornis
was 2.27 pmol kg~ higher than the control. These results are similar to other studies
showing that chronic exposure to microplastics can affect coral growth. In the cold-water
coral, Lophelia pertusa, calcification was reduced when exposed to 500 um polyethylene
microspheres at a concentration of 350 spheres L1 (Chapron et al., 2018). These results
were confirmed by Mouchi et al. (2019) who observed L. pertusato have reduced septal
growth. Reichert et al. (2019) showed that the hermatypic coral, Heliopora coerulea had
reduced calcification rates when exposed to irregular shaped polyethylene microplastics
ranging in size from 65 to 410 um with a concentration of 2.5 mg L1,

The significant difference of buoyant weight between control and MP treatments in A.
cervicornisbut not £, clivosa may be explained by the growth rate of each species. As
indicated by the results of this study, mean A. cervicornis calcification over the course of
the experiment was markedly higher than the mean calcification of 2. c/ivosa. The lack of
response in the £ clivosain the MP treatment may be due to the sensitivities of the buoyant
weight technique needing an extended observation period (Schoepf et al., 2017). It seems
reasonable that the slower growing species may take longer to exhibit significant differences
in weight between treatments.

Overall, the long-term exposure of coral to the microspheres displayed adverse effects

on growth in both Pseudodiploria clivosaand Acropora cervicornis. Results of this study
showed that 2. c/ivosa has a higher rate of ingestion of microplastics than A. cervicornis.
Conversely, the branching morphology of A. cervicornishad a higher probability of coral-
microplastic interactions. Observations during experiment two indicated that after water
agitation, numerous cured MPs adhered to the surface of A. cervicornis, whereas, P
clivosa had fewer particles on their surface These interactions result in adhesion of MP

to the coral surface which can result in significant removal of MP from the water column
compared to ingestion alone (Martin et al., 2019; Corona et al., 2020). While A. cervicornis
may not ingest as many microplastics as £ c/ivosa, the branching species may use a
substantial portion their daily energy budget to remove MPs from their surface. Not only
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is energy expenditure a concern during egestion and/or plastic removal, but microplastics
are considered a contaminant of emerging concern due to the introduction of pollutants and
their potential toxicity that can effect coral survival, reproduction, growth and development
(Allmand et al., 1998; Negri and Heyward 2000; Negri et al., 2002; Markey et al., 2007;
Bielmyer et al., 2010; Schwarz et al., 2013; Renegar et al., 2016; Flores et al., 2020).

5. Conclusion

Global stressors such as elevated temperature and increased atmospheric carbon dioxide
are impacting coral reef habitats worldwide (Hughes et al., 2003; Hoegh-Guldberg et al.,
2007). Additional studies for better understanding of the interactions between coral and
microplastics can help inform local policy development and mitigation strategies. Future
research should be conducted investigating effects of irregular shaped and/or various sizes
of microplastic on coral. An additional focus should look at possible synergistic effects

of global or regional stressors such as bleaching events and disease outbreaks. Increasing
our knowledge will help guide coral protection on a local level in hopes of improving the
resiliency of coral, making them less susceptible to global environmental threats. Whether
through ingestion or mere exposure to microplastics, the results of this study provide
evidence that faster growing coral species may be more heavily impacted than slower
growing species.
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Fig. 1.
Mean percent with standard deviation of ingested and egested microspheres in (a)

Pseudodiploria clivosa and (b) Acropora cervicornis. Capital letters indicate significant
difference between ingested size classes (Tukey’s post-hoc). Lower case letters indicate
significant difference between egested size classes (Tukey’s post-hoc). NA = not applicable.
Note: mechanism for lack of ingestion for A. cervicornis not the same for all size classes, as
described in results.
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Fig. 2.
Mean percent change of tissue surface area in Pseudodiploria clivosa and Acropora

cervicornis over the 12-week exposure.
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Fig. 3.

Mean calcification of treatment chambers for (a) Pseudodiploria clivosa and (b) Acropora

cervircornis.
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Fig. 4.
Mean percent change of buoyant weight of Pseudodiploria clivosa and Acropora. cervicornis

over the 12-week exposure.
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