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Microplastic exposure under
future oceanic conditions further
threatens an endangered coral,
Acropora cervicornis
Sharla Sugierski1*†, Chad Campbell 1, Emily R. Hall2,
Matthew McLean1 and Nicole D. Fogarty1

1Department of Biology and Marine Biology, Center for Marine Science, University of North Carolina
Wilmington, Wilmington, NC, United States, 2Mote Marine Laboratory, Sarasota, FL, United States
Microplastic pollution is ubiquitous in the oceans. However, little is known about

the physiological impact of microplastics on corals, particularly under predicted

future ocean conditions. This study investigated the individual impacts of

microplastic exposure (MP) and predicted future ocean conditions [ocean

acidification and warming (OAW)] as well as the combination of these stressors

(OAW+MP) on the growth and physiology of Acropora cervicornis, a threatened

Caribbean coral and its associated symbiont, Symbiodiniaceae. After 22 days, the

OAW+MP treatment resulted in more pronounced physiological changes than

either stressor individually or the control. OAW conditions alone had minimal

impacts, despite A. cervicornis generally being sensitive to thermal stress. The

OAW+MP treatment and the MP treatment also disrupted the host-symbiont

relationship evidenced by the higher symbiont densities relative to the control

and the OAW treatments. Additionally, the OAW+MP treatment resulted in lower

chlorophyll a per symbiont cell. Microplastic handling is energetically costly,

possibly leading to changes in host-symbiont signaling. Photosynthetic

efficiency was only marginally lower in the OAW+MP treatment, and values did

not indicate photosystem damage. Negative host health impacts were found

with the OAW+MP treatment exhibiting lower skeletal growth compared to the

control and lower host protein concentrations compared to the OAW treatment.

These results indicate that although short term microplastic exposure alone may

not pose a significant threat to coral health, when adding additional stressors, it

can further threaten the health and recovery of this already vulnerable species.
KEYWORDS

Acropora cervicornis, ocean warming, microplastics, ocean acidification, corals, plastic
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1 Introduction

Coral reef ecosystems are extraordinarily biodiverse and are

among the most economically valuable habitats on earth (Plaisance

et al., 2011). In recent decades, disease outbreaks, invasive species,

nutrient pollution, and climate change impacts such as ocean

warming and ocean acidification have all led to unprecedented

declines in coral cover (Hoegh-Guldberg et al., 2007; Alvarez-Filip

et al., 2009; Anthony et al., 2011; Cramer et al., 2020). Ocean

warming (OW) results in more extreme and frequent temperature

anomalies, such as the Caribbean thermal event in 2023 (Neely

et al., 2024), which are linked to massive bleaching events and

significant loss of coral biomass (Brown, 1997; Hughes et al., 2007).

Ocean acidification (OA) reduces relative carbonate ion availability,

inhibiting the ability of calcifying organisms to create their

limestone skeletons (Doney et al., 2008; Fabry et al., 2008; Erez

et al., 2011). The combined impact of OA and OW (OAW) on

corals is less studied, though these conditions are likely to be the

reality for coral reef ecosystems in the near future. On a reef-wide

scale, OAW is predicted to reduce reef accretion to the point of net

erosion by 2100 (Cornwall et al., 2021). On a smaller scale, some

evidence points to synergistic effects of OA and OW on coral

colonies, such as increased bleaching (Erez et al., 2011), increased

bioerosion (Reyes-Nivia et al., 2013), decreased calcification

(Reynaud et al., 2003; Rodolfo-Metalpa et al., 2011), and lowered

phase-shift thresholds (Anthony et al., 2011). Conversely, evidence

has also been found indicating that lower pH can mitigate the

harmful effects of higher temperature in coral larvae (Pitts et al.,

2020), does not prolong recovery from bleaching in adults (Dobson

et al., 2024), and that corals may be able to co-evolve tolerance to

both OA and OW (Jury and Toonen, 2024).

An additional anthropogenic hazard to coral reefs that is not yet

well understood is plastic pollution in the oceans, which has

recently garnered attention as an emergent threat (Biswas et al.,

2024; Huang et al., 2021; Soares et al., 2020; Zhang et al., 2023).

Microplastics are generally defined as fragments of plastic between

1 and 1000 µm in diameter of many shapes and compositions

(Hartmann et al., 2019) and carry harmful chemicals and pathogens

in their surface biofilm (Tang et al., 2018; Caruso, 2019; Curren and

Leong, 2019; Naik et al., 2019; Saliu et al., 2019). Microplastic

concentrations vary greatly across the oceans, ranging from 0.002 to

66.50 items m-3 (Mutuku et al., 2024). Corals can passively

accumulate microplastics in their surface mucous layer,

incorporate them into their tissues, and deposit them into their

skeletons, acting as a microplastic sink in the oceans (Martin et al.,

2019; Reichert et al., 2022; Soares et al., 2023) which can negatively

impact coral health (Allen et al., 2017; Hankins et al., 2018; Martin

et al., 2019). Equally concerning impacts arise from active coral-

microplastic interactions where the coral handles particles for

extended periods of time and can ingest them; such interactions

can be energetically costly and result in reduced growth and

calcification (Chapron et al., 2018; Reichert et al., 2018; Mouchi

et al., 2019; Rotjan et al., 2019; Hankins et al., 2021; Rades et al.,

2024), bleaching and tissue necrosis (Reichert et al., 2018, 2019;
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Syakti et al., 2019), feeding impairment (Hankins et al., 2018;

Reichert et al., 2018, 2019; Mouchi et al., 2019; Rotjan et al., 2019;

Savinelli et al., 2020), and health impacts at the molecular level

(Tang et al., 2018, 2021; Lanctôt et al., 2020). In addition to

bleaching, studies have found other impacts to the coral

symbionts (Symbiodiniaceae), with microplastic presence leading

to changes in symbiont density, chlorophyll content, and

photosynthetic activity (Tang et al., 2018; Mouchi et al., 2019;

Syakti et al., 2019; Lanctôt et al., 2020; Gao et al., 2024; Rades et al.,

2024; Liang et al., 2025). These impacts have been observed in wild

corals across varying regions and depths, and in laboratory settings

for a wide range of microplastic concentrations and exposure times.

Additionally, responses are highly species specific, with different

species exhibiting varying responses to the same treatments

(Reichert et al., 2018, 2019; Mendrik et al., 2021; Tang et al.,

2021) and some species experiencing little or no impact from

microplastic exposure (Berry et al., 2019; Bejarano et al., 2022;

Boodraj and Glassom, 2022; Zhou et al., 2023).

Few studies have investigated microplastic effects on Western

Atlantic coral species, despite the Atlantic Ocean having the highest

concentration of microplastics across the world’s oceans (Mutuku

et al., 2024). The staghorn coral, Acropora cervicornis, a once-

dominant reef-builder in the region, has suffered large-scale losses

in the last 50 years (Carpenter, 1990; Bythell et al., 1993; Hughes,

1994; Aronson and Precht, 2001; Alvarez-Filip et al., 2009). It is now

one of the six coral species listed as critically endangered on the

IUCN Red List of endangered species (IUCN, 2021) and one of the

seven coral species listed as threatened under the U.S. Endangered

Species Act (NOAA Fisheries, 2014). As A. cervicornis has been a

central focus of Caribbean restoration efforts, understanding the

impacts that microplastics and OAW may have on this species is

crucial for successful conservation and management efforts.

Although research on the impacts of microplastics to coral

health is emerging, very few studies have examined how

microplastics may affect corals under predicted future ocean

conditions. One study found that previous exposure to thermal

stress in certain corals resulted in lower successful prey capture of

Artemia nauplii, with no significant decrease in microplastic

consumption (Axworthy and Padilla-Gamiño, 2019), while other

studies have reported no interactive effects of microplastic exposure

and thermal stress (Mendrik et al., 2021; Plafcan and Stallings,

2022). It remains unknown, however, how microplastics may affect

A. cervicornis under combined warming and OA. To address this

knowledge gap, we exposed fragments of A. cervicornis to

microplastics and OAW conditions over 22 days to test the

impacts of these stressors both individually and combined.

Previous research from this project demonstrated that

microplastic exposure and OAW conditions stimulated an

immune response in A. cervicornis corals (Bove et al., 2023). This

study builds on that work by investigating the physiological impacts

to the coral host and its symbionts. We hypothesized that both the

OAW and microplastics treatments would have negative health

impacts on the corals, and that the combined stressor treatment

would have greater effects than either stressor alone.
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2 Materials and methods

2.1 Coral collection

Nine putative genotypes of A. cervicornis coral were collected off

the coast of Fort Lauderdale, Florida from the Nova Southeastern

University coral nursery (Florida Fish and Wildlife Conservation

Commission permit #SAL-21-2200-SRP). In a separate portion of

this project, two genotypes of six tested were identified as

clonemates using single nucleotide polymorphisms (SNPs) (Bove

et al., 2023). As this was determined after all analyses had been

conducted, the nine putative genotypes were treated as unique for

statistical analyses within this study. After one week in an outdoor

ex-situ nursery, donor colonies were transported to the University

of North Carolina Wilmington Center for Marine Science (UNCW-

CMS). Corals were acclimated to laboratory conditions in a

recirculating holding tank for three months. During this

acclimation period, the same parameters (i.e., pH, temperature,

salinity, lighting, and feeding regime) to be used during

experimentation were maintained at the ambient treatment levels;

see “experimental design” section for details. Corals were suspended

from monofilament and water flow was provided by powerheads

circulating water within the tank. Two weeks before

experimentation, four 5 cm fragments from each genotype’s

donor colonies were clipped and glued to ceramic plugs. After a

one-week recovery period in the holding tank following

fragmentation, the fragments were placed in their individual

experimental tanks (12 tanks per rack with one recirculating

sump) for a one-week acclimation period prior to treatment.

During this period, each rack recirculated through a sump and

ambient water conditions were maintained.
2.2 Experimental design

Ambient water conditions (AMB) were set to 8.07 pH (total

scale will be used for pH from here forward) and 28.6 °C, reflecting

average oceanic pH and temperature in Fort Lauderdale at the start

of the experiment. OAW water conditions were chosen to reflect

intermediate predictions for 2075 (pH = 7.92 and temperature =

30.6 °C) (IPCC, 2019; Jiang et al., 2019). For the microplastic

addition treatments (MP), two size classes of UV-fluorescent blue

polyethylene microspheres (density: 1.13 g cc-1; Cospheric, LLC)

were used. Cospheric polyethylene microbeads have been widely

used in coral microplastic research, including studies by Hankins

et al. (2018, 2021), Rotjan et al. (2019), and Corinaldesi et al. (2021).

The blue fluorescence aids in identification, and polyethylene is the

most prevalent polymer found in marine plastic pollution (Erni-

Cassola et al., 2019). The smaller size class (180 –212 µm)

approximates the diameter of the acclimated diet of powdered

zooplankton (Polyp Lab Reef Roids: 150-200 mm) and the larger

size class (325-425 mm) is similar to potential prey items. Acropora

cervicornis corals can ingest particles of a wide range of sizes from

approximately 100 mm (powdered plankton) (Towle et al., 2015) to

over 1000 mm (microplastics) (Hankins et al., 2022). Nine
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fragments, one from each of the putative genotypes, were

subjected to each treatment [(1) “control” (AMB water conditions

without microplastics), (2) “MP” (AMB water conditions with

microplastics), (3) “OAW” (OAW water conditions without

microplastics), and (4) “OAW+MP” (OAW water conditions with

microplastics)] for a total of 36 fragments. Coral fragments were

exposed to the treatments, including the ramp-up periods, for

22 days.

The experimental system consisted of 36 10-gallon glass

aquariums divided among three separate racks, holding twelve

tanks each. Treatments were randomly assigned to each tank,

with three tanks of each treatment per rack, and the 36 fragments

were randomly assigned to tanks such that there was one fragment

per tank. Neptune Systems Apex microcontrollers were used to

control the pH of each OAW tank and temperature of all tanks

individually. The microcontrollers maintained pH by modulating

solenoids that bubbled CO2 into each OAW tank through airline

tubing and controlled temperature by modulating aquarium

heaters. The pH programming for every OAW tank was adjusted

based on daily pH readings using an Orion Dual Star pH meter

(Thermo Fisher Scientific). At the start of experimentation,

temperature in the OAW tanks was increased from the 28.6 °C

acclimation temperature in approximately 0.5 °C increments on

days 1, 2, 4, 9, and 16 to the treatment conditions of 30.6 °C, to

avoid acute thermal stress. The experimental degree heating weeks

(eDHW) was calculated based on methods described in Leggat et al.

(2022) using a local mean monthly maximum of 29.44 °C from the

coral collection region (NOAA Coral Reef Watch, 2019), taking into

account the ramp up period. The pH during acclimation and in all

AMB tanks throughout the experiment was not manipulated. At the

start of experimentation, pH in all OAW tanks was decreased from

the starting value of 8.07 pH by 0.05 pH units each day over the first

three days to the final value of 7.92 pH.

Each tank contained an air stone bubbling oxygen to maintain

adequate dissolved oxygen (DO) levels and a 75-watt aquarium

heater. Lighting for each tank was provided by an individual LED

fixture with a 12-hour photoperiod set at irradiance values of 195

µmol m-2 S-1. In each tank, the coral fragment was placed in a 400

mL plastic beaker with a 100 µm Nitex®mesh bottom suspended in

the water using a plastic rack so that the tank water level was below

the top of the beaker (Figure 1). This allowed for maintenance of the

microplastic concentration while allowing adequate water flow

from within the tank. Each tank contained a powerhead

connected to an airline tube that pumped water from the tank at

a constant rate from the top of the beaker (Figure 1) to create water

flow for the coral and to aid in suspending the microplastics.

Salinity, temperature, and dissolved oxygen were measured daily

in every tank using a YSI ProDSS multiparameter probe (YSI Inc.).

Ammonia, nitrate, and phosphate were measured every day in two

new tanks chosen randomly (one AMB and one OAW) using a

ReefBot Auto Titration System (Reef Kinetics). On days 1, 8, 15, and

23, a water sample was taken from each tank for alkalinity

measurements as a proxy for the OA treatment. Samples were

stored in the dark at 4 °C and were later analyzed with a Metrohm

848 Titrino Plus auto-titrator following SOP3b from the Guide to
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Best Practices for Ocean CO2 Measurements Manual (Dickson

et al., 2007). Dickson Certified Reference Materials are analyzed

regularly as part of the quality assurance protocols. Feedings

throughout acclimation and the experiment occurred twice

weekly via target feeding. For each event, 2 mL of a homogenous

Reef Roids (Polyp Lab) suspension (prepared by dissolving 0.101 g

of Reef Roids in 80 mL of filtered seawater) was pipetted directly

into each 400 mL beaker, delivering approximately 2.53 mg of

particulate food per feeding (equivalent to 6.33 mg L-1).

For this study, a microplastic concentration of 1.25 x 10–4 g mL-1

was used. Although this concentration is higher than that of

environmental ocean conditions in most locations in the Western

Atlantic and Caribbean (Aranda et al., 2022; Orona-Návar et al., 2022;

Wightman and Renegar, 2023), the aim of this study was to investigate

separate and synergistic impacts of microplastics and OAW conditions

on the health metrics of A. cervicornis. By choosing a higher

concentration of microplastics, we sought to increase the resolution

of our physiological data for understanding these coral-microplastic

interactions under an additional environmental stressor.

To avoid excess fouling in the beakers while maintaining the

microplastic concentration in the MP treatments, a rotation

procedure was employed. Two days before water change days, a

clean beaker was placed in each tank’s rack adjacent to the beaker

with the coral. In the MP tanks, a mixture containing 0.025 g of each

microplastic size class was deposited into the empty 400 mL beaker,

thus creating the desired concentration of 1.25 x 10–4 g mL-1, and

the microplastics were forced into suspension by expelling water

from a baster into the cup two times. The microplastics were left in

the beaker to acquire a natural biofilm over 48 h. Three times per

week during acclimation and experimentation, on the day after
Frontiers in Marine Science 04
corals were fed, 30% water changes were conducted and the corals

were moved into the new beakers.

Biofilm acquisition caused the microplastics to become

negatively buoyant. Despite a constant water flow from the top of

the beaker, the microplastics tended to settle on the bottom – a

typical result of closed-system hydrodynamics. So, the plastics were

forced into suspension by gently expelling water from a baster into

the beaker, thus creating intermittent, turbulent water movement;

this process was also repeated in the non-MP beakers to avoid

confounding factors. Microplastics were in suspension for

approximately 10 minutes after each basting, allowing interaction

between the coral and the microplastics. The basting procedure was

conducted three times per day over the course of the 22-day

experiment in every coral beaker.
2.3 Live measurements

Immediately before starting the treatments on day 1 of the

experiment, the buoyant weight of each fragment was measured

according to the buoyant wet weight method first described by Jokiel

et al. (1978). Buoyant weight measurements were taken again

immediately after the end of the experiment, on day 22. The skeletal

mass of each sample was calculated based on the equations in Jokiel et al.

(1978). The sample mass in water was measured with the buoyant

weight technique, the seawater density was calculated using the buoyant

weight, air weight, and volume of the mass standard, and the density of

the sample was determined using a driedA. cervicornis skeletal fragment.

The starting skeletal mass of each fragment was subtracted from the final

skeletal mass to obtain the amount of skeletal growth per fragment.
FIGURE 1

Setup for each individual tank. (A) A beaker suspended in a rack with tubing delivering a steady flow of water and (B) egg crate wedged into the
bottom of a beaker with the fragment glued to the ceramic plug in the center.
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Pulse amplitude modulated (PAM) fluorometry was employed

to measure the symbiont photosynthetic efficiency in photosystem

II of the symbiont chloroplasts five times throughout the

experiment on days 7, 11, 14, 17, and 21. Decreases in the

quantum yield ratio, generally falling below 0.6, correlate with

damage to the photosynthetic machinery and often precede

bleaching (Warner et al., 1999; Gorbunov et al., 2001).

Measurements were taken with a Diving-PAM fluorometer

(UWFA0204A - Walz GmbH) one hour after the artificial sunset,

so that the corals were fully acclimated to the dark. To ensure

consistent measuring distances, plastic tubing (7 mm) was affixed to

the end of the probe and placed directly on the coral. Each fragment

was measured in two places (near the top and bottom) and these

measurements were averaged.
2.4 Physiological analyses

At the end of the 22-day experiment, the fragments were

removed one at a time from their tanks and prepared for analysis.

Each fragment was clipped from the ceramic plug 0.5 cm above the

plug to provide a buffer from the glue and then divided into

multiple pieces using bone cutters. Because the growing apical

tips of acroporid branches are morphologically distinct from the

rest of the colony (Wallace, 1999) and generally have lower

concentrations of symbionts (Pearse and Muscatine, 1971), these

segments were excluded from physiological analyses and were

instead preserved and used for microplastic observations. As

such, the top centimeter of the coral fragment and the tip of any

branch was clipped and preserved in Z-Fix Concentrate diluted in a

1:4 ratio with seawater. The branch tip samples from the MP

treatments were observed under a UV light microscope and any

UV-fluorescent particles found on the coral surface were counted

and characterized. The bottom centimeter from each experimental

fragment was clipped, and that piece was clipped in half. Each of

these pieces were placed in separate cryogenic vials, dipped in liquid

nitrogen, and preserved at -80 °C. These samples were sent to

collaborators for analysis in a separate study (Bove et al., 2023). The

remaining 2–3 cm fragment was placed in a Whirl-Pak® bag,

dipped in liquid nitrogen, and preserved at -80 °C for

further analyses.

Physiological analyses were conducted following a protocol

developed by Hall et al. (2018). Each fragment was removed from

the freezer and weighed. All coral tissue was removed from the

skeleton using an airbrush with 0.2 µm filtered seawater (FSW). The

tissue was captured in a 50 mL Falcon tube and the liquid in each

tube was normalized to 45 mL with FSW. The skeleton was allowed

to air dry and weighed again. The surface area of the skeleton was

determined using a Next Engine 3D scanner for normalization of

the health parameters. Each tissue sample was vortexed and then

homogenized with a Power Gen 125 homogenizer (Thermo Fisher

Scientific) for 5 minutes. A 200 µL aliquot was removed from the

homogenate, covered, and placed in a refrigerator for total protein

analysis. The falcon tube was then centrifuged for 5 minutes at 3500

rpm at 4 °C using a Sorvall ST 40R centrifuge (Thermo Fisher
Frontiers in Marine Science 05
Scientific) to separate the symbiont cells into a pellet and the host

cells into the supernatant. Another 200 µL aliquot was extracted

from the supernatant for host protein analysis. The remaining

supernatant was then poured off and the algal pellet was

resuspended with 2 mL FSW. This process of centrifuging,

pouring off the supernatant, and resuspending the pellet was

repeated once more in the Falcon tube with 1 mL FSW and then

again in a 1.5 mL Eppendorf tube using an Eppendorf Centrifuge

5418 R. The sample was vortexed and a 100 µL aliquot was removed

and placed in a new Eppendorf tube for symbiont density analysis.

For chlorophyll analysis, 1 mL 90% acetone was added to the

sample while working in total darkness, and the sample was

vortexed. The symbiont density sample and chlorophyll sample

were stored in the dark at 4 °C for approximately 24 hours.

Symbiont density was determined with eight replicate counts

per sample using a hemocytometer under a compound microscope.

The counts for each sample were averaged, converted to total

number of cells per fragment, and divided by the surface area of

the fragment to determine the number of symbiont cells per square

centimeter of coral tissue.

After 24 h, the chlorophyll sample was centrifuged again to re-

form the algal pellet. Working in total darkness, triplicates of 200 µL

of each sample were placed in a 96-well flat-bottomed tissue culture

plate along with two triplicates of 90% acetone blanks. The

absorbance endpoints were read in a Molecular Devices

FlexStation 3 microplate reader at 652 nm and 665 nm. However,

a microplate reader error rendered all values from one of the three

plates inaccurate. The excess of each sample, which had been stored

at 4 °C, was centrifuged and reanalyzed as above with only one 200

µL sample per fragment. The plate was run three times at each

wavelength, absorbances were corrected using the average of the

90% acetone blanks, and values were averaged per sample.

Chlorophyll a concentrations were calculated from the 1 cm

pathlength correction of these values and normalized using both

surface area measurements and symbiont density. The initial

chlorophyll values and re-run values from the two correct plates

had a 97% correlation; to avoid bias in the results, only the re-run

values were used in chlorophyll a analyses for all 36 samples.

For soluble protein analysis, a Bradford Protein Assay was

conducted (Bradford, 1976). To establish a calibration curve for

obtaining sample values, dilutions of bovine serum albumin at

concentrations of 0.125, 0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 mg mL-1

were created. Next, a 20 mL aliquot of each dilution was pipetted

into an Eppendorf tube and combined with 1 mL of Bradford dye

reagent (containing Coomassie Brilliant Blue G-250) in completely

dark conditions. The samples were then incubated for a period of

20–40 minutes. Working again in total darkness, the standards were

pipetted into a 96-well VMR Tissue Culture Plate. The first three

wells were filled as blanks with 200 mL FSW, followed by three

blanks of FSW + dye, then 200 mL triplicates of each dilution, and

finally another three blanks of FSW + dye and three blanks of FSW.

Optical densities were scanned three times at 590 nm using a

Molecular Devices FlexStation 3 microplate reader. The entire

process was then repeated using 20 mL of each total protein

sample and each host protein sample from the experiment.
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Average absorbances of the samples were corrected using the

average absorbances of the FSW and FSW + dye blanks.

Concentration values were then calculated using the calibration

curve line of best fit. Protein concentration values were multiplied

by 45 to account for total tissue volume, normalized to fragment

surface area, and averaged for each sample.
2.5 Data analysis

Statistical tests were conducted using R. For skeletal growth,

symbiont density, chlorophyll a concentration per cm2, chlorophyll a

concentration per symbiont cell, total protein, host protein, and the

difference between total and host protein, generalized linear mixed

effects models (GLMM)were used to determine significance among the

four treatments. For each response variable, several candidate models

were assessed, and the best model was selected according to

information criteria, r squared values, and root square mean error

using the R function “compare_performance” (Lüdecke et al., 2021).

All models used experimental treatment as a categorical predictor

variable. Candidate models included different combinations of error

distributions and random effects. Because the response variables were

all continuous, strictly positive, and moderately to highly right-skewed,

the Gamma distribution and the Gaussian distribution (applied to both

raw and log-transformed values) were tested. Random effects for

experimental rack and coral putative genotype were tested. Standard

model diagnostics (e.g. homogeneity of variance, influence of outliers,

normality of random effects) were then verified for each selected model

using the R function “check_model” (Lüdecke et al., 2021). Finally, to

test for significant differences among all treatment combinations, each

model was followed by a pairwise, post hoc comparison test using

estimated marginal means with Tukey’s p-value adjustment for

multiple comparisons. Additionally, a GLMM was run on the

photosynthetic yield data across the five dates of measurement.

Again, several candidate models were tested, however all models

specifically included tank as a random effect to account for repeated

measures on individual coral fragments.

Environmental data (temperature, pH, salinity, DO, alkalinity)

were tested for differences between OAW and AMB treatments

using the Anderson-Darling test for normality, the Levene and

Bartlett tests for homogeneity of variances, and then a Kruskal-

Wallis test, accordingly. An alpha-level of 0.05 was used to

determine significance across all tests. All means and error bars

are reported with standard error.
3 Results

3.1 Experimental conditions

Temperature, pH, salinity, and DO measurements were taken

daily over the 22-day experiment. Outside of the intended lower pH

and higher temperature treatment, DO and salinity were

significantly different between the two treatments as well.

However, these parameters still fell within the normal range of
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best practices for DO and salinity for coral husbandry. Ambient

temperature was stable (28.6 ± 0.01 °C) across the experiment;

OAW temperature was stable as well (30.1 ± 0.05 °C) after the initial

ramp up during the first four days of the experiment and

subsequent increases on days 9 and 16. The OAW treatment

corresponded to approximately 2.3 eDHW across the study,

taking into account the ramp up period. As intended,

temperature was significantly higher in the OAW tanks (p <

0.0001; Figure 2), and pH was significantly lower in the OAW

tanks (p < 0.0001; Figure 2.). The pH of both treatments was stable

(AMB: 8.06 ± 0.01; OAW: 7.96 ± 0.01), though there were

fluctuations throughout the study. DO was stable for both

treatments (AMB: 6.42 ± 0.01 mg L-1; OAW: 6.28 ± 0.01 mg L-1)

and was significantly lower in the OAW tanks (p < 0.0001; Figure 2).

Salinity fluctuated throughout the experiment (AMB: 35.70 ± 0.26

ppt; OAW: 35.66 ± 0.30 ppt), and was significantly lower in the

OAW treatments (p = 0.008; Figure 2). Alkalinity was averaged

across the four measurements (AMB: 9.19 ± 0.05 dKH; OAW: 9.41

± 0.07 dKH) and was significantly higher in the OAW tanks (p <

0.05). Throughout the experiment, the ReefBot auto-titrator

reported 0 ppm for nitrate, phosphate, and ammonia.
3.2 Skeletal growth

Skeletal growth was measured as the difference between day 1

skeletal mass and day 22 skeletal mass. The selected GLMM for

growth used a Gamma error distribution with a log link function

and included random effects for both experimental rack and

putative genotype. The GLMM identified a significant treatment

effect and the post hoc test confirmed that growth was significantly

lower in the combined stressor treatment compared to the control

(p = 0.004; Figure 3). Growth was also noticeably lower in the OAW

treatment compared to the control, although this effect was only

marginally significant (p = 0.099; Figure 3).
3.3 Symbiont photosynthetic efficiency

Photosynthetic yield (Fv Fm
-1) was averaged for each time point

across the two measurements taken for each fragment. The value

was not normalized to surface area, as it is not dependent on

fragment size. The selected GLMM for photosynthetic yield used a

Gamma error distribution with a log link function and included

random effects for tank and putative genotype. The GLMM

identified a significant treatment effect; however, the post hoc test

found that the combined stressor treatment was only marginally

lower than the control (p = 0.092; Figure 4).
3.4 Symbiont density and chlorophyll a
content

Symbiont density was normalized to surface area and compared

across treatments. The selected GLMM for symbiont density used a
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Gamma error distribution with a log link function and included no

random effects. The GLMM identified a significant treatment effect

and the post hoc test confirmed that symbiont density was

significantly higher in both the MP treatment and the combined

stressor treatment compared to the control (p = 0.0008; p = 0.0009,

respectively; Figure 5). The symbiont densities in both the MP and

OAW+MP treatments were also significantly higher than the OAW

s ing l e s t r e s s o r t r e a tmen t ( p = 0 . 0 01 ; p = 0 . 001 ,

respectively; Figure 5).

Chlorophyll a concentrations were normalized to both surface

area and to symbiont density. The selected GLMMs for both surface

area- and symbiont density-normalized chlorophyll a used a

Gaussian error distribution applied to log-transformed values and

included no random effects. When normalized to surface area, there

was no significant difference between any of the treatment levels.

However, when normalized to symbiont density, there was

significantly higher chlorophyll a concentrations per symbiont

cell in both the control treatment and the OAW treatment

compared to the combined stressor treatment (p = 0.007; p =

0.005, respectively; Figure 5).
3.5 Protein

The total soluble protein (Symbiodiniaceae + coral host)

concentration was normalized to surface area and compared

across treatments. The selected GLMM for total soluble protein
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used a Gaussian error distribution and included random effects for

experimental rack and putative genotype. Both the GLMM and post

hoc test found that there were no significant differences between any

of the four treatments.

The selected GLMM for host protein concentration, also

normalized to surface area, used a Gamma error distribution and

included random effects for experimental rack and putative

genotype. The GLMM identified a significant treatment effect,

and the post hoc test confirmed that the OAW treatment was

significantly higher than the combined stressor treatment (p =

0.02; Figure 6).

Lastly, a GLMM was used to compare whether total and host

proteins differed among treatments. This model used a Gamma

error distribution with random effects for rack and putative

genotype and included an interaction between treatment and

protein source (host or total). No significant difference was found

between total and host proteins among the treatments.
3.6 Quantification of microplastics on coral
surface

All branch tip samples from fragments in the MP and OAW

+MP treatments were observed under a UV light microscope to

determine presence of the UV-fluorescent blue microbeads on the

surface of the coral. Of the 18 corals, seven were found to have at

least one particle of UV-fluorescent blue plastic on the coral surface.
FIGURE 2

Water quality parameters throughout the experiment (means ± SE). Orange line denotes pooled OAW treatments (OAW and OAW+MP) and blue line
denotes pooled AMB treatments (MP and Control). Asterisk above line indicates significance of p < 0.05. (A) Average daily temperature values taken
from the Neptune temperature probes. Ramp up of approximately 0.5 °C occurred on days 1, 2, 4, 9, and 16 in OAW tanks. (B) Average daily pH
values taken from YSI pH probe readings. Ramp down of approximately 0.05 pH on days 1, 2, and 3. (C) Average daily DO levels taken from YSI DO
probe readings. (D) Average daily salinity values taken from YSI salinity probe readings.
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Only one of these particles seemed to be a whole microbead of the

same shape and size as the added microplastics. The remainder

were smaller pieces of irregular shape that had the same

fluorescence and color as the added microbeads.
4 Discussion

4.1 Acropora cervicornis shows resilience
to the environmental stressor

Targeted environmental conditions were achieved, yet they had

little effect on the corals and their symbionts. Both temperature and

pH were significantly different between the AMB and OAW

treatments, validating the treatment parameters. The salinity and

DO levels were significantly lower and the alkalinity was

significantly higher in the OAW tanks; however, these values are

all within normal ranges and these differences are not ecologically

significant. The lower oxygen saturation is due to the higher

temperatures and is therefore linked to the treatment (Brierley

and Kingsford, 2009). Furthermore, DO levels above 4 mg L-1 do

not impact the health of Acropora spp. corals (Haas et al., 2014), so

the slightly lower DO levels in the OAW tanks likely had no impacts

relative to the AMB DO levels. Though significant, differences in

salinity were also very slight and within the range of best practices in

coral husbandry (O’Neil et al., 2021). Lastly, the average alkalinity

measurements were also within normal ranges for coral reefs

(O’Neil et al., 2021). Elevated temperatures and lowered pH, both

individually and combined, are known to have negative impacts on

coral health (Hoegh-Guldberg, 1999; Anthony et al., 2011).

Acropora cervicornis is especially sensitive to temperature stress,
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showing decreases in growth, symbiont density, and photosynthetic

efficiency and 100% mortality after 25 days (Langdon et al., 2018).

In this study, A. cervicornis showed resilience to environmental

parameters; the OAW single stressor treatment resulted in

marginally lower growth than the control but there were no

differences in symbiont density, chlorophyll content,

photosynthetic efficiency, or protein content relative to the

control treatment. While an eDHW of 2.3 can still elicit

physiological responses, it generally correlates with moderate

thermal stress (Leggat et al., 2022). Perhaps the environmental

treatment parameters were not severe enough to significantly

impact skeletal growth or the host-symbiont relationship as these

corals came from a region already experiencing elevated

temperatures and extreme thermal anomalies (Neely et al., 2024).

Longer studies with varied temperatures are needed to determine

realistic impacts under chronic exposure to elevated temperature.
4.2 Limited impact of microplastic
exposure alone

The MP single stressor treatment did not significantly impact

skeletal growth, photosynthetic efficiency, chlorophyll content, or

protein content. We hypothesized negative impacts of microplastic

exposure on skeletal growth, as that is consistent across several

other studies (Chapron et al., 2018; Mouchi et al., 2019; Reichert

et al., 2019), including a study that also used A. cervicornis

(Hankins et al., 2021). The energetic costs of handling solid

foreign entities like plastic particles might be insignificant in short

time periods or at low concentrations, but could become

detrimental to coral health over extended time periods; so, more
FIGURE 3

Effect of treatments on skeletal growth (means ± SE). Significance (p < 0.05) denoted by difference in letters above error bars.
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study is needed. The MP treatment did, however, produce

significantly higher symbiont densities compared to both the

contro l and OAW trea tment , a s d id the combined

stressor treatment.
4.3 Combined stressor treatment results in
lower growth

The combined stressor treatment elicited stronger responses

than either single stressor, indicating that there may be interactive
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effects between OAW and MP. Corals exposed to the OAW+MP

treatment had significantly lower skeletal growth compared to the

control treatment, while the OAW treatment was only marginally

significantly lower and the MP treatment effect was not significant.

Lower growth due to OAW conditions is an expected result, but

would likely occur over longer time periods. In this study, the

impact on skeletal growth was significant in the OAW+MP

treatment after only 22 days. This result is possibly due to the

probable energetic cost associated with microplastic interaction.

While the basting method resulted in higher concentrations of

microplastics interacting with the coral at one time and is therefore
FIGURE 4

Average photosynthetic efficiency (means ± SE) across the five measured time points for each treatment.
FIGURE 5

Effect of treatments on (A) symbiont density, (B) chlorophyll a concentration per symbiont cell, and (C) chlorophyll a concentration per cm2 (means
± SE). Significance (p < 0.05) denoted by difference in letters above error bars.
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not necessarily indicative of in situ conditions, the exaggerated

active response of the corals to the microplastics warrants further

investigation. Throughout the experiment, corals were observed

interacting extensively with microplastics; corals quickly moved

microplastic particles caught in the mucus layer to their mouths

using tentacular movement and mucus secretion, where the

particles were held from several seconds to well over 30 minutes.

During this time, the coral manipulated the microplastic with its

tentacles, often closing tightly and opening repeatedly (documented

in Supplementary Video 1). While ingestion of the microplastics

was not directly observed, it is possible that corals did ingest and

egest some of the microplastics and hold them on their surface. This

is supported by observations of the coral tissue after the experiment.

Seven of the 18 fragments exposed to microplastics contained at

least one fluorescent particle on the tissue surface of the observed

samples. Most particles seemed to be smaller fragments of the

microbeads as they were smaller than the 180–212 µm size class;

likely, the microbeads were broken apart either from weathering in

the water or potentially from mechanical breakdown by the coral’s

manipulations. There is currently no evidence to suggest that corals

can actively degrade or metabolize microplastics, but many plastic-

degrading microbes have been identified across various

environments (Gambarini et al., 2021; Zrimec et al., 2021; Ali

et al., 2023) which raises the question of whether the coral

holobiont could possess this capacity.

Anecdotally, the detritus layer that accumulated on the Nitex®

mesh in the MP beakers was consistently much thicker than the

layer in the non-MP beakers, possibly due to the excess mucus

produced to remove microplastics. Indeed, the corals in the MP

treatment were observed producing mucus both to remove

microplastics and to bring them towards polyp mouths. Extensive
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manipulation and excess mucus production are mechanisms corals

employ for removing non-nutritional items, such as sand particles,

as well as assisting in food capture (Larsson and Purser, 2011; Allen

et al., 2017; Duckworth et al., 2017). However, microplastics offer no

nutritional value to offset the energy output and are novel items

with different densities, microbial films, and chemical compositions

than what corals have evolved to manage. Some coral species have

shown no heterotrophic plasticity in response to microplastics

(Rades et al., 2022), indicating that corals may not be able to

adapt to the energetic costs of microplastic handling over extended

periods of exposure time. It is possible that the extra energy

expended due to microplastic encounters causes enough of a

deficit to impact energy available for and allocated to processes

like growth and reproduction. Corals in the combined stressor

treatment suffered reduced growth perhaps for this reason;

microplastic interaction seems to be energetically costly, thus

worsening impacts from the OAW stressor.
4.4 Host-symbiont relationship impacted
by microplastic exposure under climate
change conditions

The combined stressor treatment elicited significantly higher

symbiont densities than both the control and OAW treatments, as

did the MP single stressor, indicating that microplastics were the

main driver for this result. The increased symbiont density is

intriguing because several other coral-microplastic exposure

experiments have found decreases in symbiont densities (Reichert

et al., 2018; Syakti et al., 2019; Su et al., 2020), or no impact (Tang

et al., 2018; Reichert et al., 2019). One study also found a negative
FIGURE 6

Effect of treatments on host protein concentration and total protein concentration (means ± SE). Significance (p < 0.05) denoted by difference in
letters above error bars.
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correlation between microplastic concentration and symbiont

densities in wild corals (Tang et al., 2021). This would be the

expected outcome based on the propensity for corals to expel their

symbionts when stressed.

The symbionts in the coral tissue are not directly interacting

with microplastic particles, therefore any changes seen in symbiont

densities or chlorophyll concentrations are likely a result of changes

at the host level. Evidence suggests that cnidarians such as corals use

an array of signaling molecules and chemical stimuli known as host

release factor (HRF) in several ways: to arrest dinoflagellates in their

non-motile phase upon uptake into the gastrodermal cells (Koike

et al., 2004; Stat et al., 2006), to force symbiont cells to release their

photosynthetic products for host use (Grant et al., 1997), and to

regulate symbiont density by manipulating algal production of

various compounds (Grant et al., 2006). Another strategy corals

employ for maintaining low reproduction rates in their symbionts is

nutrient limitation. By maintaining a limitation in certain nutrients,

like nitrogen, within the gastrodermal cells, the coral inhibits

symbiont growth and maximizes photosynthesis (Cook et al.,

1994). When encountering an energetically costly stressor, such as

microplastic interaction and removal, it is possible that the host

could employ HRF or remove nutrient limitations to increase

symbiont densities and thus increase photosynthetic production.

Alternatively, an external stressor could reduce the host’s ability to

maintain nutrient limitations, resulting in an abnormally high rate

of symbiont division.

The combined stressor treatment also resulted in significantly

lower chlorophyll a per symbiont cell compared to both the control

and OAW treatments. Previous studies have found no change in

chlorophyll content (Reichert et al., 2018; Aminot et al., 2020), as

well as increased chlorophyll concentrations as a function of surface

area (Tang et al., 2018) and symbiont density (Su et al., 2020) after

exposure to microplastics. So, this result was unexpected, as was the

symbiont density result. However, the lowered chlorophyll a

concentrations per symbiont cell supports the hypothesis of

increased symbiont cell division. Chlorophyll a concentrations,

when normalized to surface area, were almost identical among

treatments, so there was no change in total chlorophyll content, but

chlorophyll density was reduced in individual symbiont cells.

Perhaps chlorophyll synthesis was outpaced by the rapid cell

proliferation, thus diluting the overall chlorophyll content among

more symbiont cells. Additionally, chlorophyll production may

have decreased from the stress of the treatments and their

impacts on the coral host, a result that has been seen in other

microplastic studies (Gao et al., 2024; Isa et al., 2024).

Photosynthetic efficiency of photosystem II, measured via PAM

fluorometry, was only marginally lower in the combined stressor

comparted to the control, indicating the symbionts’ photosynthetic

capabilities were largely unharmed due to the stressors. The values

trended lower over time for all treatments, likely due to tank

conditions, but the values remained within ranges for healthy

corals (Ralph et al., 1999; Warner et al., 1999). Previous studies

using photosynthetic efficiency as a health parameter have seen both

higher (Reichert et al., 2019; Lanctôt et al., 2020) and lower

(Mendrik et al., 2021) efficiencies as a result of microplastic
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exposure, as well as no change (Reichert et al., 2019; Su et al.,

2020). The response of this more complex mechanism to

microplastic impacts seems to be highly species-specific and is

likely also dependent on symbiont species.

No significance for total proteins was found across treatments;

however, there was a significantly lower mean host protein

concentration in the OAW+MP treatment than the combined

stressor treatment. It is possible that the lower host protein

concentrations are a product of a protein catabolism stress

response by the host coral. This finding is consistent with the

results of the gene expression portion of this project that found

enrichment of terms associated with amino acid catabolism in

response to the OAW stressor (Bove et al., 2023). As a result of

the catabolism of coral host tissue and amino acids, ammonium is

released, in turn being utilized by the symbiont. In most

circumstances, host-symbiont interactions in corals are nitrogen

limited (Muscatine and Porter, 1977; Morris et al., 2019). With an

influx in ammonium, the symbiont is no longer nutrient limited,

and undergoes a population increase, thus recycling the host’s

ammonium to synthesize its own cellular proteins (Baker et al.,

2018; Rädecker et al., 2021). This disturbance to host-symbiont

nitrogen balance has a positive feedback loop effect. When the

symbionts are in the presence of excess nitrogen, photosynthates are

used for growth and reproduction rather than reallocation to the

coral host. As a response, the coral continues to break down its own

protein stores, resulting in eventual starvation or bleaching in the

host coral (Baker et al., 2018; Rädecker et al., 2021). It is possible

that the efficient recycling of nitrogen between host and symbiont

during host protein catabolism is responsible for the lower host

protein concentrations found in the combined stressor treatment. If

this experiment had a longer duration or reached more extreme

temperatures for OAW treatments, a higher, more measurable

incidence of protein catabolism may have occurred. Future work

on coral catabolism responses to treatments like OAW and

microplastics could measure coral lipid and carbohydrate energy

reserves as higher sensitivity markers of health, and as potential

precursors to catabolism of proteins in stressed corals.
5 Conclusions

The results of this study suggest that microplastics alone may

not pose a significant threat to A. cervicornis coral health in short

time periods, but there are interactive effects of microplastic

exposure and OAW conditions that warrant further investigation.

No other study has examined the combined effect of OAW and

microplastics; however, several have examined thermal stress with

microplastic exposure. One study found that thermal stress may not

reduce microplastic ingestion in the same way it reduces natural

feeding (Axworthy and Padilla-Gamiño, 2019). Two studies

observed no interaction between OW and microplastic exposure

(Mendrik et al., 2021; Plafcan and Stallings, 2022). The

complimentary study of the current experiment found that the

OAW+MP treatment elicited the strongest immune response

compared to the single stressors (Bove et al., 2023), consistent
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with the findings of this study. Based on the high variability in

species response seen in other microplastic studies, it is likely that

differences in physiology between species and genotypes play a role

in responses seen. Furthermore, the increase in symbiont density in

response to microplastic interaction is a novel result and raises

questions regarding the host-algal signaling pathways in relation

to microplastics.

Health impacts and potential compensatory changes in the host-

symbiont relationship were seen after only 22 days of exposure to

experimental conditions with microplastic interactions generally

occurring only thrice per day after the basting procedure. Given the

high variability in coral reef ecosystem hydrodynamics, microplastic

concentrations, topography, and species morphology, further study is

needed to understand the frequency and duration of microplastic

suspension and thus interactions in situ to determine how these results

may be relevant to natural coral populations. As climate change

progresses in the coming decades, the threats of ocean acidification

and ocean warming will become more prevalent and corals will likely

experience additional stress and negative health impacts (Hoegh-

Guldberg et al., 2007). Furthermore, the rate of plastic entering the

ocean will continue to increase (Jambeck et al., 2015; Borrelle et al.,

2020). Even if action is taken to slow plastic pollution, microplastic

concentrations reaching corals will still increase as larger plastics,

already at sea, break down into smaller pieces, form aggregations

with biogenic materials (Michels et al., 2018), sink into benthic

environments (Wayman and Niemann, 2021), and become

incorporated into coral tissues and skeletal structures (Reichert et al.,

2022). As corals are already facing climate change stressors, the added

impacts of microplastic pollution could critically impact coral reefs

around the world.
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SUPPLEMENTARY VIDEO 1

Video showing clips of Acropora cervicornis corals interacting with UV-

fluorescent blue microbeads. Coral polyps are seen manipulating and
closing around the microbeads. Video was captured with a Samsung Galaxy

Note 10+ through a microscope just after a basting event to showcase the
extensive manipulation of the coral when initially interacting with

the microplastics.
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