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ARTICLE INFO ABSTRACT

Editor: Olga Pantos The pollution of marine environments with plastics, particularly microplastic (MP, i.e., plastic particles <5 mm),
is a major threat to marine biota, including corals. While the effects of MPs are increasingly well understood,

Keywords: knowledge of how different concentrations of naturally occurring MP mixtures affect reef-building corals is still

Reef-building corals limited. Therefore, we aimed to elucidate the relationship of MP concentrations and their effects on reef-building

Coral physiology
Microplastic polymer mixture
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Dose-response relationships

corals. For this, we exposed two reef-building coral species (Stylophora pistillata and Pocillopora verrucosa) in a 12-
week experiment to MPs at a gradient of concentrations (0, 0.1, 1, 10, and 100 mg‘L’l). Specifically, we
examined effects on the coral host physiology (i.e., surface and volume growth, calcification, necrosis, and polyp
activity), and the photosynthetic activity of the photosymbionts (i.e., effective and maximum quantum yield,
maximum relative electron transport rate, minimum saturating irradiance, and light capture efficiency). To
mimic natural conditions, we used a MP mixture consisting of six polymers in forms of fibers and fragments. Both
coral species showed reduced growth rates, necrosis, lower polyp activity, and an upregulation of photosynthesis,
which intensified with increasing MP concentrations. While the effects on the coral host mostly showed basic
linear or nonlinear dose-response relationships, the effects on the photosymbionts revealed more complex
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nonlinear dose-response relationships, and photosynthesis was only upregulated after a species-specific
threshold. We found that high and extreme pollution scenarios caused strong adverse effects on coral physi-
ology, while current low to moderate concentrations had minor effects. Increasing concentrations had amplifying
effects, likely due to the disproportionately higher frequency of entanglement, leading to more frequent direct
contact and potential transfer of toxins or pathogens. These results suggest that corals can cope with current
average pollution levels. However, they also highlight the need for measures to limit permanent increases of MP
pollution to protect the health of coral reefs.

1. Introduction

In recent decades, microplastic (MP, i.e., plastic particles <5 mm)
has been shown to affect a wide range of organisms, including corals
(Reichert et al., 2017; Syakti et al., 2019; Savinelli et al., 2020). Due to
their small size, MPs are readily ingested and may affect the physiology
and health of these organisms (Chapron et al., 2018; Savinelli et al.,
2020; Hankins et al., 2022; Reichert et al., 2024a). However, the effects
of MPs are diverse because the particles come in a wide range of sizes,
shapes, colors, and polymer types. The most commonly detected plastic
polymers in coral reef environments are polypropylene (PP), poly-
ethylene (PE), polystyrene (PS), polyamide (PA), polyvinyl chloride
(PVQ), and polyethylene terephthalate (PET) (reviewed by Huang et al.,
2020). Most particles occur in the form of fibers (accounting for up to 79
%; Browne et al., 2011; Ding et al., 2019; Kaliszewicz et al., 2023) and
fragments (accounting for up to 52 %; Saliu et al., 2018). Concentrations
of MPs are highly variable and average levels in coral reef waters can
vary by several orders of magnitude, ranging from 210> particles-L ™
(Faafu Atoll, Maldives; Saliu et al., 2018) over 15.9 particles-L’1 (Xisha
Islands, South China Sea; Ding et al., 2019) to 126.6 particles-L_1
(Tuticorin and Vembar islands, Gulf of Mannar, India; Patterson et al.,
2020). MP concentrations in extremely polluted areas can even reach up
to 200 particles~L’1 (Patterson et al., 2020). Estimates for pollution
scenarios for the year 2100 indicate an increase of MP concentrations by
a factor of 3 (Koelmans et al., 2017) to 50 (Everaert et al., 2018).

Corals can be affected by MPs in several ways. Particles may adhere
to the tissue (Reichert et al., 2017; Corona et al., 2020) or the rough
skeletal structure (Martin et al., 2019), which can lead to passive contact
with the coral surface. As a response, corals often produce mucus to
clean their tissue (Martin et al., 2019; Rades et al., 2022). In addition,
the heterotrophs can actively ingest MPs (Hall et al., 2015; Allen et al.,
2017; Hankins et al., 2022; Reichert et al., 2024b), which can result in a
false sense of satiety and intestinal blockage (Murphy and Quinn, 2018;
Rotjan et al., 2019) and altered polyp and feeding behavior (Chapron
et al., 2018). Either way, handling MPs is thought to be energetically
costly for the corals (Hall et al., 2015; Allen et al., 2017; Reichert et al.,
2017), which affects the overall health of the coral holobiont. Conse-
quences may include changes in the photosynthetic activity of the
associated photosymbionts (Reichert et al., 2019; Mendrik et al., 2021),
possibly by altering their enzymatic activity and gene regulation (Su
et al., 2020), but also reduced growth (Chapron et al., 2018; Hankins
et al., 2021), or even necrosis (Reichert et al., 2017; Syakti et al., 2019)
of the coral host. Therewith, especially high MP pollution could addi-
tionally threaten already decreasing coral stocks. Still, most laboratory
studies have investigated the effects under extreme MP concentrations
and little is known about the effect of a gradient of concentrations.
Moreover, the previous studies have primarily examined the effects of
different polymer types individually (mainly polyethylene, e.g., Reichert
et al.,, 2017; Berry et al., 2019; Syakti et al., 2019; Lanctot et al., 2020).
However, there has been limited research on mixtures reflecting the
diversity of MPs found in natural coral reef waters, which would provide
a more realistic view of the responses of corals to MPs in the environ-
ment. Additionally, the combined use of different MP shapes is under-
represented in experimental studies to date, even though fibers are
equally, and sometimes even more prevalent than fragments in coral
reefs (Jensen et al., 2019; Huang et al., 2020). Fibers might have a large

effect on corals through entanglement rather than ingestion (Mendrik
et al., 2021; Reichert et al., 2024a). Thus, it is essential to assess the
effects of realistic MP mixtures. Moreover, as most studies have found
mainly sublethal effects of MPs (Mouchi et al., 2019, Reichert et al.,
2019, 2024a; Hankins et al., 2021), it is important to understand the
dose-response relationship to different MP exposure concentrations and
evaluate the presence of possible response-thresholds. Dose-response
relationships can be linear, suggesting a proportionate increase in stress
with increasing concentrations, or nonlinear, with either basic nonlinear
relationships, suggesting a disproportionate impact of the stressor under
extremely high or low concentrations, or complex nonlinear, where re-
sponses only occur after certain thresholds (Zuur et al., 2009).

Therefore, the aim of our study was to assess the dose-response re-
lationships in a concentration gradient (0, 0.1, 1, 10, 100 mg-Lfl) of an
environmentally realistic MP mixture and the physiology of reef-
building corals in a 12-week laboratory experiment. As study organ-
isms, we selected the two reef-building coral species Pocillopora verru-
cosa (Ellis and Solander, 1786) and Stylophora pistillata (Esper 1792),
which are known to be sensitive to MP exposure (Reichert et al., 2019;
Lanctot et al., 2020).

Specifically, we (I) investigated the concentration-dependent effects
of the MP mixture on the physiology of the coral host (i.e., growth rates
of tissue area and volume, calcification, necrosis, and polyp activity) and
the photosynthetic efficiency of the photosymbionts (i.e., effective
quantum yield, the maximum quantum yield, relative electron transport
rate, minimum saturating irradiance, and efficiency of light capture),
and (II) analyzed the dose-response relationships to determine whether
they follow linear or more complex patterns. These results will help to
better evaluate the stress that current and future MP concentrations pose
to coral reefs worldwide.

2. Material and methods
2.1. Experimental design

MP concentration-dependent effects on the reef-building coral spe-
cies S. pistillata and P. verrucosa were studied in a 12-week experiment.
For this, corals were exposed to a MP mixture, consisting of fragments
and fibers of the six most common polymer types found in coral reef
environments in a gradient of four concentrations (i.e., 0.1, 1, 10, and
100 mg-L 1) and a control treatment with no MPs added (0 mg-L™1).
Similar concentrations have been found in coral reef environments: The
low concentration treatment of 0.1 mg-L~! corresponds to ~0.8 parti-
cles-L™! in our setup (see 2.4. Microplastic treatment and monitoring for
details on conversions), and similar values have been found in the Great
Barrier Reef (~0.48 particles~L’1; Jensen et al., 2019). The moderate
concentration treatment of 1 mg-L™! corresponds to ~3 particles-L ! in
our setup and similar concentrations have been found in the Zhubi Reef
(~4.93 particles-L_l, Huang et al., 2019). The high concentration
treatment of 10 mg-L ™! corresponds to ~40 particles-L ! in our setup
and similar concentrations have been found in highly polluted areas of
the Indian Ocean (~60 particles~L’1; Patterson et al., 2020). Addition-
ally, we chose an extreme concentration of 100 mg-L ™}, which corre-
sponds to ~300 particles-L ! in our setup and represents a concentration
that is occasionally found in extremely polluted areas (250-310 parti-
cles.L.”! maximum average at highly polluted sites; Patterson et al.,
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2020). Similar extreme pollution scenarios have been widely used in
other experimental studies (e.g., Grillo et al., 2021; Mendrik et al., 2021;
Reichert et al., 2021b). The MP concentrations represented low average
to highly polluted environmental conditions and were chosen to fulfill
two main criteria: 1) By using a realistic MP mixture under constant
experimental conditions, we aim to provide environmentally relevant
data on the physiological effects of MPs. 2) By using a logarithmic
concentration gradient, we aim to determine first approximations of
hazardous potential of substances as commonly done in toxicological
studies (e.g., Reed-Muench Method (Reed and Muench, 1938) or
Karber’s method (Karber, 1931; Paramveer et al., 2010)).

The experiment was conducted in 15 tanks: 5 concentrations (0, 0.1,
1, 10, and 100 mg-L™!) each with 3 replicates. To cover the genetic
variation of the tested species, six colonies of each species (three origi-
nating from the Indo-Pacific and three from the Red Sea) were placed in
each tank, resulting in n = 18 fragments per treatment and species, and a
total of 180 corals for our study (for details see 2.2 Studied coral species
and fragment preparation). Ten physiological responses addressing coral
growth (i.e., growth in surface area, growth in volume, and calcifica-
tion), behavior (i.e., polyp activity) and photosynthetic performance (i.
e., effective quantum yield, maximum quantum yield, relative electron
transport rate, minimum saturating irradiance, and efficiency of light
capture) were assessed after 4, 8, and 12 weeks of exposure. Addition-
ally, coral health (i.e., necrosis) was evaluated after 12 weeks of
exposure.

2.2. Studied coral species and fragment preparation

We chose the two reef-building coral species S. pistillata and
P. verrucosa as they are widely distributed species, presumed to be
sensitive to environmental stressors, and live both heterotrophic and
autotrophic (Ferrier-Pages et al., 1998; Radice et al., 2019). To cover the
high phenotypic plasticity of both species, six genetically distinct col-
onies were used. All colonies were maintained at the Ocean2100 facility
at the Justus Liebig University Giessen, Germany, for >3 years (Tab. S1).
8 weeks prior to the experiment, coral fragments with a length of 2-4 cm
were cut from terminal branches of these colonies and attached to
fishing lines to secure a hanging position, to allow tissue growth over the
areas where they were fragmented. Corals were transferred from hus-
bandry to the experimental tanks 2 weeks prior to the start of the
experiment to acclimate to light and water conditions.

2.3. Technical setup, maintenance, and water parameters

Experimental tanks (n = 15, Figs. S1, S2) were connected to a 2300 L
closed artificial seawater system, containing tropical corals and other
reef organisms. Inflowing water was reconditioned in a technical tank
using a protein skimmer, a phosphate filter, a calcium reactor, a UVC
sterilizer, and an algal refugium (Chaetomorpha sp., see S1.2 for more
details). Water inflow was maintained at ~70 L-h™!. Inflowing water
was filtered before entering the tanks to avoid potential MP contami-
nation from the system (mesh size: 65 pm). Water flow at the position of
the corals was established at 0.019 m-s~! by use of a wavemaker pump
(ES-18, Aqualight GmbH, Germany) and a turnover pump (Resun S-700,
Resun, China). Light was provided with an average PAR intensity of 130
pmol photons-m~2-s~! with a light/dark period of 10:14 (4 LED strips
per tank, SunaECO LED Lighting Strip, AquaRay by Tropical Marine
Centre, United Kingdom). To keep MP particles inside the experimental
tanks, outflows were equipped with filters (mesh size 65 pm). In- and
outflow filters were cleaned with hot water at least once a day and
placed in NaClO (dilution 1:10; inflow filters for 20 min; outflow filters
overnight) for thorough cleaning when necessary. Snails (i.e., Turbo sp.,
Euplica sp., and Stomatella sp.) were kept in each tank to reduce algal
growth. Visible algae growth was removed from the fishing lines. Corals
were fed daily with copepods (~0.5 g per tank, Calanoide Copepoden,
Zooschatz, Germany). To avoid tank-specific effects, corals were
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exchanged between tanks of the same treatment every four weeks. To
ensure constant water conditions, water parameters (i.e., salinity: 35 +
0.55 %o, temperature: 27 + 0.2 °C, carbonate hardness: 1.25 mmol-L !
(7.41 + 0.93°dKH), phosphate: 0.09 + 0.09 mg-L™}, calcium: 428 +
13.59 mg-L~}, nitrate and nitrite: below detectable, magnesium: 1350
mg-L~}, and pH: 8.35 + 0.91), were measured regularly. Detailed
description of the experimental setup is given in S1.2. Technical setup,
maintenance, and water parameters.

2.4. Microplastic treatment and monitoring

Due to methodological constrains, environmental data on MP dis-
tribution patterns around coral colonies are limited. Concentrations vary
with location and time, as they are influenced, for example, by currents,
weather, and pollution inputs (Apetogbor et al., 2023; Curren and Yew
Leong, 2023; Pinon-Colin et al., 2020; Zhang et al., 2020). The MP
mixture was chosen to represent the most common MP types found in
coral reef waters in composition and shape (reviewed by Huang et al.,
2020). The mixture consisted of six polymer types, three in the form of
fragments (polyethylene (PE), polyvinylchloride (PVC), and polystyrene
(PS)) and three in the form of fibers (polypropylene (PP), polyamide
(PA), and polyethylene terephthalate (PET); Fig. 1). In order not to
overemphasize the effect of any particular polymer type, but to provide
arepresentative average, we chose to combine the six polymers in equal
proportions (i.e., 1:6 of each polymer). Fragments had an irregular
shape to resemble naturally occurring secondary MPs. PE was used as
black industrially produced fragments (Novoplastik, Germany). PVC
fragments were generated manually by rasping grey PVC-U pipes with a
file. PS fragments were produced by shredding beige foam menu boxes.
PP fibers were cut from a red carpet (Carpettex, Germany), PET fibers
from a blue blanket (MERADISO®, Lidl, Germany), and PA fibers from a

PE - A PP

PVC | PET

Fig. 1. Images of the used microplastic particles taken with a digital micro-
scope (Magnification: 100x, VHX-2000 together with VH-Z20W lens, Keyence,
Germany). PE: black polyethylene fragments, PP: red polypropylene fibers,
PVC: grey polyvinyl chloride fragments, PET: blue polyester fibers, PS: beige
polystyrene fragments, and PA: yellow polyamide fibers. Black and white scale
bars indicate 500 pm.
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yellow tulle fabric (Swafing, Germany). Polymer identities of the source
material were confirmed via ATR-FTIR spectroscopy (Fig. S3).

Particles were strained with a metal sieve (Analysesieb, mesh of
stainless-steel ISO 3310-1, Joachim Edinger Industrievertretungen,
Germany) to a size of 100-355 pm, resulting in a length of 333.54 +
148.69 pm and a width of 160.55 + 65.64 pm. Sieving of fibers was not
possible due to their weight and shape. Manual cutting resulted in sizes
of 1600.21 + 1562.22 pum length and 107.55 + 121.67 pm width (de-
tails on particle size distributions are given in Table S2). The size of the
MP fragments is in the order of magnitude of particulate food ingested
by reef-building corals (Anthony, 1999; Mills et al., 2004; Palardy et al.,
2008) and comparable to similar studies (Huang et al., 2020). Further-
more, the particle sizes are within the range reported to be present in
coral reef surface waters (e.g., 20-330 pm in Ding et al., 2019; 0-3 mm
in Jensen et al., 2019). The six polymers were mixed equally by weight
and added to the experimental tanks to achieve exposure concentrations
of 0.1, 1, 10, and 100 mg-L_1 in the water column. For this, 0.6, 6, 60,
and 600 mg of each polymer type were added per tank, resulting in 4,
40, 400, and 4000 mg of total MP mixture per tank (see Table S3 for
more details). To ensure the presence of a biofilm on all particles, which
typically forms after 24 h (Ramsperger et al., 2020), depending on the
polymer and incubation medium, the mixtures were incubated in 150
mL of water from the system for at least one week and shaken daily
before addition to the experimental tanks.

Bioavailable MP concentrations were, due to the buoyancy of the
particles, considerably lower than the total amount added. To assess
exposure, concentrations in terms of bioavailable particles-L™! were
monitored twice per week. For this, water samples (100 mL for 0.1
mg-L ! and 1 mg-L ! treatments and 50 mL for 0 mg-L ™!, 10 mg-L7},
and 100 mg-L~! treatments) were taken with a 25-mL pipette from the
water around the corals (n = 3 per tank). The water samples were
vacuum filtered onto a cellulose filter (mesh size 8 pm, Whatman filter
papers grade 540, General Electric Healthcare Life Sciences, United
States). Particles were counted manually under a stereomicroscope and
extrapolated to assess the quantity per liter. To restore MP concentra-
tions, which might decrease due to handling over time, approximately
90 % water volume of the experimental tanks was exchanged every four
weeks and new MPs (treated as described above) was added. Bioavail-
able MP particles per liter were linearly correlated to the amount of MPs
added in mg-L’1 (Fig. 2; p < 0.0001, r = 0.3343).

2.5. Coral growth and health assessments

Tissue surface area and volume information were derived from 3D
scanning (Artec Spider 3D and Artec Studio 11, Artec Europe,
Luxembourg) at 0, 4, 8, and 12 weeks of exposure following Reichert
et al. (2016). Fragments were scanned in air for 60-90 s, positioned on
an automatic turning table inside a macro-photo studio. The scanning
was performed during three rotations at an angle of 0-45°, depending on
growth form, to capture the whole fragment. The sensitivity of the
scanner was adjusted to 44-55 %, depending on the general complexity
of the coral colony (see S1.4 Tab. S4 for details). 3D models of the coral
fragments were calculated using the following settings: fine registration
(registration algorithm: texture and geometry, refine serial), global
registration (registration algorithm: texture and geometry, minimal
distance: 2, iterations: 100000), and sharp fusion (resolution: 0.2 mm,
fill holes: watertight). Color was added to the models (Generate texture
atlas; enable texture normalization: off; texture size: 1024 x 1024). To
determine the tissue surface area, necrotic areas and cutting edges were
removed from the model. Models were exported as .obj files and surface
area and volume were calculated in MeshLab Visual Computing Soft-
ware (v.2021.07) using the ‘compute geometric measures’ tool. Necrotic
tissue surface area was calculated as percentage of total surface area and
classified in four categories for visualization (according to Marshall and
Schuttenberg, 2006): no necrosis (< 1 %), low necrosis (1-10 %),
moderate necrosis (< 10-50 %), and high necrosis (> 50 %).
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Fig. 2. Bioavailable MP particles-L ™! for the MP concentration in mg-L™* on a
log-log-scale. Raw data points are displayed together with mean values (black
dot) 4 SD (error bars) and linear correlation (black line) with a 95 % confi-
dence interval (grey interval). Concentrations are linearly correlated between
the two units. Significances are derived from linear regressions on log-
transformed data using Pearson correlation.

Calcification was determined by buoyant weight (according to Jokiel
et al., 1978 and Davies, 1989) at 0, 4, 8, and 12 weeks of exposure. For
this, fragments were measured using a precision balance (Kern KB 360-
3N, KERN & Sohn, Germany, precision: 0.001 g) in a separate tank
(salinity 35 %o, temperature 26.5 °C).

2.6. Assessment of coral polyp activity

Coral polyp activity was visually assessed in the experimental tanks
three times a day (3, 6, and 9 h into daylight circle) at 0, 4, 8, and 12
weeks of exposure. Each coral fragment was defined either as active,
moderately active, or inactive. Fragments were categorized as ‘active’
when >90 % of polyps were fully extended, in motion, and their mouth
openings were visible. When polyps were extended, but not in motion,
and mouth openings were only partially or not visible, fragments were
categorized as ‘moderately active’. When polyps were retracted, frag-
ments were categorized as ‘inactive’. To analyze the effects of our
treatments on the coral polyp activity, the activity was classified as
active = 1, moderately active = 0.5, and inactive = 0.

2.7. Measurements of photosynthetic performance

The photosynthetic performance of the corals’ photosymbionts was
measured using Pulse-Amplitude-Modulation Fluorometry (PAM-2500
Portable Chlorophyll Fluorometer together with the ‘PamWin 3’ soft-
ware V3.22d; Heinz Walz, Germany) at 0, 4, 8, and 12 weeks of expo-
sure. Measurements were collected at a distance of 5 mm and an angle of
60° to the coral tissue. PAM settings were adjusted to yield stable fluo-
rescence levels (for settings see Tab. S5). Effective quantum yield (Y(II))
was measured in light inside the experimental tanks (n = 3 per frag-
ment). Maximum quantum yield (Fv/Fm) was measured in the dark, ~
30 min after the daylight circle (n = 1 per fragment) in a separate tank.
Rapid light curves (RLC, according to Platt et al., 1980, according to
Platt et al., 1980) were conducted in light with increasing intensity of
photosynthetic active radiation (10 steps for 10 s each, Tab. S6) to
determine the maximum relative electron transport rate (rETR), the
minimum saturating irradiance (Ek), and the efficiency of light capture

(o).
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2.8. Statistical analyses

For processing, analyzing, and visualizing our data, we used the ‘R
Project for Statistical Computing’ Software (R version 3.6.3) together
with the graphical user interface ‘RStudio’ (Version 2022.07.2 + 576).
Buoyant weight data were converted into mg dry weight using the
‘seacarb’ package (Gattuso et al., 2022). Growth rates in terms of vol-
ume and calcification were standardized to the surface area in cm?
Necrosis was analyzed as percent of the total surface area. Effective and
maximum quantum yield (Y(II) and Fv/Fm) were calculated as relative
values to averaged initial values at tO for each fragment. The relative
electron transport rate (rETRmax), the efficiency of light capture (a),
and the minimum saturating irradiance (Ek) were derived from the rapid
light curves fitted according to Platt et al., 1980 using the package
‘phytools’ (Revell, 2022).

The effects of the MP concentration on the response parameters were
analyzed using linear mixed-effect models (Imer) or generalized mixed-
effect models (glmer) from the ‘lme4’ package (Bates et al., 2019). The
overall effects of MP concentrations on each species were assessed in
models with concentration set as continuous fixed factor and coral col-
onies and time as random factors, followed by testing of the estimated
coefficients, taking data from all 12 weeks into account. Following, the
specific effects of the concentrations at each measurement timepoint for
each species were assessed with concentration set as fixed categorical
factor and the coral colony set as random factor, followed by Tukey
comparison with ‘holm’ adjustment for multiple testing. For posthoc
analysis the ‘multcomp’ package (Hothorn et al., 2020) was used. Data
were transformed (log or scale) to meet the test assumptions when
necessary. For this, normality of residuals was checked visually using
‘qgplot’ and heteroscedasticity was checked using the ‘performance’
package (Liidecke et al., 2023). Dose-response relationships were
analyzed for all parameters. For this, generalized additive models
(GAMs) were fitted on the data of 12 weeks MP exposure on a log-log
transformed scale with aid of the package ‘mgcv’ (Wood, 2023). The
effective degrees of freedom (edf) estimated from the GAMs were used as
a proxy for the degree of linearity of the dose-response relationships. An
edf of 1 indicates a linear relationship, an edf between 1 and 2 suggests a
basic nonlinear relationship, and an edf > 2 describes a complex
nonlinear relationship where responses occur mainly after certain
thresholds (Zuur et al., 2010). Detailed information about the model
specifications can be found in Tables S11, S12, and S13. Data visuali-
zation was performed using the package ‘ggplot2’ (Wickham et al.,
2019).

3. Results

3.1. Physiological response of coral host and associated photosymbionts
to a microplastic concentration gradient

Overall, the MP mixture had negative concentration-dependent ef-
fects on the coral growth in tissue surface area, volume, and calcification
on both species (Fig. 3A, (generalized) linear mixed-effects models, p <
0.0001, Tabs. S7 and S8). Specifically, tissue growth of P. verrucosa was
~10 % lower in the extreme pollution treatment than in all other
treatments (weeks 8-12: 100 vs. 0, 100 vs. 0.1, 100 vs. 1, and 100 vs. 10:
p < 0.05). In S. pistillata, tissue growth was reduced by ~5 % between
the extreme and the high pollution scenarios (weeks 4-8 and 8-12; 100
vs. 10: p < 0.05). A similar overall pattern was observed for the growth
in volume, and both species were negatively affected with increasing MP
concentrations (p < 0.0001). Specifically, volume growth of P. verrucosa
decreased by over 50 % in the extreme pollution scenario compared to
the high pollution scenario after 8 weeks (weeks 4-8: 100 vs. 10: p =
0.0309). After 12 weeks, volume growth was reduced in the extreme
compared to the other pollution scenarios (weeks 8-12: 100 vs. 0, 100
vs. 0.1, 100 vs. 1, and 100 vs. 10: p < 0.05). After 4 weeks, S. pistillata
showed decreases in volume growth of 26-63 % (weeks 0-4: 100 vs. 1
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Fig. 3. A) Cumulative growth rates (living tissue area, volume, and calcifica-
tion), B) polyp activity, and C) photosynthetic activity (effective quantum yield
(Y(ID) and relative electron transport rate (rETRmax)) of P. verrucosa and
S. pistillata exposed to different MP concentrations (0, 0.1, 1, 10, and 100
mg~L’1) after 4, 8, and 12 weeks. Means of the data are shown as points, ver-
tical lines indicate the standard error, and dashed lines display average growth
rates or changes between weeks. D) % of fragments showing necrosis after 12
weeks of exposure. Necrosis was categorized as no (< 1 %), low (1-10 %),
moderate (10-50 %), and high (> 50 %) levels of necrotic surface area.
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and 100 vs.10: p < 0.05; weeks 4-8: 100 vs. 0.1 and 100 vs. 1: p =
0.0002; weeks 8-12: 100 vs. 1 and 100 vs. 10: p < 0.02) in the extreme
pollution scenario compared to lower concentrations. In contrast,
growth was increased by 45 % in the 1 mg-L ™! treatment compared to
the 0.1 mg-L_1 treatment (weeks 0-4; 1 vs. 0.1: p = 0.0245). Further,
MPs had overall negative concentration-dependent effects on calcifica-
tion in both species (P. verrucosa: p = 0.0003, S. pistillata: p < 0.0001).
Specifically, calcification of P. verrucosa was 27-52 % lower in the
extreme pollution scenario compared to the other MP concentrations
after 8 and 12 weeks (weeks 4-8: 100 vs. 0.1, 100 vs. 1, and 100 vs. 10: p
< 0.05; weeks 8-12: 100 vs. 0.1 and 100 vs. 1: p < 0.05). Likewise,
S. pistillata showed decreased calcification rates by 30-47 % in the
extreme pollution scenario compared to all other treatments (weeks 0-4:
100 vs. 10: p = 0.0357; weeks 4-8: 100 vs. 0, 100 vs. 0.1, 100 vs. 1, 100
vs. 10: p < 0.05; weeks 8-12: 100 vs. 0, 100 vs. 0.1, 100 vs. 1, 100 vs. 10:
p < 0.05).

The concentration gradient of the MP mixture had species-specific
effects on the polyp activity of the corals tested (Fig. 3B, Tab. S11).
The overall effects on P. verrucosa were mixed and polyp activity was
significantly reduced in the extreme and the high pollution scenarios
(week 4: 100 vs. 1, 100 vs. 0.1, 100 vs. 0; 10 vs. 0.1, 10 vs. 0: p < 0.05;
week 8: 100 vs. 10, 100 vs. 1, 100 vs. 0.1, 100 vs. 0: p < 0.01; week 12:
100 vs. 0.1: p = 0.0349). However, the effect observed in the extreme
pollution scenario was only present in the first 8 weeks of the experi-
ment and diminished after 12 weeks. In contrast, the effects on
S. pistillata were more clearly concentration-dependent, with polyp ac-
tivity decreasing with increasing concentration (p < 0.0001).

The composition of the MP had no overall concentration-dependent
effect on the relative Y(II) of either species, but there were individual
differences between treatments (Fig. 3C; Tab. S12). In particular,
P. verrucosa showed increased relative Y(II) in all MP treatments
compared to the low pollution scenario after 12 weeks (week 12: 1 vs.
0.1,10-0.1, 100-0.1: p < 0.05). S. pistillata showed higher relative Y(II)
in the high pollution scenarios compared to the low and moderate
pollution scenarios and the control (week 4: 10 vs. 0.1, 10 vs. 1: p <
0.05; week 8: 10 vs. 0, 10 vs. 0.1, 10 vs. 1: p < 0.05; week 12: 10 vs. 0.1,
10 vs. 1: p < 0.05). The relative electron transport rate (rETRmax) was
not altered by the exposure to MPs at any time in either species.

Necrosis occurred in all treatments, but its frequency increased
significantly with increasing MP concentrations in both species (Fig. 3D,
p < 0.0001, Tab. S9). P. verrucosa showed increased necrosis when
exposed to the high and the extreme pollution scenarios compared to the
low and moderate pollution scenarios, as well as in the low and mod-
erate pollution scenarios compared to the control (week 12: 100 vs. 0.1,
100 vs. 1: p < 0.0005, 10 vs. 0.1,10 vs. 1, 1 vs. 0, 0.1 vs. 0: p < 0.005).
S. pistillata showed more necrosis in the higher pollution scenarios
compared to all other scenarios (week 12: 100 vs. 0, 100 vs. 0.1, 100 vs.
1,100 vs. 10,10 vs. 1: p < 0.0001). Additionally, necrosis occurred least
frequently in the control treatment compared to all other treatments (10
vs. 0, 1 vs. 0, 0.1 vs. 0: p < 0.005).

3.2. Dose-response relationship of microplastic concentrations and coral
physiology

Dose-response relationships between the MP concentrations and
physiological responses of the corals (i.e., host and photosymbionts)
were assessed over the duration of the experiment (12 weeks). We found
linear, nonlinear, and complex nonlinear dose-response relationships
(Fig. 4, Tab. S13). Specifically, growth parameters showed nonlinear
negative dose-response relationships. Both, living tissue growth of
P. verrucosa (edf = 1.601, p = 0.0101) and volume growth were overall
negatively affected (edf = 1.903, p < 0.0034). Polyp activity showed a
negative nonlinear dose-response relationship in P. verrucosa (edf =
1.335, p < 0.005) and a linear dose-response relationship in S. pistillata
(edf = 1, p < 0.005). Relative Y(II) showed a complex, nonlinear dose-
response relationship in both species (edf = 3.743 and 2.411, p < 0.05).
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Fig. 4. Concentration-dependent effects of MPs on the measured parameters
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(Y(ID), maximum quantum yield (Fv/Fm), relative electron transport rate
(rETRmax), minimum saturating irradiance (Ek), and efficiency of light capture
(o)) of P. verrucosa and S. pistillata. Lines (black) show generalized additive
models with their 95 % confidence intervals (grey). Solid lines indicate sig-
nificant concentration-dependent effects and are shown together with signifi-
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generalized additive models on log-log transformed data.
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The threshold after which effects occurred was lower in P. verrucosa (1
mg-L_l) than in S. pistillata (10 mg~L_l). None of the other parameters
showed a linear or nonlinear dose-response relationship.

4. Discussion

Our study showed that MP exposure has concentration-dependent
physiological effects on both species studied. Overall, the extreme
pollution scenario with a concentration of 100 mg-L~! showed a
disproportionately strong response compared to lower concentrations
(0, 0.1, 1, and 10 mg~L’1). Growth rates were most affected and
decreased by up to 63 %. Corals also showed necrosis with rising con-
centrations. Polyp activity was also negatively affected by the exposure.
Photosynthetic efficiency (i.e., relative quantum yield: Y(II)) was
increased in response to MP exposure, but other photosynthesis pa-
rameters were only slightly altered by the MP exposure. Overall, the
effects of MPs on the coral host showed mainly basic nonlinear dose-
response relationships, while the effects on photosynthesis showed
more complex nonlinear dose-response relationships, and photo-
symbionts were only affected when exposed above a species-specific
threshold.

4.1. Negative effects of increasing microplastic concentrations on coral
growth rates, necrosis, and polyp activity

Exposure to the MP mixture resulted in concentration-dependent,
nonlinear decreases in growth rates for tissue surface area, skeletal
volume, and calcification together with an increase in necrosis, observed
in both species. Specifically, the effects of MPs were exacerbated in the
extreme pollution scenario. Reduced growth rates were consistent with
observations from previous studies using conservative estimates or
extreme pollution scenarios as representative concentrations of a single
polymer treatment (Chapron et al., 2018; Reichert et al., 2019; Hankins
et al., 2021). Reduced growth may be associated with necrosis and
indicate a general depleted health of the coral host (Anderson-King
et al., 2023). This response is particularly evident when a lack of energy
reserves and prolonged stress cannot be offset by compensatory mech-
anisms, such as increased feeding rates or upregulation of photosyn-
thetic efficiency (Anthony and Fabricius, 2000; Grottoli et al., 2006).
Additionally, defense mechanisms (e.g., tissue cleaning) are less effec-
tive in waters with higher MP loads (Ouédraogo et al., 2023). Necrosis
did not show a dose-response relationship and was only high in the
highest pollution scenario, specifically in S. pistillata. This suggests that
necrosis occurs when other mechanisms might not be effective in
compensating for the effects of the exposure (e.g., reduced growth, en-
ergy depletion, altered photophysiology, or impaired feeding behavior).

Polyp activity of P. verrucosa was reduced in a nonlinear dose-
response relationship with more pronounced effects in the high and
the extreme pollution scenarios. In S. pistillata, polyp activity showed a
linear dose-response relationship, which means it decreased with
increasing concentrations. Notably, polyps of P. verrucosa were less
active in the high and the extreme pollution scenarios in the first weeks,
but activity converged almost to baseline values in later stages. In
contrast, S. pistillata showed no evidence of adaptation over time. These
results suggest that MPs affect the feeding behavior of the corals, indi-
cating coral host stress (Ferrier-Pages et al., 2010). MPs have previously
been suspected to alter feeding strategies and promote higher hetero-
trophic feeding in response to the availability of potential food (Chapron
et al., 2018). Therewith, higher concentrations of particulate matter
may stimulate coral feeding efforts, potentially leading to increased
ingestion of indigestible MPs. This may increase the incidence of intes-
tinal blockage (Okubo et al., 2020). The ingestion of indigestible MPs
and the expenditure of energy to handle the particles may lead to an
energy deficiency in corals, explaining the observed reduced growth
rates. Additionally, the increased contact between coral polyps and MP
particles under higher concentrations could also lead to a higher load of
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leachates or pathogens to be transferred from the particles to the coral
tissue (Lamb et al., 2018; Aminot et al., 2020). Reduced polyp activity is
a known response of corals to high particle densities (i.e., sand; Riegl,
1995). Fibers were observed to become entangled in conglomerates with
increasing MP concentration in the surrounding water but also on the
coral surface between polyps, which may have impeded coral polyp
movement and led to mechanical disturbance.

4.2. Subtle compensatory effects in response to increasing microplastic
concentrations of photosynthetic performance

Photosynthetic performance was increased in a complex nonlinear
dose-response relationship for both species. Specifically, both species
showed increased relative effective quantum yields (Y(II)) in response to
MP exposure, with P. verrucosa responding to moderate and S. pistillata
to high pollution scenarios, indicating changes in the photochemistry of
the photosymbionts beyond a certain species-specific threshold. While
all other parameters of photosynthetic performance did not show a
general dose-response relationship, we found specific responses over the
course of exposure. The maximum quantum yield (Fv/Fm) was altered
in both species after 8 weeks of exposure in association with increasing
concentrations, also suggesting changes in the photochemistry of the
photosymbionts. In S. pistillata, the minimum saturating irradiance (Ek)
was upregulated, indicating a compensation process to counteract the
higher energy demand. Both mechanisms were found in the extreme
pollution scenario, while all other parameters of photosynthetic per-
formance were mainly unaffected by the MP exposure. The increase in
photosynthetic activity as a compensatory mechanism has been pro-
posed in previous studies (Reichert et al., 2019; Lanctot et al., 2020) and
seems to be effective here for S. pistillata, as it was less affected in its
growth rates than P. verrucosa. Additionally, S. pistillata might in general
expend less energy to handle MPs, as it has been shown to interact less
with MPs than P. verrucosa (Reichert et al., 2024a). However, the
upregulation of photosynthetic activity appears to be only a short-term
solution. Other studies have shown that MP exposure can lead to an
overproduction of ROS in photosynthetic organisms and cause oxidative
damage (Bhattacharya et al., 2010; Marangoni et al., 2022). This may
limit the compensatory capacity of photosynthesis to prevent, for
example, bleaching or necrosis. Furthermore, this mechanism is thought
to be species-specific and dependent on a variety of external de-
terminants such as MP polymer type, water temperature, and duration of
exposure (Mendrik et al., 2021; Ouédraogo et al., 2023).

4.3. Species-specific nonlinear dose-response relationships between
microplastic concentrations and physiological responses

Overall, we found that MPs affected both species, but to different
extents, which is consistent with previous studies (e.g., Martin et al.,
2019; Lanctot et al., 2020; Reichert et al., 2021b; Bejarano et al., 2022).
Possible explanations for the different responses could be found in
feeding behavior, utilization of energy budget, compensation mecha-
nisms, growth strategies, or the microbial community of the coral hol-
obiont (Reichert et al., 2021a, 2024a; Hankins et al., 2022).

We have shown that the effects of MPs on the coral host, such as
reduced growth rates, polyp activity, increased necrosis, and altered
photosynthesis often follow a nonlinear dose-response relationship. The
coral host showed a basic nonlinear dose-response relationship in most
cases, indicating that effects occur at all exposure levels, but are
particularly enhanced at extreme concentrations (i.e., in the order of
100 mg-L™1). In contrast, the photosymbionts showed more complex
nonlinear dose-response relationships, indicating an effect only above a
certain threshold, which appears to be species-specific. This is in
agreement with previous studies, suggesting that the coral host is the
primary sufferer of MP exposure (reviewed in Ouédraogo et al., 2023).

The reasons for enhanced responses at extreme concentrations can be
varied. Higher concentrations of MPs in the water column may lead to
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the formation of aggregates, for example, due to the entanglement of
fibers and fragments or biofouling of the particles, resulting in more
severe clustering and deposition on coral surfaces (Grillo et al., 2021).
Once in contact with the coral tissue, MPs are difficult to remove and
might lead to shading of tissue and reduced polyp activity. Thus, both
autotrophic and heterotrophic feeding strategies may not be efficiently
used to cope with the overall stress of different types and structures of
MPs, especially occurring under extreme pollution scenarios. These re-
sults are particularly relevant as fibers are often the dominant type of
MPs in natural environments such as coral reefs (Jensen et al., 2019;
Huang et al., 2020) and have been shown to affect corals more than
fragments (Reichert et al., 2024a). Additionally, polymer leachates have
been found to impair coral polyp extension (Aminot et al., 2020). Thus,
higher particle concentrations might also result in higher leachate
concentrations, especially if particles are ingested, but this warrants
further investigation.

Although a critical toxicity threshold for MPs has not yet been
identified (Ouédraogo et al., 2023), the effects of MPs appear to be
compensable up to a certain concentration, even over longer time pe-
riods (Rades et al., 2022, 2024). With our dose-response analysis, we can
suggest values in the range of the high and extreme pollution scenarios,
corresponding to ~40 and 300 particles-L ™}, respectively, as tipping
points for MPs to induce severe responses in reef-building corals.
Quantitative assessment of MPs distribution in natural coral reefs,
particularly in waters directly surrounding coral colonies is still very
limited. Until more detailed projections of how coral reefs experience
what exposure levels are available, we must assume that concentrations
and compositions found in the water column of natural coral reefs are
relevant to reef-building corals. As average MP concentrations in coral
reef waters are commonly lower and in the range of the low and mod-
erate pollution scenarios (i.e., 0.1 and 1 mg~L_l), we conclude that MPs
currently have minor effects, mainly on the animal host of reef-building
corals. However, measures to prevent further increases of MPs are
necessary to avoid the occurrence of further high or extreme pollution
hotspots and to protect coral reefs.

5. Conclusions

Our study provides a systematic assessment of the effects of a MP
mixture as it is likely to occur in nature, covering a wide range of con-
centrations. While confirming the general species-specific effects on the
physiology of reef-building corals previously observed under MP expo-
sure, our concentration gradient allows us to infer the overall severity of
these effects on the coral host and its photosymbionts. We conclude that
MPs have a gradual effect on the coral host with increasing intensity,
especially at extreme pollution levels, which is expressed as a nonlinear
dose-response relationship. In contrast, effects on the photosymbionts
occurred only above a certain species-specific threshold, representing a
more complex nonlinear dose-response relationship. Severe effects on
coral growth and health occurred only at the high and the extreme
pollution scenarios (corresponding to ~40 and 300 particles-L ™},
respectively), suggesting that the coral species tested are able to cope
with current levels of MP pollution. However, even lower concentrations
might affect coral physiology, albeit to a disproportionately lesser
extent. This highlights the need to consider reducing plastic pollution in
conservation efforts to protect reef-building corals and prevent further
increases of MPs in coral reefs to keep concentrations within a range that
corals can still tolerate.
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