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Pest management is a critical component of aquaculture operations since high stocking densities can facilitate
rapid pest infestation and high stock losses. The Acropora eating-flatworm, Prosthiostomum acroporae impact the
health of captive Acropora colonies, which are commonly grown as part of coral aquaculture for trade, research
and the hobbyist sector. We investigated the efficacy of anthelmintics levamisole and praziquantel for the removal of Acropora-eating flatworms from A. millepora using one-hour chemical immersions and assessed if these
treatments negatively impacted coral growth and/or caused bleaching. Coral fragments (194 total) were spread
across eight treatments; levamisole infested (LI; n = 20), levamisole uninfested (LU; n = 20), praziquantel (in
EtOH) infested (PI; n = 20), praziquantel (in EtOH) uninfested (PU; n = 20), handling control infested (HCI;
n = 14), handling control uninfested (HCU; n = 20), EtOH control (EC; n = 40), control with no handling (NHC;
n = 40). To test the efficacy of flatworm removal by short, one-hour chemical immersions, A. millepora fragments (54 total) were manually infested (three P. acroporae per fragment) and immersed separately to uninfested
A. millepora fragments (60 total). All fragments were shaken in in a bath of seawater following immersion, then
mechanically screened to recover any flatworms not removed from either immersion or shaking to determine the
removal efficacy of the treatments. Furthermore, coral fragments (194 total) were photographed before treatment and four weeks following treatments to compare coral basal growth and visual signs of bleaching between
infested and uninfested fragments. Levamisole and praziquantel immersions removed significantly more flatworms from A. millepora fragments (93% ± 3.8 and 95.0% ± 2.6 respectively; mean ± SE; p < 0.05)
compared to the handling control (26% ± 7.5%). Chemical treatments had no significant effect on basal
growth, with fragments across all treatments (including controls) increasing basal area by 73.31 ± 3.82%
(mean ± SE). Furthermore, bleaching was not observed for any A. millepora fragments across the treatments
and controls. Results from this study demonstrate that levamisole and praziquantel used in conjunction with
water movement were effective at removing > 90% of Acropora eating-flatworms with no observable negative
impacts on coral health on treated coral fragments relative to controls.

1. Introduction
Pest management is critical for aquaculture operations, as high
stocking density and stress can facilitate the rapid spread of parasites
and pathogens (Shinn et al., 2015). For example, platyhelminth (flatworms) parasites in marine environments (e.g. monogeneans infecting
fish) warrant prophylactic chemical treatment of animals entering
aquarium or aquaculture facilities (often during quarantine; see
Hadfield and Clayton, 2011). This is necessary to prevent parasite
outbreaks, which can heavily impact productivity (Liu and Bjelland,

⁎

2014; Shinn et al., 2015). While chemical treatments can be effective in
managing aquaculture pests (Reed et al., 2009; Yamamoto et al., 2011;
Shinn and Bron, 2012), these treatments are expensive and can be associated with reduced growth (Shinn and Bron, 2012; Paladini et al.,
2017; Powell et al., 2018).
Anthelmintics are used to combat parasitic platyhelminths in agriculture, aquaculture and human medicine (Pax et al., 1996; Doenhoff
et al., 2008; Park and Marchant, 2019). Anthelmintics use variable
modes of action (Martin, 1997). The commonly applied anthelmintic
levamisole inhibits enzymatic activity by acting as a nicotinic
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acetylcholine receptor agonist, causing continuous stimulation of platyhelminth muscle and subsequent paralysis (e.g. levamisole; Camacho
et al., 1995; Martin, 1997; Martin et al., 1997; Ribeiro et al., 2005).
Another commonly used anthelmintic, praziquantel, is thought to disrupt tegument homeostasis (Staudt et al., 1992; Pax et al., 1996; Martin,
1997; Martin et al., 1997) with an increased influx of Ca2+ and subsequent paralysis (Doenhoff et al., 2008). Praziquantel is used extensively to treat schistosomiasis in humans (Doenhoff et al., 2008; Park
and Marchant, 2019), and has considerable potential for application in
aquaculture to manage platyhelminths, but is currently not approved
for non-prescription use (Shinn and Bron, 2012; Bader et al., 2018;
Power et al., 2019). In aquatic organisms, praziquantel can be administered orally (Forwood et al., 2016), via the bloodstream (Justine
et al., 2009), or in therapeutic bath immersions (dosage varies between
2 mg L−1 and 10 mg L−1). The duration of treatments typically lasts a
few hours to several days (Sharp et al., 2004; Reed et al., 2009; Hadfield
and Clayton, 2011; Paladini et al., 2017; Bader et al., 2019).
Coral aquaculture is a burgeoning industry to support the demand of
the marine ornamental trade, scientific research and reef restoration
practices (Barton et al., 2017). Corals are associated with a variety of
invertebrates (Stella et al., 2010), some of which can be harmful,
especially in captivity (Barton et al., 2019). The Acropora-eating flatworm, Prosthiostomum acroporae (Rawlinson, Gillis, Billings, and
Bourneman 2011), is a polyclad flatworm that has been reported to be
associated with corals at sites on the Great Barrier Reef (Rawlinson and
Stella, 2011) and in captive aquaria (Nosratpour, 2008; Carl, 2008;
Rawlinson et al., 2011; Hume et al., 2014; Barton et al., 2019; 2020). Its
high fecundity and cryptic nature often result in rapid proliferation in
captive environments, where it can cause colonial mortality of infested
Acropora. Barton et al. (2019a) described the life cycle of P. acroporae
and suggested that chemical treatment intervals of 2–3 weeks are potentially effective at breaking the life cycle between 24 and 30 °C.
Prophylactic treatments for coral are commonly applied in the
aquarium trade and come in the form of chemical immersions (commonly referred to as ‘dips’) of therapeutic solutions to treat a variety of
ailments. Another anthelmintic, ivermectin, is used in chemical immersions (2 mg L−1 over 5 h) to treat the coral pest, Waminoa sp.
(Winsor, 1990; Leewis et al., 2009; Osinga et al., 2012). To date, levamisole HCl is the only chemical immersion suggested in the literature
for the treatment of platyhelminth infestation of corals (Carl, 2008;
Nosratpour, 2008). While Carl (2008) suggested a dose of 40 mg L−1
levamisole for one hour, no empirical evidence of the efficacy of this
treatment for removal of P. acroporae from infested Acropora hosts was
provided. Furthermore, Carl (2008) indicated that concentrations
above 40 mg L−1 could cause bleaching or tissue loss in Acropora, and
that consistent exposure can leave corals more susceptible to bleaching,
however little is known about the impact on coral growth. Bleached
corals are undesirable in the marine ornamental trade, and are likely to
have compromised survivorship as evidenced by mortality and susceptibility to disease following bleaching events in the natural environments (Baird and Marshall, 2002; Anthony et al., 2009; Miller
et al., 2009; Sakai et al., 2019).
The aim of this study was to assess the efficacy of two anthelmintics,
levamisole HCl and praziquantel, for the removal of P. acroporae individuals from infested Acropora colonies. We also examined the
growth and bleaching of treated corals following exposure to these
chemical treatments. Identification of effective treatments that remove
P. acroporae without compromising coral quality, is valuable to the
coral aquaculture community for pest management. Furthermore, a
treatment regime can subsequently be coordinated to target specific
stages of the P. acroporae life history.

2. Materials and methods
2.1. Coral fragment preparation
Acropora millepora colony fragments were collected in June 2019 at
depths between 2 and 10 m from Davies Reef (18°49′21.6”S
147°39′12.5″E) located in the central Great Barrier Reef Australia
(GBRMPA Permit G12/3236.1). Corals were transported to flowthrough aquaria (24 °C) at the National Sea Simulator (Australian
Institute of Marine Science) under natural light. Fragments were then
screened using filtered seawater rinses to remove all adult P. acroporae
and visually inspected for removal of egg clusters with tweezers to
ensure subsequent infestation with a known number of flatworms (see
Barton et al., 2019a). After screening, Acropora colonies were broken
into smaller fragments (~30 × 50 mm; width x height; n = 194;) using
coral cutters and a coral saw (Gryphon Aquasaw XL). Each fragment
was then mounted on an aragonite base with cyanoacrylate glue.
Coral fragments were transferred indoors to three 250 L flowthrough systems and allowed to acclimate to experimental conditions
for four weeks. Coral aquaria were supplied with filtered seawater
(1 μm) at approximately 3 L min−1 and were slowly acclimated from 24
to 26 °C over a period of 24 days. Fragments were illuminated by four
Hydra 52 (AquaIllumination®) lights per tank to provide uniform light
intensity of approximately 100 μmol m−2 s−1. Although A. millepora
can accommodate higher light intensity, to avoid adverse effects of
excessive irradiance, light acclimation was achieved through raising
irradiance to approximately 150 μmol m−2 s−1 over four weeks. A Gyre
XF250 (Maxspect®) unit in each tank was used to provide internal water
circulation to the coral fragments.
Fragments of A. millepora were screened a second time for flatworms
after two weeks to remove any potential P. acroporae present (one individual flatworm was removed that may have hatched post the first
screening). Additionally, corals were housed in a 250 L flow-through
aquarium with a single Pseudocheilinus hexataenia Bleeker, 1857, a
known predator of adult P. acroporae (see Barton et al., 2020) providing
an additional safeguard against infestation. An assortment of herbivores
including Trochus Linneaus, 1758, Stomatella Lamarck, 1816 and an
Acanthurus nigrofuscus Forsskål, 1775 were used to control undesirable
algae growth on coral fragment bases during acclimation.
2.2. Prosthiostomum acroporae culture
Prosthiostomum acroporae were cultured in vivo to obtain known
quantities of worms for experiments in this study. Flatworms were
propagated following the methodology outlined in Barton et al.
(2019a), using long term cultures of P. acroporae maintained on host
Acropora colonies in three 250 L flow through aquaria. In brief, various
Acropora spp. including A. millepora, A. spathulata, A. loripes, A. selago,
A. latistella and A. muricata were infested with P. acroporae via the introduction of egg capsules collected from other infested corals in culture. The temperature of the culture was adjusted from 27 °C down to
26 °C (the experimental temperature) over a period of three weeks prior
to experiments.
Each A. millepora fragment for experimental infestation (54 fragments), was placed in a 2.5 L aquarium with seawater and P. acroporae
individuals (three per fragment; 162 flatworms in total) were pipetted
directly onto the coral fragments. The supply of flatworms from the
culture was exhausted during the experiment so that the last treatment
(control) was unable to be conducted with the 20 infested A. millepora
(n = 14). Any flatworm that immediately moved off the coral were
detectable by eye and pipetted back on once more. Flatworms that
moved off the coral a second time were discarded. After five minutes
each submerged coral fragment was gently shaken by hand to ensure
flatworms were attached and could not be easily dislodged.
2
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Fig. 1. Schematic showing immersion procedure with all treatments (levamisole, praziquantel, handling control, EtOH control, and no handling).

2.3. Treatment preparation and immersion

container containing filtered seawater, later referred to as the ‘shake
step’. The number of flatworms removed from the coral during the
immersion and after the shake step were recorded, along with any
flatworms adhering to the PVC base. Both the individual A. millepora
fragment and the respective PVC base were rinsed in filtered seawater
(26 °C) to mechanically remove P. acroporae individuals remaining and
ensure all worms were accounted for before placing corals in one of the
three recovery tanks. Each tank was stocked with fish and snails in the
same manner as the acclimation aquarium (Acanthurus nigrofuscus,
Pseudocheilinus hexataenia, Trochus sp., and Stomatella sp.) to control
algae and additionally safeguard against P. acroporae. The removal efficacy was calculated as the total number of flatworms removed by the
treatment, including the associated shake step, divided by the total
number of flatworms initially added (three per fragment). The mortality
of P. acroporae was not measured in this study.

Coral fragments (n = 194) were spread across eight treatments (see
Fig. 1); levamisole infested (LI), levamisole uninfested (LU), praziquantel infested (in EtOH) (PI), praziquantel uninfested (in EtOH) (PU),
handling control infested (HCI), handling control uninfested (HCU),
EtOH control (EC), control with no handling (NHC). Three treatments
(PI, LI, and HCI) had 20 coral fragments each with the exception of HCI
(n = 14; 54 total) infested with P. acroporae to compare the removal
efficacy of the chemical immersion process, while PU, LU, and HCU had
20 uninfested fragments each (60 total). EC and NHC had 40 uninfested
coral fragments each (80 total) which remained in the recovery system
(see section 2.4) untouched to discern if the treatment, temporary infestation, or handling (e.g. flatworm screening method) of coral fragments had any effects on coral growth or visual bleaching.
Immersions were prepared for each treatment (excluding NHC) and
added to 2 L replicate beakers. Levamisole HCl (CAS Number:
16595–80-5) is highly soluble in seawater and therefore could be prepared directly in seawater and a 25 g L−1 stock was diluted to
40 mg L−1 in 1 μm filtered seawater in all levamisole replicates. The
poor solubility of praziquantel (CAS Number 55268–74-1) in seawater
required preparation of a 50 g L−1 stock solution in 100% ethanol
added to 1 μm filtered seawater in the associated experimental replicates (PI, PU) to a final concentration of 50 mg L−1 praziquantel. An
ethanol control treatment (EC; 0.01% Ethanol in 1 μm filtered seawater) was incorporated into the experimental design to differentiate
any effects of praziquantel/ethanol versus ethanol on coral metrics
(basal growth and visual bleaching signs). Handling control replicates
(HC) consisted of filtered seawater (1 μm).
Once immersions were prepared, coral fragments mounted on a PVC
base (to keep fragments upright), were added to their specified treatments consisting of a 2 L aerated beaker (aerated with coarse bubbles
through acrylic tubes). After one-hour immersion duration, fragments
and the associated PVC base were removed from their respective 2 L
beaker and given a vigorous five second shake in their respective rinse

2.4. Monitoring coral recovery
Color change and basal growth were measured as proxies for coral
recovery following chemical exposure for one month. After mechanical
removal, coral fragments were placed into one of the three identical
pre-conditioned 250 L aquaria in a randomly assigned position in each
tank. A random number generator was used to determine the recovery
tank and position within the tank before treatment. For each tank,
lighting was provided by four Aqua Illumination Hydra® 52 lights
(12:12 light: dark; 1 h ramp up/down; ~150 μmol m−2 s−1) and one
Maxspect® Gyre XF250 unit. Each aquarium was fed daily with Artemia
nauplii at a rate of 0.35 nauplii mL−1 for corals. Manual handling of
coral fragments was as limited as possible, with the only handling
during weekly photo capture.
All corals were photographed (from the top) on their associated
trays prior to chemical immersion (day 0), again the day following
treatment (day 1) and weekly thereafter until day 28. For consistency,
photos were taken in the dark using a computer-controlled (Adora24G,
MSI®) photo cart equipped with a Nikon® DSLR D810, four Ikelite®
3
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Fig. 2. Photographs of experimental design: A.
Acropora millepora fragments in their respective 2 L
beakers during a one-hour chemical immersion, B.
Containers with filtered seawater use for the ‘shake
step’ after chemical immersion, C. Camera cart used
for taking photos of A. millepora fragments, D. Initial
photo (before chemical immersion) taken of A.
millepora fragments, E. Day 28 photo taken of the
same tray of A. millepora fragments.

DS161 strobes, and manually adjustable x-y stage (Fig. 2). Camera
settings remained consistent for all photos (shutter speed 1/8 s, aperture f/11).
The C clade section of a CoralWatch Coral Health Chart was used to
assess the color change in each coral fragment following the methods of
Siebeck et al. (2006). Images were first converted to greyscale in ImageJ to remove the influence of luminosity on photo color and to allow
the export of mean grey values (MGV; 1–250; higher values are lighter)
for each CoralWatch Coral Health category (C1 to C6) and each coral
fragment in each photograph. Comparison of MGV of the coral watch
color standards between time points (initial and four weeks later) indicated the consistency of photographs. Before comparison of coral
fragment MGV, these raw values were corrected by 7% to reflect the
uniform change in the color standards between time points. Corals that
shifted two or more color categories lighter were considered bleached,
while all others were not considered to have bleached.
ImageJ (FIJI ImageJ; Rasband, n.d; Schneider et al., 2012) was used
to measure the lateral area and circumference of each coral fragment,
allowing comparison of photographs taken the day after chemical immersion and on day 28 to calculate the percentage increase in basal
growth area (mm2) (similarly to Forsman et al., 2015; Page et al., 2018)
and circumference (mm) of each coral fragment. Basal growth is not
only associated with overall growth in A. millepora, but it is required for
attachment to substrate post fragmentation. This is relevant to the
marine ornamental trade, where basal growth onto substrate is a
sought-after feature of coral fragments examined by consumers as a
qualitative indication of fragment health at the time of purchase. The
implications of uncompromised basal growth are also relevant to reef
restoration, where the leading cause of fragment mortality is detachment (Shafir et al., 2006; Shaish et al., 2008; Smith and Hughes, 1999).

immersion step removal. Binomial generalized linear mixed-effects
models (GLMM; R package “lme4” Bates et al., 2015) were run with
tray identification as a fixed effect and treatment as a random effect.
This model was fitted with the “glmer” function. Normality of all the
data was assessed using QQnorm and Shapiro–Wilk tests. A Tukey posthoc test (R package “emmeans” Lenth, 2016) was used for pairwise
comparison of all treatments with P < 0.05 as the significance
threshold. For coral basal growth, lme was used to compare area data
from each fragment. Bleaching response was measured as the proportional change in MGV using glm and Kruskal-Wallis, followed by a posthoc Dunn Test. Data was visualized using (R package “ggplot2”
Wickham, 2016).
3. Results and discussion
3.1. Immersion efficacy
Treatment had a significant influence on flatworm removal for the
immersion and immersion + shake step (p < 0.05; GLMM).
Praziquantel treatments (PI) removed 90 ± 3.4% of flatworms
(percent ± SE) compared to 75 ± 6.61% and 7.1 ± 3.1% removed by
levamisole treatments (LI) and the handling control (HC), respectively,
during chemical immersion (Fig. 3). The shake step increased the efficacy of flatworm removal for LI from 75 ± 6.61% (immersion only) to
93.33% ± 3.80 (immersion and shake; Fig. 3). Similarly, praziquantel
removal increased from 90.0 ± 3.4% (immersion only) to
95.0 ± 2.66% (immersion and shake), while the handling control increased from 7.1 ± 3.1% to 33.33 ± 7.52% of flatworms removed
due to the shake step (Fig. 3). Both chemical treatments were effective
at removal of P. acroporae individuals from infested Acropora millepora
fragments, but there was no difference between the efficacy of levamisole and praziquantel (p > 0.05; Tukey post hoc). The removal
observed from the ‘shake step’ in all treatments suggests that immersions of levamisole or praziquantel, with only aeration providing water
movement, may not always remove flatworms from the coral host.
These results emphasize the importance of additional water movement
to improve the efficacy of chemical immersions to treat corals infested

2.5. Statistical analysis
All analyses were run using RStudio® (version 3.5.1, Rstudio PBC).
Flatworm removal efficacy from the immersion step alone and efficacy
after the shake step (includes removal from immersion step) were
modeled separately because the shake step results are dependent on the
4
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Fig. 3. Stacked bar plot showing the mean percentage ( ± SE) of Prosthiostomum acroporae recovered
from A. millepora fragments from each associated
chemical treatment (Handling control, Levamisole,
and Praziquantel) from each immersion, shake step,
and the mechanical screening step to recover remaining flatworms. The letters (a) and (b) indicate
treatments with statistical differences from each
other.

with P. acroporae. Similarly, praziquantel has been used to remove gill
flukes from fish and enables fish recovery (e.g., 5 ppm praziquantel in
seawater for 10 min) but does not remove all worms and some of the
smaller worms can wedge between lamellae (Hutson et al., in press).
Therefore, we suggest that a combined application of chemical treatment immersion with a small wavemaker would increase the efficacy of
flatworm removal. For commercial applications, this would be necessary to ensure water circulation while treating multiple coral fragments
and/or colonies concurrently.
While there were no significant differences in flatworm removal
between levamisole and praziquantel (P > 0 0.05; Tukey post hoc), we
observed many flatworms in the levamisole treatment adhered to the
beaker once removed from the coral, while in praziquantel, worms were
clearly paralyzed and unable to adhere to treatment beakers.
Furthermore, flatworms removed during the shake step after immersion
in levamisole appeared to recover and adhere to the surface of shake
containers, suggesting potential rapid recovery from levamisole exposure by P. acroporae. Praziquantel may have a more pronounced
paralytic effect on P. acroporae because worms remained curled and
unattached in their containers during immersion and after the shake
step. Hirazawa et al. (2000) similarly observed immediate muscle
contraction and subsequent removal of the monogenean Heterobothrium
okamotoi Ogawa, 1991 treated with praziquantel, compared to a five
minute delay using levamisole HCl in therapeutic immersions to treat
the tiger puffer, Takifugu rubripes (Temminck & Schlegel, 1850). While
future development of in situ treatments for P. acroporae are desirable,
the toxicity of levamisole and the rapid degradation of praziquantel in
seawater (Thomas et al., 2016) are likely to hinder these efforts.
Dedicated treatment areas where corals can be immersed in praziquantel and shaken or rinsed in clean seawater baths may provide the
best results with prophylactic, single preventative dips to remove flatworms before entering quarantine systems.

further signs of tissue necrosis. Chemical treatment had no effect on the
mean grey value (MGV) of all A. millepora fragments in the experiment,
irrespective of whether corals were infested or not before being treated
(P > 0.05; GLMM). No fragments in any treatment of the experiment
were considered bleached relative to their initial MGV. These results
provide evidence that the use of levamisole HCl and praziquantel did
not advance observable bleaching during the four weeks following
treatment. Treatment also had no significant effect (p > 0.05; GLMM)
on the basal growth of Acropora millepora fragments during the experiment, with mean basal area increasing by 73.31 ± 3.82%
(mean ± SE) across all treatments (Fig. 4). This suggests that the
prophylactic use of levamisole or praziquantel to treat corals does not
result in reduced basal growth in the short-term. This is important
because growth inhibition would increase the associated cost of

Fig. 4. Box and whisker plot demonstrating the percentage basal growth of
Acropora millepora in each treatment (EC: ethanol control, HCI/HCU: handling
control infested and uninfested, LI/LU: levamisole infested and uninfested,
NHC: no handling control, and PI/PU: praziquantel infested and uninfested.)
after four weeks, with straight lateral lines demoting means, whiskers showing
quartiles.

3.2. Coral health metrics following chemical treatment
There was no mortality observed in any coral fragments except for
partial colonial mortality in a single fragment during the first week
following immersion in levamisole, with the fragment later showing no
5
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therapeutic treatment (Shinn et al., 2015).

experiments. Prof. Rhondda Jones provided statistical support.

3.3. Treatment cost and availability

CRediT authorship contribution statement

While we validate the use of praziquantel in high concentration
(50 mg L−1) and low duration (i.e., immersion over one hour for the
treatment of P. acroporae infestation on corals), availability and cost of
praziquantel may vary between different countries, while levamisole is
readily available globally and in use as a universal de-wormer of cattle
(Várady and Čorba, 1999). Both praziquantel and levamisole are regarded as cost-effective treatments in the context of finfish aquaculture
(Alves et al., 2019). Based on the average cost of 5 g of each chemical
from three major suppliers (Sigma-Aldrich, Tokyo Chemical Industry
(TCI), and Fisher Scientific), the cost per L of treatment solution are
$0.74USD L-1 for praziquantel (50 mg L-1) compared to $0.48USD L-1
for levamisole HCl (40 mg L-1), making levamisole HCl marginally
more cost-effective. It should be noted that praziquantel is less toxic to
human and environmental health than levamisole, which is reflected in
the Australian Poisons Standard (February 2020), and examination of
associated safety data sheets (Sigma-Aldriich®; L9756, P4668) in accordance with risk assessment for use in the laboratory. While praziquantel appears safe for vertebrates (Mitchell and Hobbs, 2007), further
research is required to understand the toxicity of praziquantel to other
organisms, and how drug resistance may be induced with increased use
of praziquantel (Bader et al., 2018). Furthermore, the permitting and
governance of chemical use for coral aquaculture is currently lagging as
evidenced by the absence of levamisole approval for therapeutic use for
corals, although it is approved for use in ornamental fish, birds, dogs
and cattle in Australia (Poisons Standard February 2020). Depending on
the country, the use and disposal of either of these chemicals in coral
aquaculture require education, regulation, and ethics to ensure environmental responsibility.
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