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Abstract

The critically endangered status of the Caribbean reef-building coral Acropora cervicornis has increased
the number of restoration efforts targeting this species. Restored colonies exhibit varying levels of
mortality caused by multiple stressors, including corallivory. In this study, the four factors, elevation,
coral preference, coral density, and natural predation were investigated to determine their influence on
fireworm (Hermodice carunculata) predation on restored A. cervicornis patches. EX situ, the effect of
coral elevation on artificial structures was tested to determine coral accessibility by the fireworms. The
structures varied in material type (rebar or PVC), height (0-30cm), and diameter (1.5-2.7cm).
Additionally, to gain prey preference insights, a free-choice ex situ experiment was conducted exposing
fireworms to fragment combinations of A. cervicornis, Millepora complanata, or Agaricia sp.
Furthermore, corals were outplanted in densities of 1m2or 5m2, either non-elevated or elevated (15cm),
and monitored for 64 days to investigate the effects on fireworm corallivory. Lastly, to observe predation
occurrence and to identify new fireworm predators, fireworms were tied up and scattered on three reefs.

The experiments indicated that elevation and using PVC significantly reduced fireworm accessibility.
No difference was found among elevation heights. Prey preference for A. cervicornis over M.
complanata and Agaricia sp. could not be demonstrated, with the latter being because of the low number
of successful replicates. M. complanata was preferred over Agaricia sp. by the fireworms. Furthermore,
prey-switching between A. cervicornis and M. complanata was observed. No significant differences
could be found within the field outplacement treatments, due to the low number of fireworms observed.
Additionally, a new fireworm predator, the squirrelfish Holocentrus adscensionis, was identified.

This study indicated that using PVC pipes to elevate 4. cervicornis fragments from the seafloor is worth
investigating to reduce fireworm predation. Such a positive effect could not yet be confirmed in the
field. The long-term effects of the density and elevation treatments on outplacement success remain
unknown and need further study. Additionally, the prey-switching behaviour should be further explored
by looking at the effect of M. complanata as a neighbouring coral on A. cervicornis predation.
Furthermore, the finding of an additional predator helps to select restoration sites with more top-down
control.
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Introduction

The continuous decrease of coral reef ecosystems since the 1950s has enhanced global awareness and
active participation in conserving these systems for the socio-economic and ecological services they
provide (Bostrom-Einarsson et al., 2020; Eddy et al., 2021; Hein et al., 2021; Woodhead et al., 2019).
One previously dominant Caribbean reef-building coral, Acropora cervicornis, is critically endangered
after initial population reduction by white-band disease was followed by disturbances such as bleaching,
corallivory, and hurricanes (Aronson & Precht, 2001; Edmunds, 2019; IUCN, 2021; Rice et al., 2019;
Sakai, 2019; Woesik et al., 2021). Reef-building corals are essential for reef growth (Perry et al., 2014).
Current management of local anthropogenic disturbances (e.g., fisheries and pollution) protects the
remaining wild endangered coral colonies and enhances their survival (Bostrém-Einarsson et al., 2020;
van Oppen et al., 2017). The chance of natural recovery for endangered corals like A. cervicornis is
improbable due to low population densities and frequent disturbance events (Bostrém-Einarsson et al.,
2020). Therefore, appropriate conservation strategies are crucial to gain and maintain healthy A.
cervicornis populations.

One common strategy for active conservation is maintaining nurseries that contain wild colony
fragments to ensure a stable growing environment. After the nursery coral fragments reach the desired
size, they are outplanted on reefs to enhance local population densities (Shaver et al., 2020). Proliferation
of these outplants remains challenging in coral restoration practices as there is a high variability in
success. A study by Ware et al. (2020) indicated varying A. cervicornis survival rates between 4% and
89% across seven 5-year projects from the same foundation. The high variability was accounted to
various site-specific and time-specific factors (Ware et al., 2020). One potential site-specific difference
influencing outplanting success is the density of coral predators. Predation directly harms coral health
and increases susceptibility to other stressors, such as bleaching and diseases (Renzi et al., 2022; Rice
et al., 2019). Despite this, the influence of coral predation related to coral restoration is a relatively
understudied topic in coral conservation studies (Ladd & Shantz, 2020).

One widespread coral predator on the Carribean reefs is the bearded fireworm (Hermodice
carunculata). H. carunculata is omnivorous, and its diet contains the endangered coral A. cervicornis
(Wolfetal., 2014). By predating on the growing branch tips, H. carunculata actively disrupts the growth
of A. cervicornis (Miller et al., 2014). Additionally, H. carunculata has a preference for consuming
coral recruits, hindering the natural formation of new corals (Wolf & Nugues, 2013a). On some
Caribbean reef sites, H. carunculata predation affected 53% of the A. cervicornis colonies (Miller et al.,
2014). Furthermore, H. carunculata contributes to the spread of coral pathogens by acting as a vector
(Sussman et al., 2003). Lastly, it has been indicated that H. carunculata can endure a broad range of
temperatures and pollution (Schulze et al., 2017). These findings indicate that H. carunculata
corallivory can be a long-lasting stressor for Acropora restoration. Therefore, sustainable methods
should be investigated to reduce the impact of H. carunculata on Acropora restoration efforts.

Some of these methods can be directly related to the outplanting strategies of 4. cervicornis. Decreasing
the outplanting density of A. cervicornis benefits the colonies’ survival, attributing it to less competition
and predation (Ladd et al., 2016). For the predator, Coralliophila abbreviata, a decrease in prey coral
density outplants resulted in a lower presence of the corallivore (Johnston & Miller, 2014). It remains
unknown whether the effect on predation of a lower coral colony density is similar for H. carunculata.

Additionally, knowledge of coral prey preferences of H. carunculata is helpful in designing outplanting
strategies, but such knowledge is scarce. Only one study determined a coral preference for 4. cervicornis
over the two corals Agaricia agaracities and Monstera annular (Rylaarsdam, 1983). Broadening the
knowledge of Caribbean coral preferences helps develop outplanting strategies that take the effect of
neighbouring corals into account.

Outplanting techniques may also reduce risks for corallivory. It has been observed that H. carunculata
presence in coral nurseries is low (R. Verdaasdonk, Pers. Observations). This leads to wonder if the
nursery structures form a barrier for H. carunculata. One possibility is that the elevation of the nursery
structures from the seabed hinders H. carunculata from reaching the corals. Therefore, outplanting
corals in reefs elevated from the seabed might decrease H. carunculata predation.



Furthermore, natural predators can be helpful to in reducing the amount of H. carunculata predation
through top-down control. There are only a few known natural predators of H. carunculata. Older
studies indicated that the snails Conus imperialis, Conus aurantius, and Conus cedonulli feed on H.
carunculata (Kohn et al., 1972; Vink, 1974; Vink & von Cosel, 1985). More recently, bluehead wrasses
(Thalassoma bifasciatum), yellowhead wrasses (Halichoeres garnoti), white grunts (Haemulon
plumierii), and sand tilefish (Malacanthus plumieri) have been observed to predate on H. carunculata
(Wolf, 2012; Ladd & Shantz, 2016). These known predators were found by chance. No studies have
actively tried to uncover other predators of H. carunculata to increase the knowledge of possible top-
down control opportunities.

In this study, outplanting density, outplanting elevation, coral preference, and finding new natural
predators were investigated to gain insights into new strategies to lower the predation pressure of H.
carunculata on A. cervicornis outplants. Ex situ experiments were conducted to determine the effect of
elevation and coral prey preferences. Furthermore, in situ experiments to uncover new fireworm
predators, effects of outplanting density, and elevation of outplants above the seabed were conducted in
the Portobelo Marine National Park in Panama, an area targeted for 4. cervicornis restoration.

Materials & Methods

Study sites
The experiments to identify new H. carunculata predators were performed at the reefs Drake Island

(9°33'40.1"N 79°41'03.2"W), Huerta (9°33'39.5"N 79°40'51.6"W), and House Reef (9°32'09.3"N
79°40'21.1"W) of the Portobelo Marine National Park in the Caribbean. The experiment on the effect of
density and elevation on outplanting was performed on the reef of Drake Island and started on the 30
of November 2023 lasting 64 days. The ex sifu assays to determine the effect of elevation and coral
preferences were performed at Scuba Portobelo. All A. cervornis fragments were retrieved from the
coral nurseries (9°33'39.1"N 79°40'51.8"W) of Reef2Reef at a depth of 5m. All research activities (e.g.,
use of A. cervicornis) were conducted under the permit ARG-067-2023.

Fireworm collection

Fireworms were collected by hand during snorkelling and scuba diving at House Reef and Huerta
between depths of 0-5m around noon. The fireworms were collected from the seabed or the
corals Acropora cervicornis, Agaricia sp., and Millepora sp., with the latter species supplying most
individuals. A total of 246 fireworms were used in this study, with an average length of 5.36(+1.61) cm.

Ex situ elevation experiment

An ex situ elevation experiment was performed to uncover the potential of height, diameter, and material
as a barrier for fireworms’ accessibility to outplanted corals (Fig. 1A). Five fireworms, not fed for at
least 24 hours to induce hunger, were placed in PVC buckets (2 = 30cm) filled with newly collected
seawater (n=3). Additionally, an 4. cervicornis fragment was strung up in the bucket to either a centre-
placed rebar (2 1cm) or a PVC pole with a diameter of 1.5¢cm or 2.7¢m.

The lowest part of the A. cervicornis fragment was placed at heights of Ocm (control), 10cm, 20cm, or
30cm. The fragments used had a total linear extension of 5 cm, with at least two cuts at the tips and
some form of damage (mechanical or partially bleaching), to stimulate the fireworms’ scavenging
behaviour (Wolf et al., 2014). Observations were done 0.25, 1, 2, 3, 6, and 24 hours after start of the
experiment. If any fireworms were observed to be predating on the coral at the mentioned time points,
the time was noted, and these individuals were removed from the coral. Additionally, fireworm length
was measured and compared to determine if fireworm length was a decisive factor for coral accessibility.

Ex situ coral preference experiment

An ex situ free-choice coral assay was performed to uncover preferences for distinct coral species by
the fireworms (Fig. 1B). In total, 63 fireworms not fed for at least 24 hours were placed individually at
the top left corner of an aluminum tray (32cm x 26.5cm) before being exposed to two coral fragments
simultaneously. The fragments were placed 8cm from the edges in two consistent locations at the centre
of the tray. For each trial, the placement of the coral fragments in the predetermined locations was
randomized. In total, three choice treatments were presented for the fireworms: 1) Acropora




cervicornis vs Agaricia sp., 2) Acropora cervicornis vs Millepora complanata, and 3) Agaricia sp., vs
Millepora complanata. The comparisons with Agaricia sp. and M. complanata were chosen because of
their abundance at the House Reef. The Agaricia sp. and M. complanata fragments used were loose
fragments found at the House Reef at depths from 0-3m.

The coral fragment sizes used in the treatments were between 10-20cm? and placed horizontally on the
tray’s surface. The coral surface was calculated by considering Agaricia sp., and M. complanata
fragments as a two-sided rectangle, and 4. cervicornis as a cylinder. Observation time was six hours as
fireworms have been indicated to detect even smaller-sized corals within this time limit (Wolf et al.,
2014). A choice was considered to be made when a fireworm positioned its mouth on the coral and
remained there for at least one minute. Predation within the mentioned time points could have occurred.
However, since no clear distinction between bitemarks and standard coral decay could be made, these
predation events went unnoticed. The aim was to receive at least ten successful trials per comparison. A
trial was deemed successful if the fireworm made a choice. If no choice was made within six hours, the
experiment was extended up to 24 hours to increase the total number of responses.

Outplanting predation mitigation experiment

In total, 96 A. cervicornis coral fragments with a total linear extension between 20-35 cm were collected
and placed in two plastic buckets filled with seawater before being transported to Drake Island. The
corals were never exposed to air during the transportation process. The corals were outplanted on Drake
Island at depths between 3.8 — 7.5m. The fragments were divided over four treatments (n=8) to assess
the influence of density and elevation from the seabed on predation pressure. The coral outplanting
treatments (Fig. 1C) were low density (LD; 1 per m?), high density (HD; 5 per m?), low density 15¢cm
elevation (LD+E), and high density 15cm elevation (HD+E). The different plots were located at least
Sm apart. Furthermore, each treatment plot was chosen to minimize the presence of Agaricia sp.
and Millepora sp. colonies to avoid competition and attraction of predators to other corals.

The LD and HD treatment outplanting was done by attaching the fragment to a 10cm flat steel masonry
nail (~5cm in the seabed) with a cable tie, as this was proven to be an effective method (Goergen et al.,
2018; Huang et al., 2023). The outplanting strategy for the LD+E and HD+E treatments was similar but
rebar poles were used (2 1cm) instead of masonry nails to elevate the corals approximately 15¢cm from
the seabed, as no nails of this size were available.

After outplanting, the plots were monitored weekly for 64 days to count the number of fireworms in the
plot and on the corals. Corals were also observed for bitemarks, bleaching, and diseases during each
predation monitoring session. Three weeks after outplanting, a storm resulted in damage to the corals
and a total loss of 20 corals (90% were non-elevated, 10% elevated). In week 5, all corals except one
elevated coral (due to lack of material) were replaced.

Identification of natural predators of fireworms

In total, 89 fireworms were divided over 16 different predator trials (Fig. 1D) at the locations Scuba
House Reef (n=5), Drake Island (n=6), and Huerta (n=5). Knoester et al. (2023) inspired the set-up for
the predator trials. Fireworms were tied with a thread to a rebar pole stuck in a concrete disk (2 20.5cm).
A GoPro (Hero 7) was used to film the first hour after the placement of the disk on the reefs. After one
hour, the number of surviving fireworms was counted. If all fireworms remained alive, an additional
check was done after 1-7 days, depending on accessibility to the research area. Additionally, snorkelling
sessions were performed at sites with regular fireworm sightings. In these snorkelling sessions
fireworms were suspended individually to observe any predation on the exposed individual.

Statistics

R studio 4.2.2. was used to test significance (p<0.05) for the experimental results. Normality (p>0.05)
and homogeneity of variances (p>0.05) of the data were tested with a Shapiro-Wilks- and Levene’s-
test, respectively. The ex situ elevation- and in situ outplanting data were not normally distributed.
However, a two-way ANOVA was still performed to compare the treatments because of its robustness
to type-1 errors (Blanca Mena et al., 2017). If significant, a Tukey’s test was performed to determine
further differences between treatments. An unpaired t-test was conducted for the fireworm length data
of the ex situ elevation experiment. Coral preference choices were compared using the binomial test.
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Fig. 1. Design of the four experiments. A) Overview of the elevation experimental set-up with the possible
outplanting heights of the 4. cervicornis fragments. B) Overview of the coral preference assay with the location
of the two coral fragments indicated with ‘1’ and ‘2’. The red circle indicates the entry point. C) Overview of the
low density (LD; 1m™), high density (HD; 5m2), low density elevated (LD+E; 1m2+ 15¢m), and high density
elevated (HD+E; 5m™+15cm) treatments used in the elevation and density experiment. D) Overview of how the
worms were attached to the concrete disk in the natural predator experiment.

Results

Ex situ elevation experiment

The ex situ elevation experiment indicated that the maximum elevation tested of 30cm was still
reachable by the fireworms. The overall coral reachability was lower for elevated corals in comparison
to non-elevated (p < 0.001). There was no significant difference between the different elevations tested.
However, when using rebar, more fireworms were able to reach the coral for the treatments tested in
comparison to using PVVC with a diameter of 1.5cm (p < 0.001) and 2.7cm (p < 0.001) (Fig. 2). Among
the two PVC diameters, there was no significant difference. Nonetheless, for the PVC pole with a 1.5cm
diameter no worms reached the coral at any of the elevations, despite an observed attempt to climb the
pole (Supplementary Fig. 1; Supplementary Video 1). There was no significant difference in worm size
for individuals that reached elevated corals in comparison to worms that did not. Lastly, it was observed
that the worms in the treatments were able to climb the walls of the PVVC buckets, in which the treatments

were performed.
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Fig. 2. Average amount of worms with their respective SD (n=3) being able to reach the coral at various elevations
(0 — 30 cm), materials (Rebar + PVC), and diameter (PVC 2 15mm, and PVC 2 27mm) within 24 hours. Differing
letters above bars indicate significant differences among the treatments.



Ex situ coral preference experiment

The success rates of the free choice experiments of Acropora cervicornis vs Agaricia sp., (Ac vs Ag),
Acropora cervicronis vs Millepora complanata (Ac vs Mc), and Agaricia sp. vs Millepora complanata
(Ag vs Mc) were 12.5%, 34.5%, and 60% respectively. Because of these success rates and time
constraints, the aim of 10 repetitions per coral preference trial (Fig. 3) were not always reached. Only
A. cervicornis was chosen in the Ac vs Ag trial. However due to only having three successful replicates,
it was not possible to determine if this observation was significant. The Ag vs Mc trial indicated that
there was a preference (p<0.05) for M. complanata over Agaricia sp. A preference for M. complanata
over A. cervicornis was not found in the Ac vs Mc trial. Despite this, prey-switching did occur in the Ac
vs Mc trial. The worms shifted from their original coral choice (A. cervicornis or M. complanata) to the
other coral fragment in 30% of the cases.

Outplanting predation mitigation experiment
The first fireworm predating on the outplanted corals was observed five weeks after the start of the
experiment. A total of 6 fireworms were observed affecting 9.4% of the coral plots and averaging to a
density of 0.02m2 across all treatments over the two month period (Fig. 4). Neither the density treatment
nor the elevation showed a significant effect on the amount of fireworms reaching the corals. However,
the interaction effects of those two factors was significant (p<0.05). Three of the fireworms observed
were present on two plots of the HD, and the remaining three on one plot of the LD+E treatment (Fig.
5). Re-occurrence of fireworms was observed on the LD+E plot and one HD plot. However the
fireworms were never observed two consecutive weeks in a row. Furthermore, it was visibly apparent
that the elevated treatments suffered more from mechanical damages (Fig. 5A) than the non-elevated
treatments. Other organisms observed on the coral plots were coral crabs (on 13% of the plots), hermit
crabs (38%), and coralliophilid snails (66%).
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Fig. 3. Coral choice percentages for the A. Fig. 4. Average number of worms observed for the low
cervicornis vs Agaricia sp., (Ac vs Ag), the A. density (LD), high density (HD), low density elevated
cervicornis vs M. complanata (Ac vs Mc), and the (LD+E), and the high density elevated (HD+E)
Agaricia sp., vs M. complanata trials. Asterisk treatments (n=8) with their respective SD. The dotted
indicates a significant difference (p<0.05). line indicates the average fireworm density across all
Successful trials (n) are displayed in each bar. treatments. Similar letters above bars indicate no

significant difference.

Fig. 5. Fireworms (indicated with red arrows) on the low density elevation treatment (A) and the high density
no elevation treatment (B). The black bracket indicates the area affected by mechanical damage.



Identification of natural predators of fireworms

During the snorkeling trials predation events of the known fireworm predators Haemulon plumierii
(Supplementary Fig. 2; Supplementary Video 2) and Thalassoma bifasciatum (Supplementary Fig. 3;
Supplementary Video 3) were observed on manually suspended fireworms. These species as well as the
other known predator Halichoeres garnoti were also observed in the disk trials, but did not predate on
the worms during these trials.

For all disk trials, the fireworms were gone within seven days. In six instances survival checks were
done within two days. For these instances all fireworms were absent. Furthermore, the squirrelfish
(Holocentrus adscensionis) was shown to actively eat a fireworm tied to a thread (Fig. 6; Supplementary
Video 4). After consuming the first worm, the squirrelfish was seen attempting to eat a second fireworm
before being chased away by a porkfish (4nisotremus virginicus). Additionally, a table containing all
observed species was created (Supplementary table 1).
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Fig. 6. Time series of the squirrelfish (Holocentrus adscensionis) locating (A) the fireworm (indicated with a
red arrow), to then orientating itself toward the worm (B), to eventually consume it (C and D).

Discussion

This study was designed to create new insights into the outplanting strategies of Acropora cervicornis
to reduce the effect of predation by the bearded fireworm (Hermodice carunculata). No coral preference
of A. cervicornis was found over M. complanata. Additionally, no preference could be determined
between A. cervicornis and Agaricia sp., due to the insufficient number of replicates. Furthermore,
elevation and the use of PVC significantly decreased coral accessibility by the fireworms ex situ. A
beneficial effect of elevation or density was not observed in the field, most likely due to a low predator
density on the natural reef where the experiment occurred. Lastly, the squirrelfish (Holocentrus
adscensionis) was observed as a new fireworm predator.

Ex situ elevation experiment

Corals at the highest tested elevation of 30cm were still accessible by H. carunculata, indicating that
elevation cannot fully exclude predation. Nonetheless, elevation did significantly decrease fireworm
coral accessibility in this study, but these results should be taken with caution. The first response of the
worms after being placed into the container was a fleeing response to find a potential hideout (R.
Verdaasdonk Pers. observations). This fleeing response is likely attributed to the cryptic nature of
fireworms (Wolf et al., 2014). During the study, the non-elevated coral could have been seen as a suitable
hiding spot, resulting in a higher coral reachability for the non-elevated treatments.




Furthermore, H. carunculata only leave their hideouts to feed (Ramos & Schizas, 2023). Although, the
fireworms were not fed for at least 24h, this duration was probably insufficient to trigger a scavenging
response. Fireworms can survive for over a week without being fed (R. Verdaasdonk Pers. observations),
therefore extending the non-feeding period is possible to further stimulate H. carunculata’s scavenging
behaviour. Additionally, the duration time of the experiment can be increased. Wolf et al. (2014)
observed a peak in fireworm abundance between 24h and 48h for an in sifu prey preference study.
Therefore, future studies can consider extending the non-fed period and the monitoring time up to 48h
to gain more accurate results on the effect of elevation.

Despite this, the materialistic difference found between elevations through using a PVC or a rebar pole
remains a significant result. The rebar’s surface contained ridges that could have served as support ridges
for the fireworms to climb upon the material. The surface of the PVC pole used was smooth. Indicating
that a smooth material surface texture negatively influences the ability of fireworms to climb towards
elevated corals. Furthermore, since fireworms use parapodia with lateral-orientated chaetae for their
locomotion (Verdonschot, 2015), the curvature of the structure can also influence the ability of the
parapodia placement on the structure. Although, there was no significant difference among the PVC
diameters tested, it is noteworthy to mention that no worms reached the coral fragment for the 15mm
diameter treatment. As a decrease in diameter increases the curvature angle, it is possible that the worm’s
parapodia could not find adequate support to climb the pole. In contrast, the large diameter, and thereby
lack of curvature of the bucket walls, could explain why the fireworms were frequently observed to
climb the bucket walls. These observations indicate that an optimal combination of material surface and
diameter of the elevation structure can be found that maximally reduces the ability of H. carunculata to
reach the coral. Based upon this research, the best option is to elevate the corals at least 10cm with PVC
pipes that have a diameter of 15mm to reduce H. carunculata predation

Ex situ coral preference experiment

The coral preference study provided insights into the fireworm's predatory behaviour when exposed to
two corals simultaneously. Although not significant due to the low number of successful trials, the
experiments suggest that fireworms prefer A. cervicornis over Agaricia sp. This is similar to an older
coral prey selection study by Rylaarsdam (1983), which showed that 30 individuals chose 4.
cervicornis over Agaricia agaricites in a similar set-up. Additionally, since there was no difference in
preference between A. cervicornis and M. complanata and that there was a preference for M.
complanata over Agaricia sp., it supports the idea of A. cervicornis being preferred over Agaricia sp.
That M. complanata was significantly preferred over Agaricia sp., complements the personal
observations (R. Verdaasdonk) during the collection process where fireworms were mostly collected
from M. complanata. Fireworms seemed also to be more abundant on reefs with more M. complanata
coverage (R. Verdaasdonk, Pers. Observations). Indicating that there might be a correlation between
fireworm density and M. complanata reef coverage.

Interestingly, there was no prey preference between A. cervicornis and M. complanata. Since fireworms
engulf their buccal cavity over their food source to digest it (Miller et al., 2014), it was expected that 4.
cervicornis would be the preferred coral species because of its structural properties. However, since
there was no difference in preference, prey-choice likely depends on other factors. Other possibilities
are differences in feeding deterrents and olfactory attractants excreted by the corals (Wolf et al., 2014).

Since fireworms have shown to alternate food sources when being exposed ex situ to M. complanata
and A. cervicornis, it is possible that a positive neighbouring effect of M. complanata can be provided
to A. cervicornis. For example, when fireworms are exposed to an A. cervicornis colony surrounded
by M. complanata colonies, it can be hypothesized that the overall damage to the A. cervicornis colony
will decrease, as fireworms scatter their predation to the neighbouring corals. However, the exact
opposite can be proposed by potentially attracting a higher density of fireworms by creating an area with
highly preferred coral species. A potential experiment to test these hypothesises is to compare predation
differences for A. cervicornis outplanted individually and with A. cervicornis outplants surrounded by
M. complanata, or Agaricia sp.



Outplanting predation mitigation experiment

The fact that no significant difference was found among the density and elevation treatments in the field
outplace treatments, indicates that on short-term, these factors do not influence H. carunculata predation
pressure on outplanted fragments of 4. cervicornis at the Drake Island reef in Portobelo. The interaction
effects of the density and elevation on the amount of fireworms showed a significant result. However,
the post processing of this result revealed no clear indication where such effects where present among
the treatments. These results should be taken with caution as the low number of individuals observed
resulted in a small sample size making it improbable to find a more reliable result. Interestingly, a low
number of H. carunculata observations was also found by Lohr et al., (2017), where predation occurred
on 15% of their outplanted colonies in the Cayman Islands after a 3-month period. Thereby, implying
that H. carunculata predation possibly is not a strong determining factor for initial outplanting success.
Nonetheless, the long-term effects of density and elevation on H. carunculata predation are unknown
and should be studied further.

Additionally, since no distinctive predation scars were found, the results were solely based on H.
carunculata's sightings. During the study, it became apparent during the collection of individuals that
fireworm presence varies throughout the day. Despite being considered nocturnal (Schulze et al., 2017),
personal observations during fireworm collection sessions showed that fireworm presence was highest
between noon and afternoon and decreased approaching sunset. These times have also been recorded
for the locations Barbados and Tenerife (Ott & Lewis, 1972; Schulze et al., 2017). However, for Ikaria,
Greece, fireworm density increased as night time approached (Schulze et al., 2017). These findings
suggests that the activity of H. carunculata is variable throughout the day but is also location dependent.
Since the monitoring sessions were performed before noon, the peak in H. carunculata activity could
have been missed. H. carunculata density also has a seasonal variety and tends to decrease between
October and February (Toso et al., 2022). Therefore, by combining the study period and potentially
missing peak fireworm activity at the outplanting site, the observed number H. carunculata can be lower
than the actual value. Future studies should take these factors into account when trying to determine the
effects elevation and density on H. carunculata predation in a similar matter.

Despite the experiment not providing significant results among treatments regarding to H. carunculata
predation, the suitability for practical use of the treatments can be discussed. Firstly, the occurrence of
a storm after three weeks led to a loss of 20 corals, of which 90% were non-elevated and 10% were
elevated. The remaining elevated corals did slide down to the seabed but were not completely lost.
Thereby, showing an unexpected positive factor of the poles used for elevation. Therefore, outplanting
for areas with frequent storms can consider outplanting corals attached to ~20 cm poles to decrease the
chance of losing corals due to weather conditions.

Secondly, using cable ties to attach the corals to the nails or rebar poles negatively influenced coral
health. As cable ties were pulled tightly around the coral and nail, a strong current still slightly moved
the cable tie over the nail or rebar, consequently loosening the coral from the rebar or nail. The loosening
of the coral resulted into the fragment constantly moving over the surface of the nail or rebar with the
coral. Although not quantified, attaching corals to rebar resulted in more mechanical damage (Fig. 5A),
likely caused by the ridges visible on the rebar. Corallivores such as H. carunculata are attracted to
damaged corals (Bright et al., 2015; Wolf et al., 2014), therefore the mechanical damage could lead to
an increase of predation. Thus, when using similar methods, multiple monitoring sessions within the
first week of outplanting to tighten loose corals to minimalize mechanical damage are recommended.

The viability of the treatments can also be discussed if there are no long-term effects on H. carunculata
predation. An increase in 4. cervicornis outplanting density can negatively influence coral growth and
survival (Griffin et al., 2015; Goergen & Gilliam, 2018; Ladd et al., 2016). Factors suggested explaining
these effects are increased competition, disease risk, and corallivore predation (Griffin et al., 2015;
Goergen & Gilliam, 2018; Ladd et al., 2016). However, the downside of lower outplanting densities is
that habitat complexity decreases simultaneously. As a result, the positive effects of reef complexity on
marine life are postponed until colonies grow significantly (Béguinot, 2019). Despite this, with the initial
goal of restoring corals, it is worth considering to outplant them in lower densities if practically possible,
as Goergen & Gilliam (2018) suggested.



Alternatively, outplanting various coral species rather than solely conspecifics in higher densities can
be considered. Using various species additionally decreases disease risk, as susceptibility to coral
diseases is species specific (Rosenberg & Loya, 2004), while remaining habitat complexity. Also a
reduction in coralliophila predation has been observed when using various coral species within the same
colony aggregation (Johnston & Miller, 2014). However, if coral restoration is focused upon one species
in a respective area, this can decrease outplanting productivity due to the increase in labour.

No studies were found that consider the effects of elevating corals. However, some artificial structures
already have been proven effective for coral restoration (Lange et al., 2024), suggesting that appropriate
elevation structures will not harm coral growth. Additionally, it can be considered that elevating corals
at various heights within the same plot will distribute the colony's surface area across different parts of
the water column. Thereby improving overall nutrient availability, gas exchange, and light distribution
of the colony (Hoogenboom et al., 2008; Shakya et al., 2023). Further, alternating outplanting elevations
within the same plot increases habitat complexity. Therefore, short-term elevation can be beneficial by
minimalizing intraspecific competition and increasing habitat complexity.

Contrary to these benefits, the corals will depend on their elevation structure as an anchor to the seabed.
As coral size and weight increase, the structure is more prone to break during harsh weather conditions.
Consequently, resulting in mechanical coral damage suggesting that long-term elevation can be
disadvantageous. However, if the structure holds until the colony inevitably reaches the seabed due to
growth, these disadvantages can be minimized. Nevertheless, these effect of elevation considered are
speculative, and the true effects on colony growth and survival need to be tested.

Natural predator experiment

In all instances the fireworms disappeared within seven days, revealing that there is a predation pressure
for H. carunculata on the Portobelo reefs. However, whether the disappearance is exclusively due to
predation cannot be certain. Other factors, such as the worms being able to segment themselves or strong
currents removing the threads, also could have led to observing no individuals at the checks.

Furthermore, the fact that the known fireworm predators Haemulon plumierii, and Thalassoma
bifasciatum, predated on H. carunculata during the snorkeling trials, but were not found to actively
predate on H. carunculata during the disk trials, can indicate that H. carunculata is not a preferred prey
species. However, it can also be that the experimental set-up negatively affected their predatory
behaviour. Predation pressure studies, e.g., gut analysis of the predator species or H. carunculata density
compared to predator abundance, can provide further detail of these predator-prey relationships.

The H. carunculata predation event recorded by the squirrelfish (Holocentrus adscensionis) might have
revealed a previously unknown longstanding dynamic within the reef ecosystem. Although H.
adscensionis and the other predators are not endangered globally, artisanal fisheries have shown to
reduce local Caribbean reef fish populations (Hawkins & Roberts, 2004). A local decrease in corallivore
predators results to less top-down control of corallivores (Ladd & Shantz, 2020), consequently leading
to more corallivory. Therefore, local management can contemplate to temporarily protect reefs from
fisheries where H. carunculata hinder A. cervicornis restoration.

Future implications

This study provided valuable insights that can be used for further studies aiming at reducing H.
carunculata predation on A. cervicornis. Firstly, the potential of elevation, especially in combination
with PVC, must be tested to see their long-term effects. The use of plastics can be controversial and
negatively affect coral growth and disease risk (Hankins et al., 2021; Lamb et al., 2018). Therefore, one
strategy can be to only use PVC elevation structures during a high expected H. carunculata density
based on their seasonal variety. For example, a PVC pole can be placed over existing elevation structures
during high H. carunculata density periods. This decreases coral accessibility by the worms and
simultaneously minimizes the adverse effects of PVC on coral health.

One possible structure is the highly effective ‘reef star’ as used in the MARS restoration program.
Restored reefs with these reef stars had as much carbonate production as healthy reefs within four years
(Lange etal., 2024). The corals attached to the reef stars are elevated from the seabed by six independent



legs. By covering these legs partly with PVC tubes (e.g. 10 cm and @ 15mm) they could potentially
reduce fireworm predation. Thereby, the effectiveness of reef stars can become an important restoration
tool for reefs suffering from high amounts of fireworm predation .

Furthermore, using PVC as a material for nursery structures can also be investigated for nurseries with
re-occuring H. carunculata predatorion. Most nurseries use elevated structures to grow their fragments.
These nurseries can test using PVC to (partly) cover the legs of their elevation structures to reduce
fireworm predation simultaneously. If these structures reduce predation, it can further lower overall
maintenance, which is a desired trait for nursery structures (Maurer et al., 2022).

Additionally, with more known predators of H. carunculata, more options become available for
selecting sites with reduced predation risk. Sites with a healthy natural predator population can provide
adequate top-down pressure on H. carunculata, thereby reducing the predation on A. cervicornis.
However, with H. carunculata being tolerant to various environmental conditions and little knowledge
about their life cycle (Schulze et al., 2017), reefs stay susceptible to unexpected increases in H.
carunculata populations. Future studies should focus on uncovering the drivers of a sudden fireworm
population increase. Additionally, another strategy should be investigated using the possible positive
neighbouring effects of the widespread coral M. complanata to reduce predation on A. cervicornis.

Furthermore, studies must consider the whole reef system. For example, coralliophila snails were
observed in 66% of the outplanted colonies of A. cervicornis in this study. Therefore, even if a practical
methodology is found to decrease H. carunculata predation, it should not negatively affect total coral
survivability through other factors. Additionally, the use of PVC and its potential long-term adverse
effects on reef systems should be considered before large-scale application. Reef restoration should
remain the key focus and should not be lost out of sight.

Conclusions

This study indicated that in ex situ conditions, fireworm coral accessibility decreased with elevation and
even further when using a smooth-surfaced material like PVC. Hence, it is worth investigating to use
PVC pipes to elevate outplanted A. cervicornis fragments above the seafloor, since this likely reduces
fireworm predation. No significant effect of elevation with rebar and density were found in the field,
possibly attributed to the low fireworm density within the area. The long-term effect however remains
unknown. Additionally, this study supports the known preference of A. cervicornis over Agaricia sp.,
and gained new knowledge that there is no significant preference between A. cervicornis and M.
complanata. Furthermore, the prey-switching behaviour observed between A. cervicornis and M.
complanata can be useful in future neighbouring studies to decrease fireworm predation. Lastly, the
finding of Holocentrus adscensionis as an additional H. carunculata predator helps to select suitable
reefs with more top-down control on H. carunculata to increase A. cervicornis restoration efforts.
Although the first indications for potential H. carunculata mitigation strategies are considered in this
study, the influence of these strategies on reef systems is still unknown. Future studies focussing on the
long-term effects of elevation, site selection based on neighbouring corals, and reef selection based on
predator abundance will lead to more detailed insights into applying the mitigation strategies proposed
in this study.
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Appendix

Supplementary figures

Supplementary Fig. 1. Time series of a fireworm trying to climb the PVC pole (@ 15 mm) vertically (A), or
trying to fold around it via the left (B) or right side (C) before eventually giving up (D).
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Supplementary Fig. 2. Time series of the white grunt (Haemulon plumierii) locating (A) the fireworm (indicated
by red arrows), to approaching the worm (B), biting it in half and consuming the first half (C), to then coming
back and eating the second half (D).

Supplementary Fig. 3. Time series of the bluehead wrasse (Thalassoma bifasciatum) locating (A) the fireworm
(indicated by red arrows), to right before consuming the worm (B)



Supplementary Table. 1. List of mobile marine organisms observed during the natural predator experiments.

Scientific Name

Common Name

Scientific Name

Common Name

Abudefduf saxatilis

Sergeant major damselfish

Holacanthus bermudensis

Blue angelfish

Acanthurus chirurgus

Doctorfish

Hypanus americanus

Southern stingray

Acanthurus coeruleus Blue Tang Kyphosus cinerascens topsail chub
Anisotremus virginicus Porkfish Kyphosus vaigiensis Brassy Chub
Aulostomus maculatus Trumpetfish Lactophrys triqueter Smooth trunkfish
Bodianus rufiss spanish hogfish Lutjanus apodus Schoolmaster snapper
Cantherhines pullus Orangespotted filefish Lutjanus mahogoni Mahogany snapper
Canthigaster rostrata Sharpnose Pufferfish (small) Lutjanus synagris Lane snapper
Carangoides bartholomaei | Yellow jack Mulloidichthys martinicus | Yellow Goatfish

Caranx ruber Bar jack Ocyurus chrysurus Yellowtail snapper
Cephalopholis cruentata Graysby Panulirus argus Spiny Caribbean lobster
Chaetodon capistratus Foureye Butterflyfish Pomacanthus paru French Angelfish
Chaetodon ocellatus Spotfin butterflyfish Pseudupeneus maculatus Spotted goatfish
Chaetodon striatus Banded butterfly fish Scarus iseri striped parrotfish

Chromis cyanea

Blue chromis

Scarus taeniopterus

Princess Parrotfish

Chromis multilineata

Brown Chromis

Scarus vetula

Queen parrotfish

Chrysiptera Parasema yellowtail damselfish Sepioteuthis sepioidea Carribean Reaf squid
Diodogorgia nodulifera Dog snapper Serranus tigrinus Harlequin Bass
Elacatinus evelynae Cleaner Goby Sparisoma aurofrenatum Redband parrotfish
Haemulon flavolineatum French grunt Sparisoma rubripinne Yellowtail Parrotfish
Haemulon macrostomum Spanish grunt Sparisoma viride Stoplight Parrotfish
Haemulon plumierii White grunt Stegastes diencaeus Longfin damselfish
Haemulon sciurus Bluestriped Grunt Stegastes partitus bicolor damselfish
Halichoeres bivittatus Slippery dick Stegastes planifrons Threespot damselfish
Halichoeres garnoti yellowhead wrasse Synodus intermedius Common sand diver
Halichoeres pictus Rainbow Wrasse Thalassoma bifasciatum Bluehead wrasse
Halichoeres poeyi Blackear wrasse Urobatis jamaicensis Yellow stingray

Halichoeres radiatus

puddinwife

Supplementary videos

Supplementary video 1: Climbing attempt PVC pole 1.5cm diameter

Supplementary video 2: White grunt eating fireworm

Supplementary video 3a: Bluehead wrasse eating fireworm, normal speed
Supplementary video 3b: Bluehead wrasse eating fireworm, 0.25x speed

Supplementary video 4: Squirrelfish eating fireworm



https://youtu.be/2aSM5lpuWso
https://youtu.be/LJM7RyiWgm0
https://youtu.be/YOeWpndG6zQ
https://youtu.be/whpi6yllUHg
https://youtu.be/nIfC9YnWAG4

