
Vol.:(0123456789)1 3

Marine Biology (2020) 167:31 
https://doi.org/10.1007/s00227-019-3639-5

ORIGINAL PAPER

The impact of macroalgae and cyanobacteria on larval survival 
and settlement of the scleractinian corals Acropora palmata, A. 
cervicornis and Pseudodiploria strigosa

Raphael Ritson‑Williams1,2 · Suzanne N. Arnold3,4 · Valerie J. Paul1

Received: 4 June 2019 / Accepted: 23 December 2019 / Published online: 6 February 2020 
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Coral reefs are threatened by multiple stressors that degrade these ecosystems and the ecosystem services they provide. Criti-
cal to the recovery of coral reefs after a disturbance is coral recruitment, but there is still little information about the types 
of benthic habitats that different species of coral larvae require for settlement. Settlement in the presence of different algae 
and cyanobacteria was tested for three coral species, Acropora palmata, Acropora cervicornis and Pseudodiploria strigosa. 
The experiments were conducted in larval chambers placed on the reef to ensure that coral larvae were exposed to natural 
light, seawater temperature and some water flow. Rates of settlement and metamorphosis were assessed by providing these 
coral larvae with a standard preferred settlement substratum (individuals of the crustose coralline algal species Hydrolithon 
boergesenii) with an attached treatment of a small piece of live algae or benthic cyanobacteria. The brown algae Dictyota 
pulchella and D. bartayresiana did not affect the survival or settlement of larvae of A. palmata in 2010, but D. pulchella did 
reduce larval survival in 2009. Of the cyanobacteria tested, Caldora penicillata decreased A. palmata survival and settlement. 
For A. cervicornis, neither Dictyota pulchella nor D. bartayresiana reduced survival or settlement in either 2009 or 2010. 
Algae and cyanobacteria had no effect on Pseudodiploria strigosa larval survival, but there was reduced settlement in the 
presence of the cyanobacterium Hormothamnion enteromorphoides. These larval experiments show that some macrophytes 
can reduce coral larval survival and settlement even in the presence of highly preferred substrata.

Introduction

Coral reefs are threatened by multiple stressors and coral 
recruitment is a critical process for the recovery of degraded 
reefs. Biological interactions influence larval settlement and 
can both inhibit and facilitate coral recruitment (Birrell et al. 

2008a; Ritson-Williams et al. 2009). Successful settlement 
and metamorphosis are critical for coral persistence through 
the early life history stages as this is the stage when plank-
tonic larvae transform from planulae to sessile recruits, and 
selecting appropriate settlement substrata is a key step for 
successful recruitment. Multiple factors including substrata 
complexity, predation and competition can all impact coral 
settlement and recruitment success (Doropoulos et al. 2016). 
As marine habitats continue to be degraded it is critical to 
identify potential inhibitors of coral larval settlement to bet-
ter manage habitats for future coral recruitment.

Many factors can influence coral larval settlement, includ-
ing abiotic factors such as water temperature (Nozawa and 
Harrison 2007; Putnam et al. 2008; Randall and Szmant 
2009a, 2009b; Chua et al. 2013; Ross et al. 2013), depth 
(Babcock and Mundy 1996; Carlon 2002; Baird et  al. 
2003), UV exposure (Kuffner 2001; Gleason et al. 2006), 
and water quality (Gleason et al. 2009). Biotic interactions 
are also important, and some species of crustose coralline 
algae (CCA) can increase rates of coral settlement (Har-
rington et al. 2004; Price 2010; Arnold and Steneck 2011; 
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Ritson-Williams et al. 2016a). Conversely, some species of 
macroalgae and cyanobacteria are known to inhibit settle-
ment (Kuffner and Paul 2004; Arnold et al. 2010; Doropou-
los et al. 2014; Webster et al. 2015). As more algal species 
have been tested, there is evidence for settlement inhibition 
by some algal species but not others (Kuffner et al. 2006; 
Birrell et al. 2008a; Diaz-Pulido et al. 2010), suggesting 
species specific interactions. There is currently little infor-
mation on how the larvae of different coral species respond 
to local competition with macroalgae and benthic cyano-
bacteria (together referred to as macrophytes in this paper).

The experiments that test larval settlement inhibition by 
benthic organisms have been limited to relatively few coral 
species. In the Pacific, Acropora spp. are most often tested 
for their larval settlement in the presence of macroalgae 
(Birrell et al. 2008b; Morrow et al. 2017), but other experi-
ments tested larvae of Platygyra daedalea (Diaz-Pulido 
et al. 2010), larvae of Pocillopora damicornis (Maypa and 
Raymundo 2004; Kuffner and Paul 2004), and larvae of 
Montipora capitata (Vermeij et al. 2009). In all of these 
experiments, one or more species of macrophytes reduced 
coral recruitment. In the Caribbean, effects of macroalgae on 
settlement behavior have been studied mainly with the larvae 
of brooding corals. Larvae of Porites astreoides were tested 
for settlement in the presence of algae and cyanobacteria in 
Florida (Kuffner et al. 2006; Paul et al. 2011; Olsen et al. 
2014, 2016), and Favia fragum larvae were tested with Hal-
imeda opuntia in Curacao (Nugues and Szmant 2006). In all 
of these experiments there was also recruitment inhibition 
by macrophytes, except that the experiments with F. fragum 
showed that Halimeda opuntia could increase the settlement 
of coral larvae. Overall, these experiments only tested a few 
coral species and the effect of macroalgae on the recruitment 
of most coral species remains poorly understood.

A series of experiments were conducted to test the effects 
of macrophytes on the larval settlement of three different 
coral species, Acropora palmata, A. cervicornis and Pseu-
dodiploria strigosa. All of these species have been studied 
to determine facilitating settlement cues among CCA species 
(Ritson-Williams et al. 2016a) but have never been tested for 
the impact of benthic macrophytes on their larval ecology. 
Both of the Acropora species were formerly dominant com-
munity members on Caribbean reefs and significantly con-
tributed to reef calcification, but are now rare on most reefs; 
thus they have been listed as threatened under the Endan-
gered Species Act (NMFS 2006). It is critical to understand 
the marine organisms that facilitate or inhibit the recruit-
ment of these coral species if reefs are to be managed for 
recovery. In light of the paucity of data for these three coral 
species we designed a series of experiments to test whether 
common reef macrophytes inhibit coral recruitment even in 
the presence of positive settlement cues. These experiments 
provide novel data for the recruitment ecology of habitat 

forming coral species, which is critical for managing reefs 
for persistence into the future.

Materials and methods

Species studied

Acropora palmata, A. cervicornis and Pseudodiploria 
strigosa are common shallow water corals found throughout 
the Caribbean basin. All three of these coral species can be 
found at a range of depths from 1 to 20 m (except A. pal-
mata, which is rarely found below 5 m) and were monitored 
for spawning on reefs in shallow depths (< 4 m) adjacent 
to Carrie Bow Cay, Belize, where these experiments were 
conducted. These three coral species are broadcast spawning 
hermaphrodites with external fertilization of their gametes. 
Both A. palmata and A. cervicornis are listed as threatened 
under the Endangered Species Act (NMFS 2006) due to 
drastic decreases in their populations across the Caribbean 
(Aronson and Precht 2001). Pseudodiploria strigosa was 
selected for these experiments along with the two Acropora 
spp. since they all are large habitat forming corals and to 
date they have never been tested for the types of macro-
phytes that might impact their recruitment ecology.

The macrophytes selected were all common on reef flats 
and fore reefs around the Carrie Bow Cay field station. 
These common macrophytes have been observed at many 
locations throughout the Caribbean at depths ranging from 
1 to 20 m and were selected due to their prevalence on some 
reefs and previous literature that showed they compete with 
corals at other life history stages (Kuffner et al. 2006; Box 
and Mumby 2007; Rasher et al. 2010). Dictyota pulchella 
(Fig. 1a) is a common species of brown algae found through-
out the Caribbean basin, and it reduced the settlement and 
metamorphosis of Porites astreoides larvae (Paul et  al. 
2011). This species can dominate benthic habitats and was 
collected in Belize from the fore reef below a depth of 15 
meters. Dictyota bartayresiana (Fig. 1b) was collected from 
a shallow (1 m) sandy back reef habitat adjacent to Carrie 
Bow Cay. The two species of Dictyota had distinct mor-
phological features and distributions that made them eas-
ily distinguishable throughout the experiments. Lobophora 
sp. (Fig. 1c) is another common brown alga that is found 
throughout the Caribbean basin (Slattery and Lesser 2014; 
Vieira et al. 2016). This genus of algae is now recognized to 
consist of multiple species (Sun et al. 2012), but we consist-
ently used the decumbent form found on deeper reefs, which 
was collected from fore reef habitats at a depth of 15–20 m.

The cyanobacterium Dichothrix sp. (Fig.  1d) often 
grows in shallow reef waters as small, dark tufts. This spe-
cies was collected from dead coral on the reef flat adjacent 
to Carrie Bow Cay at a depth of 1 m. Hormothamnion 
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enteromorphoides (Fig. 1e) is a bright green cyanobacterial 
species that can be found circumtropically and sometimes 
forms blooms; it also deters feeding by reef herbivores due 
to its cyclic peptide secondary metabolites (Pennings et al. 
1997). This species was collected from a sandy patch reef on 
the reef flat at a depth of 2 m. Caldora penicillata (Fig. 1f) is 
a circumtropical, chemically rich cyanobacterial species that 
is frequently observed during the summer months in Belize 

(Engene et al. 2015). This species can be found abundantly 
at a range of depths (1–25 m) and was collected from the 
fore reef at a depth of 15 m.

Collection and rearing of coral larvae

For all three coral species, adult colonies were monitored 
in the field approximately 2–4 h after sunset on nights 2–7 

Fig. 1   Photographs of the algae 
and cyanobacteria treatments 
used in the experiments. a 
Dictyota pulchella b Dictyota 
bartayresiana c Lobophora 
sp. d Dichothrix sp. e Hor-
mothamnion enteromorphoides 
f Caldora penicillata 



	 Marine Biology (2020) 167:31

1 3

31  Page 4 of 12

after the full moon in late July or August. If a colony was 
observed to “set” (shortly before a colony spawns, the 
gamete bundles are held in the mouth of its polyps), it was 
covered with a gamete collection net. The net was made of 
rip stop nylon and served to funnel the positively buoyant 
gamete bundles into a plastic 0.3 L jar at the top of the net. 
The nights of spawning for each coral species are listed in 
Table 1. After the colonies finished releasing their gamete 
bundles the plastic jars were removed, covered and imme-
diately transported back to the laboratory. As soon as the 
gamete bundles broke apart, typically within 30 min, the 
eggs and sperm for each individual colony were passed over 
100 µm nitex, which filtered the eggs away from the sperm. 
Each cup of eggs was then fertilized with conspecific sperm 
from a different individual. The eggs were held with the 
sperm for an hour to ensure maximum fertilization, and then 
the fertilized eggs were rinsed over 100 µm nitex with sea-
water to remove any excess sperm.

Fertilized eggs were placed in 3–8 larval containers to 
allow the larvae to develop. Each larval container consisted 
of two 4 L plastic buckets nested inside of each other. The 
top container had its bottom replaced with 180 µm (for both 
species of Acropora) or 100 µm nitex mesh (P. strigosa) so 
that fresh seawater could flow through the buckets and over 
the side of the outer bucket without losing any of the devel-
oping embryos. Flowing seawater was constantly supplied 
to all larval containers, which were cleaned 3–6 times every 
day and exchanged for clean containers every 2 days. Larvae 
of both Acropora species were raised for 5–6 days and lar-
vae of P. strigosa were raised for 4 days. All larvae had an 
elongated body form and were observed probing the bottom 
(a sign of metamorphic competence) before they were used 
in the settlement experiments described below.

Larval survival and settlement experiments

Each experiment was deployed on the reef with replicate 
(n = 8 or 10 per treatment) individual larval chambers, each 

containing 100 larvae. The chambers were similar to those 
described in Kuffner et al. (2006) but we used clear acrylic 
tube that was 5.6 cm inner diameter and 10 cm long. The 
chambers had nitex mesh glued to one end and on the other 
end a removable lid with the same size mesh, 180 µm mesh 
for Acropora spp. and 100 µm mesh for P. strigosa. In this 
way, the chamber could be partially submerged and the 
treatments and larvae could be added, and then the lid was 
attached to contain the larvae for deployment in the field. 
In each chamber, a 2 × 5 cm piece of the crustose coralline 
alga Hydrolithon boergesenii was added as positive settle-
ment substrata. Each piece of H. boergesenii was completely 
covered by CCA on the top surface, and the bottom surface 
was chipped to create a clean rock surface. H. boergesenii 
was used because it facilitates the settlement of these spawn-
ing coral species (Ritson-Williams et al. 2016a), and it can 
grow as relatively large individuals making it suitable for 
large-scale replicated experiments.

Treatment algae and cyanobacteria (described above) 
were collected 1–2 days before the experiment and main-
tained in flow-through seawater until their use. Treatment 
algae and cyanobacteria were attached to the top of the piece 
of H. boergesenii with a cable tie (Fig. 2a), with only one 
macrophyte attached to each piece of H. boergesenii. One 
control for each experiment was a plastic aquarium plant 
that was attached to the CCA surface in the same way as the 
macrophytes as a control for space occupation and shading 
(Fig. 2b). In most experiments there was a cable tie control 
that served as a positive control without the presence of any 
macrophyte or plastic plant to ensure that larvae were com-
petent and settlement and metamorphosis occurred. As soon 
as the chambers were prepared with larvae and a piece of 
CCA with a treatment or control attached they were placed 
at a depth of 3 meters on a reef approximately 100 m south 
of Carrie Bow Cay. Chambers were haphazardly distrib-
uted and attached to the benthos with small bungee cords. 
All of the chambers were placed parallel to the prevailing 
current to promote water exchange through the chambers. 
Chambers were checked daily and cleaned of any sediment 
that accumulated. The chambers were left in the field for 
3 days (except for the 2010 A. cervicornis experiment with 
Dictyota spp., which was left for 4 days), after which they 
were returned to the laboratory and scored. All of the larvae 
were counted using a dissecting microscope and were scored 
as swimming, or settled and metamorphosed on one of 4 
substrata; the CCA surface, the rock under the CCA, the 
chamber itself or the treatments (plastic or live algae). Only 
settled larvae that had also metamorphosed were counted 
since settlement alone is a reversible behavior. Very few 
larvae (≤ 0.2%) ever settled on the plastic or live algae, but 
they are included in this calculation to show the total settle-
ment and metamorphosis that occurred in each population 
of coral larvae. The proportion of larvae surviving, which 

Table 1   The date of spawning for the coral species tested in the 
experiments

Numbers in the Experiment column correspond to the figure numbers 
in this manuscript

Coral species Date of spawning Experiment

A. cervicornis August 7, 2009 3a,c
A. cervicornis July 31, 2010 3b,d
A. palmata August 7, 2009 4a,c
A. palmata July 30, 2010 4b,d
A. palmata August 7, 2009 5a,c
A. palmata July 29, 2010 5b,d
P. strigosa July 30, 2010 6
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was the total number of swimming larvae plus those that had 
settled and metamorphosed, and the proportion settled and 
metamorphosed (a sum of all possible settlement substrata) 
were calculated as proportions out of 100 (the initial num-
ber of larvae added to each chamber), and the means were 
calculated with each chamber as an individual replicate. 
Replication was n = 8 or 10 per treatment. In all cases the 
cable tie control was excluded from the statistical analysis 
since this was only used as a positive control to ensure that 
settlement and metamorphosis occurred. The data were arc-
sine square-root transformed, and appropriate groups were 
analyzed with a one-way ANOVA. If these data were not 
normally distributed after transformation (as determined by 
a Shapiro–Wilk test), the original untransformed data were 
analyzed with the non-parametric Mann–Whitney Rank Sum 
test (this was only necessary for the larval settlement data of 
A. palmata exposed to C. penicillata in 2010). In addition, 
a Dunnett’s test was conducted on all datasets to determine 
if there was a difference in survival or settlement and meta-
morphosis for each treatment macrophyte compared with 
the plastic plant control.

Results

When larvae of Acropora cervicornis were tested with 
Dictyota spp. attached to the CCA there was no effect of 
either algal species on larval survival in 2009 (Fig. 3a; 
n = 8, F = 0.51, p = 0.607) and 2010 (Fig.  3b; n = 10, 
F = 2.31, p = 0.119) or settlement and metamorphosis in 
2009 (Fig. 3c; n = 8, F = 0.18, p = 0.836) and 2010 (Fig. 3d; 
n = 10, F = 2.06, p = 0.148). There were not enough A. cervi-
cornis larvae available to test against the cyanobacteria and 
Lobophora sp. treatments.

When larvae of Acropora palmata were exposed to either 
Dictyota pulchella or D. bartayresiana there was a reduc-
tion of larval survival in 2009 in the D. pulchella treatment 
(Fig. 4a; n = 10, F = 3.56, p = 0.042) but there was no signifi-
cant effect of D. bartayresiana on larval survival in 2009. 
Neither of these two Dictyota species caused mortality in 
2010 (Fig. 4b; n = 10, F = 1.36, p = 0.273). There was no 
effect of either of these Dictyota species on settlement and 
metamorphosis in 2009 (Fig. 4c; n = 10, F = 0.92, p = 0.412) 
or in 2010 (Fig. 4d; n = 10, F = 1.64, p = 0.212).

When larvae of A. palmata were tested against cyanobac-
teria and Lobophora sp. attached to the CCA in 2009, there 
was an effect on survival (Fig. 5a; n = 8, F = 3.94, p = 0.018), 
but no significant difference in settlement and metamorpho-
sis among the different treatments (Fig. 5c; n = 8, F = 2.24, 
p = 0.106). Caldora penicillata significantly reduced both 
larval survival and settlement and metamorphosis when 
compared directly to the plastic plant control (Dunnett’s test, 
D = 2.483). Neither Lobophora sp. nor Dichothrix sp. caused 
significant larval mortality or significantly reduced settle-
ment and metamorphosis. When a smaller experiment was 
conducted with just C. penicillata in 2010, it again reduced 
A. palmata larval survival (Fig.  5b; n = 10, F = 22.48, 
p < 0.001) and settlement and metamorphosis (Fig. 5d; 
n = 10, Mann–Whitney Rank Sum: U = 12.0, p = 0.004). 
These larvae were not tested with Hormothamnion entero-
morphoides because this cyanobacterium was not found on 
the reef when these larvae were available.

For larvae of Pseudodiploria strigosa there was a dif-
ference in survival (Fig. 6a; n = 10, F = 2.85, p = 0.035), 
and a difference in the amount of settlement and meta-
morphosis (Fig. 6b; n = 10, F = 4.54, p = 0.004), when 
tested against the different macrophytes. However, for 
larval survival a Dunnett’s test did not detect a difference 

Fig. 2   Photographs of the larval 
settlement chambers used in 
these experiments. a A chamber 
with a piece of Hydrolithon 
boergesenii with Dictyota 
pulchella attached. b A chamber 
with the plastic plant attached to 
a piece of H. boergesenii 
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between any of the macrophyte treatments and the plastic 
algal mimic. Hormothamnion enteromorphoides signifi-
cantly reduced the larval settlement and metamorphosis 
of P. strigosa (Dunnett’s test, D = 2.531). None of the 

other cyanobacteria species or Lobophora sp. significantly 
affected the settlement and metamorphosis of larvae of P. 
strigosa. Larvae of P. strigosa were not tested with Dic-
tyota spp. due to a limited number of larvae.

Fig. 3   Larval survival in a 2009, and b 2010 and the settlement 
and metamorphosis in c 2009 and d 2010 of Acropora cervicornis 
exposed to Dictyota spp. Dotted lines indicate the control and treat-

ments that were statistically analyzed as a group. Black bars are con-
trols, white and gray bars are macroalgae spp
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Discussion

In this series of experiments, there were variable effects 
of macrophytes on the patterns of coral larval survival 
and settlement depending on the coral and macrophyte 

species tested (Table 2). The larvae of A. cervicornis were 
not impacted by the Dictyota spp. tested. The larvae of A. 
palmata had reduced survival and settlement and metamor-
phosis in the presence of C. penicillata and had increased 
mortality in the presence of D. pulchella in 2009, but not in 

Fig. 4   Larval survival in a 2009 and b 2010 and the settlement and 
metamorphosis in c 2009 and d 2010 of Acropora palmata exposed 
to Dictyota spp. Dotted lines indicate the control and treatments that 
were statistically analyzed as a group. Black bars are controls, white 

and gray bars are macroalgae spp. Asterisks indicate a treatment that 
was significantly different from the plastic plant control as deter-
mined by a Dunnett’s test
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2010. P. strigosa had reduced settlement and metamorphosis 
in the presence of Hormothamnion enteromorphoides, but 
was not affected by the other species of macrophytes. These 
results suggest that reefs that have extensive cover of diverse 
macrophytes are more likely to inhibit the recruitment of 
multiple coral species even when facilitating species of CCA 
are present.

Dictyota spp. were previously found to inhibit the settle-
ment and metamorphosis of Porites astreoides (Kuffner et al. 
2006), but they had variable effects on larval mortality of 
Acropora palmata in the experiments presented here. Fur-
ther work testing extracts of Dictyota with larvae of Porites 
astreoides found settlement inhibition to be driven to some 
extent by the algal compounds, possibly including second-
ary metabolites (terpenes) found in Dictyota spp. (Paul 
et al. 2011). It may be that live algae have a few compounds 
on their surface (Lane et al. 2009), but recent experiments 

showed no difference in the effect of whole algal extracts 
compared to algal surface extracts on fragments of adult 
corals (Rasher et al. 2011; Longo and Hay 2017). It may 
be that the reduced survival of larvae of A. palmata in the 
presence of D. pulchella was variable between years due to 
different concentrations of secondary metabolites, or a dif-
ference in the coral larvae themselves. There are a variety of 
abiotic and biotic conditions (different abiotic stress regimes, 
maternal effects, differential response among genotypes) 
that might cause annual variation in larval susceptibility to 
macroalgae.

The brown alga Lobophora variegata has also shown con-
flicting results when tested for its impact on coral recruit-
ment. Lobophora was recently found to be a species complex 
with molecular markers showing extensive genetic diversity 
in the genus (Sun et al. 2012; Vieira et al. 2017), which may 
explain some of these variable results (Vieira 2019). Both 

Fig. 5   Larval survival in a. 
2009 and b. 2010 and settle-
ment and metamorphosis in c 
2009 and d 2010 of Acropora 
palmata exposed to live algae 
and cyanobacteria species. 
Dotted lines indicate the control 
and treatments that were statisti-
cally analyzed as a group. Black 
bars are controls, white bars are 
macroalgae and gray bars are 
cyanobacteria. Asterisks indi-
cate a treatment that was signifi-
cantly different from the plastic 
plant control as determined by a 
Dunnett’s test
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Acropora palifera and Stylophora pistillata had reduced lar-
val metamorphosis in the presence of L. variegata (Baird 
and Morse 2004), and larvae of A. millepora and Porites 
astreoides had reduced settlement in the presence of this 
alga (Kuffner et al. 2006; Morrow et al. 2017). In contrast, 
larvae of Acropora millepora had increased settlement when 

exposed to L. variegata (Birrell et al. 2008b). However, there 
was no effect of live Lobophora sp. on larvae of either A. 
palmata or P. strigosa when the alga was in the presence of 
the positive settlement substratum Hydrolithon boergesenii. 
Some of these published experiments were conducted with 
very different methods than in the present study including 
low replication with live algae (n = 2), live algae soaked in 
still seawater for 90 min, and the use of lyophilized algae. 
These methodological differences might be responsible for 
the different observed impacts on settlement, especially 
between experiments using the same coral species. Alter-
natively, it may be that this alga has variable traits across its 
range. Some, but not all species of Lobophora had allelo-
pathic activity against adult corals (Vieira et al. 2016). With-
out distinguishing among these species of Lobophora it will 
be challenging to understand the diversity of impacts that 
different secondary metabolites might have on coral larval 
settlement. Alternatively, it may be that the larvae of the 
Caribbean coral species tested in our experiments are resist-
ant to Lobophora sp. while larvae from other coral species 
are not.

In the experiments presented here the cyanobacterium 
Caldora penicillata consistently caused mortality and 
inhibited the settlement of A. palmata. Additionally, Hor-
mothamnion inhibited the settlement of P. strigosa. Multi-
ple experiments have shown that cyanobacteria can reduce 
the larval settlement of Porites astreoides (Kuffner et al. 
2006; Ritson-Williams et al. 2016b) and Pocillopora dami-
cornis (Kuffner and Paul 2004). Cyanobacteria produce a 
rich variety of secondary metabolites and one study showed 
that the isolated compound microcolin A can inhibit coral 
recruitment (Ritson-Williams et al. 2016b). Cyanobacterial 
compounds can also stress and kill adult corals (Titlyanov 
et al. 2007). During benthic surveys, cyanobacteria are often 
lumped with turf algae or macroalgae and thus their current 
abundance on coral reefs is probably underestimated. Addi-
tionally, with higher seawater temperatures it seems likely 
that harmful blooms of cyanobacteria will increase in the 

Fig. 6   Larval a survival and b settlement and metamorphosis of 
Pseudodiploria strigosa exposed to live algae and cyanobacteria 
species. Dotted lines indicate the control and treatments that were 
statistically analyzed as a group. Black bars are controls, white bars 
are macroalgae and gray bars are cyanobacteria. Asterisks indicate a 
treatment that was significantly different from the plastic plant control 
as determined by a Dunnett’s test

Table 2   A summary of the 
impacts of macrophytes on 
the larval survival (surv) or 
settlement and metamorphosis 
(sett) of the coral larvae tested 
in this manuscript

A “✓” indicates that this macrophyte was tested but had no significant impact on the coral larvae, and “–” 
indicates that the macrophyte species had a negative impact on either survival or settlement. An empty box 
indicates that macrophyte was not tested against that species of coral larvae in that year

D. pulchella D. 
bartayre-
siana

Lobophora Caldora Dichothrix Hormothamnion

2009 A. cervicornis ✓ ✓
2010 A. cervicornis ✓ ✓
2009 A. palmata – surv ✓ ✓ – surv

– sett
✓

2010 A. palmata ✓ ✓ – surv
– surv

2010 P. strigosa ✓ ✓ ✓ – sett
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future (Paul 2008; Paerl and Paul 2012; Ford et al. 2018). 
Given the experimental results presented here and in other 
studies, increased frequency and extent of cyanobacteria 
blooms should be considered a serious threat to future coral 
recruitment.

These experiments were designed to test whether macro-
phytes can inhibit coral recruitment even in the presence of 
substrata that facilitate the settlement of Caribbean broad-
cast spawning coral species. Importantly, H. boergesenii is 
known as a settlement facilitator for these broadcast spawn-
ing coral species (Ritson-Williams et al. 2016a), although it 
is not common on many modern Caribbean reefs. While its 
abundance might vary among locations, surveys in Belize 
found only 3 individual H. boergesenii on 120 m of tran-
sects, for a total of 0.075 percent cover (Ritson-Williams 
et al. 2014). Settlement facilitation and inhibition probably 
interact, but studies that test the relative importance of these 
processes for coral larvae are rare. It may be that facilitation 
is much more important for new coral recruits to select set-
tlement habitat, especially since macrophyte abundance can 
vary over relatively short time scales (Carpenter 1988). A 
few other experiments have tested coral larval responses to 
macrophytes using a settlement facilitating CCA species as 
the settlement substrata (Birrell et al. 2008b; Diaz-Pulido 
et al. 2010). Both of these studies showed that at least one 
species of macroalgae could inhibit coral settlement even 
in the presence of a positive settlement cue. Further work 
should aim to establish the relative importance of facilitation 
and inhibition for coral recruitment.

The experiments presented in this manuscript highlight 
the species-specific nature of competition on coral reefs, not 
only variation in the impact of different macrophyte species 
to coral larvae, but also variability in the susceptibility of 
larvae from different coral species. There has been exten-
sive experimental work with larvae of Porites astreoides 
in the Florida Keys, and settlement of these larvae can be 
negatively affected by Dictyota spp. (Kuffner et al. 2006; 
Olsen et al. 2014). However, in all of those experiments 
the larvae were offered conditioned settlement tiles that had 
complex communities of biofilms and CCA on their sur-
face. Due to the recent recruitment of CCA on those tiles 
(less than 6 weeks old) it was impossible to determine if 
they had individuals of Hydrolithon boergesenii growing on 
them. Additionally, brooding corals are just as responsive 
to biofilms as they are to facilitating CCA species (Ritson-
Williams et al. 2016a), suggesting that there may be more 
suitable substrata available on present day reefs for brooding 
corals than for spawners.

Coral recruitment is a critical process for coral per-
sistence and there is evidence that multiple stressors can 
reduce coral settlement. The experiments presented here 
only tested one potential stressor, competition with ben-
thic macrophytes. However, it may be that these algae 

are causing sublethal stress to coral larvae, and when 
combined with elevated temperatures, both together may 
interact to further reduce coral larval survival (Ritson-
Williams et al. 2016b). Even though there is a pressing 
need to increase coral recruitment on reefs, there remains a 
paucity of information about what types of benthic habitat 
can increase coral settlement and recruitment. Some ben-
thic competitors inhibit larval survival and settlement even 
in the presence of facilitating CCA species. This research 
highlights the importance of understanding both competi-
tion and facilitation for successful coral recruitment on 
modern reefs.
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