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Abstract
Selection of a permanent attachment site of coral larvae can be a critical determinant of recruitment success affecting the 
structure of coral communities and underpins the ability of coral reef ecosystems to recover from disturbance. Settlement 
specificity of a threatened coral in Sanya reefs, Acropora millepora, was tested by measuring the larval metamorphosis 
preferences and post-settlement survival in response to crustose coralline algae (CCA) species Hydrolithon reinboldii and 
other substrata. In the no-choice experiments, the larvae of A. millepora had similar rates of total metamorphosis with the 
presence of CCA regardless of the algae tissue being alive or not, and settlement success induced by CCA was higher than 
by other substrata (tile or glass). In the paired-choice experiments, when CCA was in presence, the coral larvae preferred 
the surface of the dish and the side of living CCA. In the absence of CCA, total larvae metamorphosis was lower than in the 
treatments where CCA was present. New recruits of A. millepora had approximately 68% mean survival on all the settlement 
substrata after 2 weeks maintained in aquaria with flow-through seawater similar to the coral larval sampling site, but with no 
coral spat survival in the treatments where CCA was absent. However, there were statistical differences between the larvae 
survival of dead CCA and glass chips treatment and the others where CCA was present. Our results were consistent with the 
conclusion that some CCA species could facilitate coral larval settlement and post-settlement survivorship, highlighting the 
importance of substrata selection success for facilitating coral recruitment in the threatened coral reefs.

Introduction

Coral reefs are facing intensifying threats worldwide, largely 
due to chronic and acute environmental variability or anthro-
pogenic disturbers. Multiple positive and negative factors 
can influence coral recovery and community dynamics 
(Pearson 1981, Knowlton 2001, Sato et al. 2018). Coral lar-
val recruitment is a crucial ecological process that affects the 
structure and maintenance of reef communities (Price 2010, 
Ritson-Williams et al. 2010, Price et al. 2019).Therefore, 
the successful settlement and recruitment of larvae to the 
optimal substrata is a vital step in the process of popula-
tion recovering from a decimated coral reef (Pearson 1981, 
Polidoro and Carpenter 2013, Kayal et al. 2018). It is well 
documented that corals have an array of life history and lar-
val strategies, hinting there maybe species-specific habitat 
selection for successful recruitment.

Several laboratory studies suggest that numerous coral 
larvae preferred to select particular species of crustose 
coralline algae (CCA) as their settlement substrate (Har-
rington et al. 2004, Ritson-Williams et al. 2010, 2016, 
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Tebben et  al. 2015, Gomez-Lemos et  al. 2018, Siboni 
et al. 2020). Some coral larvae settle and metamorphose in 
response to the microbiological (epiphytic microbial bio-
film) (Webster et al. 2004, Sneed et al. 2014) and chemi-
cal (Sneed et al. 2014, Tebben et al. 2015) cues of CCA. 
Coral larvae are capable of sensing these inducing cues to 
explore suitable settlement substrate (Tran and Hadfield 
2013). But not all species of CCA facilitate larval set-
tlement and some studies show CCA is not required for 
coral larval settlement (Ritson-Williams et al. 2010). In 
addition, some CCA species have mechanisms that inhibit 
the settlement of coral larvae (Harrington et al. 2004). 
Study reported some coral larvae may use spectral cues for 
fine-scale habitat selection during settlement (Mason et al. 
2011). Research found the morphological characteristics 
of dead coral substratum had a significant influence on the 
coral recruitment patterns with respect to the morphology 
of the recruits (Norstrom et al. 2007), and some corals 
prefer recruiting onto live or dead shells (Laju et al. 2019). 
Additionally, (Whalan et al. 2015) suggested specific phys-
ical cues (surface microtopography alone without chemical 
cues) also play an important contributing role in the settle-
ment of coral larvae. Hence, despite the advances in previ-
ous research of the role of CCA as inducers of coral larval 
settlement, it remains unclear whether coral settlement is 
mediated by CCA itself or other related inducers (Ran-
dall et al. 2020). Moreover, the inducing cues involved in 
the inherent feature of CCA had been overlooked in some 
extent.

Acropora millepora used to be a dominant corymbose 
(branching) scleractinian coral throughout the Sanya coral 
reef in shallow water habitats before 2001 (Yu and Zhou 
1996, Lian et al. 2010); however, due to terrestrial inputs 
and human activities, such as over-fishing, diving tour-
ism and dredged sediment (Hutchings and Wu 1987, Fiege 
et al. 1994, Li et al. 2013), it can be only found sporadi-
cally in recent years (Sun et al. 2018). A. millepora is a 
type of hermaphroditic spawner that release its gametes 
into the water column for external fertilization (Zhang 
et al. 2016) and important structural components of shal-
low Sanya reefs (Yu and Zhou 1996). Nevertheless, little 
research had documented on the larval ecology of the spe-
cies in this area.

To better understand the substrate characteristics that 
facilitate larval settlement of a threatened coral species, 
Acropora millepora, in Sanya reefs, we conducted a series 
of manipulative laboratory experiments to elucidate the 
efficiency by a CCA (Hydrolithon reinboldii) and other 
substrate inducing the settlement of coral larvae in the 
Sanya Reefs, Southern China. After the settlement experi-
ments, substrata chips with newly metamorphosed coral 
spat were used to compare post-settlement survival. Here, 
we subjected coral larvae to a multi-choice experiment, 

documenting different strategies in settlement preference 
and post-settlement survival among coral larvae.

Materials and methods

Study site and species

The experiments were conducted at the Tropical Marine 
Biological Research Station in Hainan (109°28’ E, 18°13’ 
N), southern China. It is located at Sanya Bay, and charac-
terized as a tropical habitat with abundant of reef-associate 
organisms in shallow water (< 6 m depth). The corals (A. 
millepora) were monitored in situ at night, and when spawn-
ing occurred, the gamete bundles from 3 to 6 colonies were 
collected with nylon nets, then mixed in a 15 L bucket and 
gently agitated to facilitate bundle disintegration and cross-
fertilization (May 7th, 2016), and maintained in the labora-
tory following methods described by Ritson-Williams et al. 
(2010). Larvae of A. millepora were raised in flowing filtered 
seawater (FSW), and they were used 5 days after fertiliza-
tion for the designed experiments, according to the previous 
studies on the peak settlement period of mass-spawning of 
Acropora (Nozawa and Harrison 2008, Suzuki et al. 2011).

A crustose coralline algae (CCA) species, Hydrolithon 
reinboldii was used as one of the coral larval settlement sub-
strates in the experiments. This CCA species is common 
and widely distributed in shallow benthic habitats (< 6 m 
depth) in the sampling area (Lei et al. 2018). To assess larval 
settlement, H. reinboldii with living and dead tissue, tiles 
made from terracotta, and glass slides were employed in the 
experiments. CCA species were collected at 2–3 m depths 
in Luhuitou fringing reef and cut into uniformly sized chips 
(0.5 × 0.5 × 0.3 cm) raised in flowing seawater for two weeks 
until being used in a settlement experiments. A few of the 
CCA chips were dried in the air for 48 h and keep them in 
a desiccator to produce test materials for the “dead CCA” 
treatments. The tiles and glass slides were cut into the simi-
lar size as the CCA chips and had been pre-conditioned in 
running FSW for 1 month prior to the experiments, and then 
the surface was cleaned with freshwater by a brush before 
utilizing.

Larval settlement and post‑settlement survival 
experiments

For each replicate, 20 active larvae (5 days old) were placed 
in 15 ml FSW in a 5.5 cm diameter plastic petri dish, and 
then they were kept in the air-conditioned room to ensure 
temperature constant (27 ± 0.5  °C). The temperature 
reflected the monthly mean temperature at the site from 
which coral larvae were collected. Petri dishes with 15 ml 
FSW were used as experimental control. Five replicate 
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dishes for each treatment were set up simultaneously with 
a single piece of test chips in each no-choice experiment 
and two of each chips in every paired-choice experiment. 
Experimental dishes were arranged in a randomized block 
design. We did not aerate the experimental dishes because 
the previous study concluded that it could get better recruit-
ment rates if did not bubble air into the vessels (Golbuu and 
Richmond 2007).

For all of the settlement experiments, the number of 
larvae that had metamorphosed on each substratum was 
assessed after 24 h under the dissecting microscope follow-
ing the criteria of Heyward and Negri (1999). Only larvae 
that both settled and metamorphosed were recorded in each 
replicate dish. Larvae could settle and metamorphose on 
three potential substrata in each dish within the no-choice 
experiments: the top surface of the chip, the side of the chip, 
and the dish itself. In the paired-choice experiments, there 
were five possible settlement substrata for settlement and 
metamorphosis: the top surface of each chip (2), the side of 
each chip (2), and the dish (1).

To test the larvae post-settlement survival after the indoor 
settlement experiment, all the unattached larvae were dis-
carded, and the substrata as well as the petri dishes with 
metamorphosed coral spat were maintained in aquaria 
(3.2 m × 1.8 m × 0.8 m) with flow-through seawater for 
14 days. The mean seawater temperature was 27.5 °C, salin-
ity was 33.0 psu, and the average light intensity at the bottom 
of aquaria was 185.0 µmol photons  m−2  s−1, which was close 
to the irradiance at the coral larval sampling site.

Data analyses

Since the experimental dishes were organized in a rand-
omized block design and there was no 100% larval meta-
morphosis, the number of larvae available to settle on any 
substratum type was not limited. This allowed our data to 
be analyzed by a randomized block design ANOVA (one-
way ANOVA), in which each replicate was a block. The 
proportion of larval metamorphosis rates was not normally 
distributed, so they were rank transformed, and then they 
were compared among treatments. Significant groups were 
determined by the Tukey’s HSD post hoc test if there was 
a significant difference of larval metamorphosis among the 
substrata. Statistical calculations were carried out by SPSS 
software v20.0 (IBM Inc.).

Results

Larvae of A. millepora had significant different rate of total 
metamorphosis in response to each treatment (p < 0.001). 
Mean larval metamorphosis varied greatly ranging from 2 
to 73% across the treatments. Larval metamorphosis was 

higher in the treatments with the presence of living or dead 
CCA chips than in the other treatments, either in the no-
choice experiment or in the paired-choice experiment. Addi-
tionally, these experiments showed a wide range of number 
of larvae settled among replicates in each treatment (varied 
from 0 to 17), but the overall rates of metamorphosis were 
higher in choice experiments than that observed in no-choice 
experiments. The control (petri dish) and the glass treatment 
both had the lowest larvae settlement number (replicates var-
ied from 0 to 1); the living and dead CCA treatment had the 
highest larvae settlement number (replicates varied from 11 
to 17), followed by dead CCA treatment (replicates varied 
from 8 to 17) and living CCA treatment (replicates varied 
from 12 to 15).

In the no-choice experiments, larvae of A. millepora had 
significantly different rate of total metamorphosis between 
the CCA chips and other treatments (Fig. 1A, p < 0.001). 
Average metamorphosis was variable in each treatment with 
a range between 2 and 71%, while once larvae detect the 
inducers of CCA chips they prefer to settle on the adjacent 
petri dish.

The control (petri dish, Fig. 1B) and the glass treatment 
(Fig. 1F) both had the lowest metamorphosis (replicates var-
ied from 0 to 5%); the dead CCA treatment (Fig. 1D) had the 
highest metamorphosis (replicates varied from 40 to 90%), 
followed by living CCA treatment (replicates varied from 60 
to 75%, Fig. 1C) and tile treatment (replicates varied from 
0 to 35%, Fig. 1E).

Only the treatments with CCA chips induced more meta-
morphosis than all the other treatments (which were not dif-
ferent from each other). In the CCA treatments, settlement 
and metamorphosis on the side of each chip (living 19%, 
dead 2%) was higher than that on the surface of each chip 
(living 7%, dead 1%).

When compared by the position of settlement onto the 
substrata type, larvae settlement and metamorphosis on the 
surface of the dish in CCA treatments was greater than the 
other treatments. In the living CCA treatment, there was 
significant difference between substrata (Fig. 1C, p = 0.013), 
and more larval metamorphosis on the surface of the dish 
and side of the living CCA chip than that on the living CCA 
chip surface. In the dead CCA treatment, there was also sig-
nificant difference between substrata (Fig. 1D, p < 0.001), 
and more larval metamorphosis on the surface of dish than 
that on the side or surface of the dead CCA chip.

In the paired-choice experiments between living CCA 
chips and dead CCA chips, the larvae of A. millepora had 
different metamorphosis rate onto the five substratum types 
(Fig. 2A, p < 0.001). Living CCA induced higher rate of 
larval metamorphosis on both the side of living CCA chip 
and the surface of dish than that on any of the other sub-
strata. When the choice between living CCA chips and tile 
chips, there was also a difference between substrata (Fig. 2B, 
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p < 0.001), and living CCA induced more larval metamor-
phosis on the surface of dish and living CCA chip and side 
of living CCA chip than that on the other two substrata. 
When the choice between living CCA chips and glass chips, 
there was also a difference between substrata (Fig. 2C, 
p < 0.001). Living CCA induced more larval metamorpho-
sis on the surface of dish and the surface or side of living 
CCA chip than that on the surface or side of glass chip, but 
larvae metamorphosis on the surface of living CCA chip 
did not differ from the surface or side of glass chip. In the 
dead CCA and tile treatments, the surface of dish, dead CCA 
chip, and tile chip and the side of dead CCA chip had more 
larvae metamorphosis than on the side of tile chip (Fig. 2D, 
p < 0.001). Both the surface and the side of dead CCA chip 
had the similar rate of larval metamorphosis (3.2, 3.6%). 
There was no difference in the amount of larval metamor-
phosis on the different substrata except for dish (Fig. 2E, 
p < 0.001) in dead CCA and glass treatments. The tile and 
glass treatments showed no difference of larval metamor-
phosis among settlement substrata (Fig. 2F, p = 0.098), and 
the mean metamorphosis rate on the five different substrata 
was 7% or less.

The mean survival of new recruits of A. millepora was 
approximately 68% on all the settlement substrata after 
2 weeks, but no coral spat survived on the control (petri 
dish), tile and glass treatment (Fig. 3). There were statistical 
differences between the larvae survival of dead CCA and 

glass chips treatment and the others where CCA was present 
(Tukey’s HSD post hoc test, p < 0.05).

Discussion

This study aimed to test the settlement specificity of a threat-
ened coral A. millepora in Sanya reefs by measuring the lar-
val metamorphosis preferences and post-settlement survival 
in response to CCA species H. reinboldii and other substrata. 
The results showed higher settlement and post-settlement 
survival rate of A. millepora in the presence of CCA than 
the other substrata, and regardless if the CCA tissue is liv-
ing or not. These results reflect the inducing cues involved 
in the CCA could facilitate coral larval settlement. This is 
especially important for the coral recruitment processes and 
reconstructing the coral population and community structure 
in the Sanya degrading reefs.

Some species of CCA inducing the settlement of reef-
building coral larvae had been proposed that the induc-
tion was driven by the cues from CCA surface-associated 
biofilms (Webster et al. 2004, Ritson-Williams et al. 2016, 
Siboni et al. 2020) or specific compounds produced by 
CCA (Harrington et al. 2004, Sneed et al. 2014, Tebben 
et al. 2015), and or both (Gomez-Lemos et al. 2018). Other 
research revealed that CCA-chemical compounds (Sneed 
et al. 2014, Tebben et al. 2015) and surface complexity 

Fig. 1  A. millepora larvae metamorphosis in no-choice experiment. 
A. The total larvae settle and metamorphose. B. The petri dish treat-
ments serve as the control. C. Larvae settle and metamorphose on 
three substrata in the living CCA treatments. D. Larvae settle and 
metamorphose on three substrata in the dead CCA treatments. E. Lar-

vae settle and metamorphose on three substrata in the tile treatments. 
F. Larvae settle and metamorphose on three substrata in the glass 
treatments. Bar represent the mean % metamorphosis and SE. Shared 
letters above the bars indicate treatments are not statistically different 
as determined by the Tukey’s HSD post hoc test
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(thallus surface morphological characteristic) (Whalan et al. 
2015, Laju et al. 2019), and color (Mason et al. 2011; Foster 
and Gilmour 2016) could serve as inducers of coral larvae 
settlement. Additionally, study also indicated that not the 
bacterial biofilms on CCA but the CCA cell wall-associated 
compounds did initiate realistic settlement responses to 
coral larvae (Tebben et al. 2015). These findings need not 
be mutually exclusive, for we did not focus on the effect 
of them in this experiment, but our results suggest that the 
physical effects of CCA contributed to the coral settlement.

Furthermore, larvae need direct contact with the CCA 
thallus surface to sense the inducing cues to settle down. 
In our study, there more larvae settled on the surface or 
side of CCA chips than the other substrata (Fig. 1, Fig. 2), 
indicating that coral larvae recognized the inducing cues of 
the CCA for settlement. Moreover, photosynthetic products 
of CCA are not only released to the seawater as dissolved 
organic matter but are also stored in their thallus. The CCA 
organic matter has been shown to serve as a direct or indirect 
inducer of larvae settlement (Johnson and Sutton 1994, Teb-
ben et al. 2015, Gomez-Lemos et al. 2018). In the no-choice 
treatment or the paired-choice treatment, the proportion of 
larvae settled on the surface or side of CCA chips was high 

Fig. 2  A. millepora larval choice experiment. A. Larval metamor-
phosis on different substrata given a choice between the CCA species 
chips with living and dead tissue. B. Larval metamorphosis given a 
choice between the CCA species with living tissue and tiles chips. 
C. Larval metamorphosis given a choice between the CCA species 
with living tissue and glass chips. D. Larval metamorphosis given a 
choice between the CCA species with dead tissue and tiles chips. E. 

Larval metamorphosis given a choice between the CCA species with 
dead tissue and glass chips. F. Larval metamorphosis given a choice 
between the tiles and glass chips. The error bars are  ± SE for the 
mean % metamorphosis. Shared letters above the bars indicate treat-
ments are not different as determined by the Tukey’s HSD post hoc 
test

Fig. 3  Post settlement survival of A. millepora larvae. Substrata with 
newly metamorphosed coral spat were maintained in aquaria with 
flow-through seawater for two weeks. The error bars are  ± SE for the 
mean % survival. Shared letters above the bars indicate treatments are 
not different as determined by the Tukey’s HSD post hoc test
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confirming the results that CCA organic matter could prob-
ably serve as an inducing cue, although it cannot be teased 
apart from our experiments. There were more larvae settled 
on the plastic petri dishes in the treatment when CCA pre-
sent, indicating coral larvae might sense the inducting cue of 
CCA dissolved organic matter in seawater (Gomez-Lemos 
et al. 2018) or that cues were detected at the CCA surface 
but the larvae might prefer to subsequently attach on a more 
inert substrate such as the dish (Tebben et al. 2015).

Research suggested that specific physical cues (surface 
complexity) could also play an important role in coral larval 
settlement. Laboratory-based study indicated CCA surface 
microtopography alone (without chemical cues) induced 
higher larval settlement to the surface holes closely matched 
the larval size (Whalan et al. 2015). The CCA species H. 
reinboldii tested here had a surface similar to Phymato-
lithon-type, and this type of surface had flat cell surfaces 
with a minute central hole (Lei et al. 2020), that was the 
tetrasporangial conceptacle slightly protruding and open to 
the algae surface (40–100 μm). According to the high larval 
settlement rate on the CCA thallus surface, we concluded 
the larvae of A. millepora might prefer this CCA surface 
microtopography. Study also found the dead coral substrate 
might attract coral larvae that are morphologically similar 
(Norstrom et al. 2007), and a field assessment found coral 
recruits (Turbinaria sp., Cyphastrea sp., and Favia sp.) on 
bivalve shells (Modiolus philippinarum) (Laju et al. 2019). 
These results suggest that substrate with a rough surface is 
likely to be a good inducer for the settlement of coral larvae.

Suitable settlement substrata and post-settlement survival 
are the vital steps in the life cycle of reef corals, and thus is a 
key bottleneck for the recovery of the damaged coral popula-
tions. In our experiment, high rates of settlement related to 
high rates of post-settlement survival, which was consistent 
with the results found by (Price 2010, Ritson-Williams et al. 
2010, Price et al. 2019). Especially, each treatment had high 
larvae settlement and metamorphosis and post-settlement 
survival when CCA was present regardless of the algae tis-
sue is living or not.

In conclusion, our study has provided an experimental 
evidence of larval settlement cues from the CCA species H. 
reinboldii. Our results provided a new sight on the roles of 
CCA as inducers (e.g., the physical feature) of coral larval 
settlement. CCA was a strong driver of settlement; how-
ever, whether the CCA tissue was alive or not would influ-
ence where the larvae settled. However, we do not discount 
the possibility that facilitating CCA species host a specific 
biofilm community and the important inducing role of the 
chemical organic products of CCA, for their specific path-
ways as an inducer to the coral larval settlement had not 
been tested in our experiment. As a fundamental process for 
the recovery of degraded coral reef habitats, future studies 
should focus on the in situ presentation and quantification 

of larval responses to CCA inherent cues. This will fur-
ther improve our understanding of the potential of CCA in 
increasing the abundance of corals in Sanya reefs and other 
reef ecosystems.
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