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Abstract
Coral restoration is becoming popular to help restoring degraded coral reefs. However,
few studies have tried to monitor the long-term recovery of coral reefs, which makes it diﬃcult to assess
the performance of the restoration. We monitored the growth of three transplanted Acropora corals and
naturally-attached Pocillopora damicornis on artiﬁcial reefs (ARs) from October 2014 to September 2018
during which there were several attacks of typhoons. Results show that two staghorn Acropora species had
the highest growth rates (11.0–12.1 cm/a), followed by table coral A. divaricate (5.6 cm/a) and P. damicornis
(4.8 cm/a). A linear growth pattern was found for the three Acropora species; the pattern gradually slowed
in P. damicornis. There was a strong interspeciﬁc competition for space among the corals on ARs, and it led
to the sharply declined occurrence of slow-growing P. darmicornis colonies in 2017. Coral recovery was
successful at the Wuzhizhou Island and quickly increased AR complexity. However, the ARs made of metal
frames fail to resist the direct attack from a catastrophic typhoon. Therefore, concrete and environmentalfriendly materials should be used in future restoration. This study is the ﬁrst report on long-term monitoring
and assessment of coral reef restoration in China. The results oﬀer future guide of reef restoration for
impaired coral reefs in regions easily aﬀected by typhoons.
Keyword: coral restoration; artiﬁcial reefs; coral transplantation; Acropora; Pocillopora damicornis

1 INTRODUCTION
Coral reefs are one of the most complex and diverse
ecosystems in ocean. They oﬀer habitats that sustain a
high biodiversity, food, ecological services, and
livelihoods for coastal communities (Moberg and
Folke, 1999). However, coral reefs are increasingly
threatened by natural and anthropogenic stresses.
Many reefs have been severely degraded in recent
years (Pandolﬁ et al., 2003; Zhao et al., 2010; Hughes
et al., 2013). The coastal waters of China are rich in
coral reefs, occupying about 30 000 km2 on China’s
coastal fringing reefs as well as oﬀshore atolls and
islands in the South China Sea (SCS) (Wu and Zhang,
2012; Hughes et al., 2013). Unfortunately, nearly
80% of the corals cover on fringing reefs along
mainland China and around the Hainan Island (Zhao
et al., 2010; Hughes et al., 2013). Corals covering on

oﬀshore atolls in the SCS has declined from an
average of >60% to around 20% in the past 15 years
(Hughes et al., 2013).
Faced with degradation of coral reefs, coral
restoration becomes a feasible way to help restoring
impaired reefs (Harriott, 1998; Rinkevich, 2005;
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Fig.1 Restoration site in the Wuzhizhou Island, Sanya City,
Hainan Province, China
Black circle represents the restoration areas.

Yeemin et al., 2006; Edwards and Gomez, 2007;
Shaish et al., 2008; Muko and Iwasa, 2011; Ng et al.,
2016; Tortolero-Langarica et al., 2019). Many coral
reefs fail to recover naturally without human
intervention (Young et al., 2012). Various methods
have been proposed to accelerate the recovery of
natural reefs, including amelioration or removal of
the stressors, coral gardening, artiﬁcial reefs, coral
transplantation, and the introduction of ﬁsh or
zoobenthos with key ecological functions (Edwards
and Clark, 1999; Shaish et al., 2008, 2010a, b; Omori,
2011; Kheawwongjan and Kim, 2012; Ng et al., 2016;
Richmond et al., 2019). However, coral restoration
via rehabilitation remains a challenge due to poor
understanding of the factors aﬀecting posttransplantation survivorship.
Natural disturbances such as typhoon (Hongo et
al., 2012; White et al., 2017), outbreak of Acanthaster
planci (Lourey et al., 2000; Baird et al., 2013), and
poor management (Rudianto and Zainul, 2019) would
result in the failure of reef recovery. Typhoons are
common natural disturbances on coral reefs and
modify the community structure of reef corals via
mechanical destruction, change in sedimentation and
in turbidity, and decreasing the salinity by heavy
precipitation (Herbeck et al., 2011; Hongo et al.,
2012; Li et al., 2013; White et al., 2017). China is
subjected to at least 10 typhoon attacks every year,
which can lead to severe damages and huge economic
loss (Wu et al., 2007; Liu et al., 2009). Typhoons may
greatly inﬂuence the performance of coral restoration
in vulnerable regions (Shaish et al., 2010a; Wells et
al., 2010). Typhoons increase coral mortality,
detachment of transplanted corals, and speciesspeciﬁc coral bleaching (Shaish et al., 2010a).
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Meanwhile, typhoons result in reef-scale failure of
coral settlement (Doropoulos et al., 2014). Sediment
accumulation caused by rain and typhoons also has a
strong impact on coral communities (Li et al., 2013).
Artiﬁcial reef (AR) techniques are widely used to
coral reef restoration in the southeastern Asia by
oﬀering the substrate for transplanted corals and the
settlement of coral larvae. However, most countries in
this area rarely have typhoons, where ARs are usually
made from PVC tubes, metal shelf, tubular concretes,
or reef balls (Edwards, 2010). AR techniques used in
some regions showed good restoration performance.
Few studies focused on the inﬂuence of typhoon to
coral reef restoration (Shaish et al., 2010a). Therefore,
eﬀorts are needed to evaluate the impact of these
storms on reef recovery (Shaish et al., 2010a; Wells et
al., 2010).
Coral restoration in China begun in 1990s (Chen et
al., 1995). The majority of coral reef restoration was
completed in the past 30 years in the waters around
the SCS, Sanya, the Daya Bay, and the Weizhou
Island, despite that few papers were published on this
topic (Chen et al., 1995; Zhang et al., 2016).
Surprisingly, few studies have tried to monitor the
long-term recovery of coral reefs. It is diﬃcult to
assess the outcome of the restoration in China where
typhoons are common (Wu et al., 2007; Liu et al.,
2009). These data are useful to improve restoration
strategies.
This study is a long-term monitoring project to
evaluate the outcome of coral restoration for an
impaired coral reef in China. We carried out a 4-year
monitoring survey on the growth of three transplanted
Acropora corals and naturally-attached Pocillopora
damicornis on ARs from October 2014 to September
2018. During this period, several catastrophic
typhoons struck this region. Speciﬁcally, the
objectives of the paper were to: 1) monitor the longterm recovery of coral reefs to guide the coral reef in
China; 2) assess if AR techniques widely used in
southeastern countries are suitable to China where
frequently suﬀers from typhoons.

2 MATERIAL AND METHOD
2.1 Study site
The Wuzhizhou Island is located in the northeast of
Sanya City in Hainan Province (Fig.1), which has an
area of 1.48 km2 with the coastline of 5.70 km long. It
is 1.5 km long from east to west, and 1.1 km wide
from south to north. There were abundant coral reefs
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Fig.2 Structure of artiﬁcial reefs
a. the structural design of artiﬁcial reefs; b. the picture of real product; c. the artiﬁcial reefs deployed in the ﬁeld; d. example for measuring horizontal length
of corals (Pocillopora damicornis).

before 2007 dominated by branching Acropora
species, such as Acropora hyacithus, A. formosa, and
A. florida in shallow waters around the island (Wu et
al., 2012). However, in the past decades, the coral
coverage in the Wuzhizhou showed a signiﬁcant
reduction from around 80% in 2007 to 21.5% in 2019
largely due to over-exploitation. The number of
people visiting the Wuzhizhou Island kept increasing
year by year, with an annual growth rate of more than
25%, from 1.02 million in 2012 to 3 million in 2017.
The number of visitors to the diving program also
increased from 119 000 in 2012 to 400 000 in 2017,
with an annual increase of nearly 28%. The increasing
trend of small-scale changes was negatively correlated
to the number of people on the island. The dominant
coral species shifted from an Acorpora-dominated
communities before 2007 to one dominated by
multiple scleractinian corals, such as A. hyacinthus,
Montipora foliosa, Galaxea fascicularis, Porites
lutea, and Pocillopora meandrina.

Considering continuous degradation of coral reefs
in the Island, the coral restoration is gaining increasing
attraction by local governments and stakeholders. The
restoration was carried out in 2014 in the north of the
Wuzhizhou Island (Fig.1). The shallow water (3 m) is
the diving area for tourism in winter and spring. The
depth of the restoration area is about 7 m, where
Acropora communities have ever distributed but there
are only small patches of live corals. On the contrary,
massive dead Acropora skeleton were found.
However, the water quality here is suitable for
scleractinian corals (Supplementary Table S1). A few
juvenile scleractinian corals (<1 year old) grow on
dead coral skeleton, but have high mortality rates
under strong current due to a lack of ﬁxed substrates.
2.2 Descriptions of artiﬁcial reefs
Artiﬁcial reefs (ARs) were employed to stabilize
the substrate and attract the settlement of coral larvae.
The structure of the ARs is showed in Fig.2a, which
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Fig.3 Scleractinian corals on artiﬁcial reefs
Transplanted (a. Acropora florida; b. A. formosa; c. A. divaricate) and naturally-attached corals (d. Pocillopora damicornis) on artiﬁcial reefs.

has been authorized by Patent Oﬃce of the People’s
Republic of China (authorization number: ZL
201610013044.7). The ARs with a two-layer structure
(Fig.2b) were mainly composed of supporting shelves
made of stainless steel and magnesium (Mg)aluminum (Al) alloy mesh covering the supporting
shelf. The site contained a square mesh grid with 5 cm
edge lengths and Mg content of 2%–5% in the alloy.
The restoration area (RA) was about 5 hectares.
About 100 ARs were deployed into the restoration
area. ARs were ﬁxed by divers and tightly packed
together in order to enhance the resistance from
typhoons and strong currents (Fig.2c). In this study,
three Acropora species including A. florida,
A. formosa, and A. divaricata were transplanted on
the ARs (Fig.3), which were widely distributed in
Sanya in the past. The corals collected around the
Weizhou Island are about 6 cm in length for A. florida
and A. formosa, and about 10 cm in length for A.
divaricata (seen ﬁgures in Section 3).
2.3 Monitoring the performance of coral restoration
Growth of corals on ARs were calculated according
to the changes of horizontal length (HL) of corals

(Fig.2d). Corals were ﬁxed by nylon cable ties on the
surface of the ARs. The HL of corals on ARs was
calculated by comparing the diﬀerence between HL
and the side length of aluminium-alloy mesh (5 cm,
Fig.2b & d). The HL information was recorded by
videos and photos. The linear regression or power
function model was ﬁtted for four coral species. Here,
the raw data were used to ﬁt the linear regression and
the slope was the growth rate of corals, and the
average values of HL for each coral species were used
to ﬁt the regression. The linear functions were ﬁtted
for three Acropora species, while power function was
ﬁtted for P. damicornis.
Ten ARs were randomly chosen every year to
semi-qualitatively evaluate the performance of the
type of ARs in coral reef restoration. Coral cover in
the ARs was estimated by the formula:
CC=Scoral/SARs×100, where Scoral represents the area
occupied by live corals on ARs, and SARs represents
the surface area of ARs. The number of four corals on
ARs (A. florida, A. formosa, A. divaricate, and P.
damicornis) was counted to calculate occurrence
frequency and mortality of corals on ARs.
Additionally, to quantitatively compare the
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Fig.4 Variation of horizontal length of transplanted scleractinian corals
a. Acropora florida; b. A. formosa; and c. A. divaricate) and corals naturally attached in artiﬁcial reefs (d. Pocillopora damicornis) with the date. The
boxes span the 75th (top) to the 25th (bottom) percentiles with the central lines indicating the 50th percentile. The vertical lines outside the boxes indicate
the maximum (top) and minimum (bottom) percentiles. The letters above the bar represents the diﬀerences in horizontal length of corals among dates. The
signiﬁcant diﬀerence is P<0.05.

restoration performance in restoration area (RA), the
areas without ARs nearby RA (109°46′02.5″E,
18°19′06.9″N) and on the west side of the island
(109°45′29.9″E, 18°18′28.8″N) was chosen as the
controls, and the coverage of live corals in control
area and RA was surveyed based on the method of
line intercept transect (LIT) from 2014 to 2018. The
detailed procedure of LIT was described in methods
for ecological monitoring of coral reefs by Hill and
Wilkinson (2004).
2.4 Statistical analysis
Tukey test of one-way ANOVA was employed to
compare the diﬀerence of the coral HL over the four
periods (November 2014, March 2015, May 2016,
and September 2017). The signiﬁcant diﬀerence is
P<0.05.

3 RESULT
3.1 Growth of corals on artiﬁcial reefs
The growth of corals on ARs is shown in Figs.4 &
5. Four reef corals showed signiﬁcant growth (Fig.4,
Supplementary Table S2, P<0.01), with a mean HL
increasing from 6.3±1.9 cm/ind. in November 2014 to
41.4±9.7 cm/ind. in September 2017 for A. florida;
from 5.8±1.6 cm/ind. to 38.0±7.4 cm/ind. for A.
formosa; from 12.3±5.5 cm/ind. to 28.7±4.1 cm/ind.
for A. divaricate; and from 3.9±1.4 cm/ind. to
17.2±3.8 cm/ind. for P. damicornis.
Our results show that the four coral species had
diﬀerent growth rates (Table 1). The highest was for
A. florida (12.1 cm/a) and A. formosa (11.3 cm/a),
followed by A. formosa (5.6 cm/a) and P. damicornis
(4.8 cm/a). Linear growth patterns were observed in
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Fig.5 Growth pattern of scleractinian corals transplanted and naturally attached on artiﬁcial reefs
Error bar stands for the standard error (SE). a. Acropora florida; b. A. formosa; c. A. divaricate; d. Pocillopora damicornis.

the three Acropora species, but power-exponential
growth was observed for P. damicornis (Fig.5 and
Table 1) with growth rates from 6.7 cm/a in October
2014 to 3.2 cm/a in September 2017. The slopes,
which are the Acropora growth rates, ﬁtted by raw
data and basically agree with those based on the data
after average processing (Table 1, Fig. 5).
3.2 Performance of coral restoration on artiﬁcial
reefs
The corals that grew on ARs in Wuzhizhou showed
good performance. The Acropora corals covered all
over the surface in some unbroken ARs (Fig.6c–d)
after two years with a variation of coral cover in some
ARs increased from less than 5% in November 2014
to approximately 100% in September 2017 (Fig.6a–d).
P. darmicornis grew well as well, but being far
smaller than Acropora species (Figs.4 & 5). The
number of P. darmicornis colonies declined (Fig.4d).
Continued monitoring the abundance of four corals
on ARs showed that occurrence of P. damicornis on
ARs reduced quickly in 2016, with occurrence from
34% in 2014 to 17% in 2017 (Fig.7), indicating the
reduced number of P. damicornis with intense
intercompetition.

Table 1 Growth rates of transplanted and naturallyattached corals on artiﬁcial reefs
Regression relationship ﬁtted by raw data
Coral species

Fitted curve

R

n

P

Growth
rate (cm/a)

Acropora florida

HL=0.033X+5.96 0.923 178 <0.001

12.1

Acropora formosa

HL=0.031X+6.53 0.937 103 <0.001

11.3

Acropora divaricate HL=0.015X+12.54 0.763 57 <0.001

5.6

Pocillopora damicornis HL=0.013X+4.67 0.878 143 <0.001

4.8

HL: the horizontal length of corals. X: the time (days) from Day 1 (Nov. 13,
2014) to Day 1050 (Sep. 27, 2017).

Compared with two control areas where the
coverage of coral reefs slightly decreased from 2014
to 2018 (Table 2), the mean coral coverage on ARs in
RA sharply increased from <2% in 2014 to 48.6% in
2017, and then sharply declined to less than 10% in
2018 due to the attack of typhoon (Table 2). Typhoons
were a severe problem for coral reef restoration at the
Wuzhizhou Island. Many ARs collapsed, overturned,
and were even completely destroyed by typhoons in
2018, resulting in massive death of many colonies
(Fig.8a); Mortality of corals on ARs sharply increased
(Table 2), though some strong coral individuals were
still thriving (Fig.8b–d).
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Fig.6 Performance of coral restoration from October in 2014 to September in 2017
a. November 2014; b. March 2015; c. May 2016; d. September 2017. P.d: Pocillopora damicornis (red arrow); A.fl: Acropora florida (black arrow); A.fo:
Acropora formosa (purple arrow); M.sp: Montipora sp. (blue arrow).

Table 2 Coverage of live corals and percentage of dead
corals on ARs in the restoration area (RA) and the
coverage of live corals in control areas from 2014
to 2018

100

80

Nov. 2014 Mar. 2015 May 2016 Sep. 2017 Sep. 2018

70
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63.8

NRA and WSI means the nearby restoration area and the west side of the
island, respectively. – means no data recorded in 2017.

4 DISCUSSION
4.1 Growth of corals on ARs
Acropora and P. damicornis had diﬀerent growth
rates and pattern. Staghorn Acropora species had the
highest growth rates, and annual growth rates for A.
formosa reaching approximately 11 cm. It fell in
between 4.7–13.8 cm as previously reported
(Supplementary Table S3, Charuchinda and Hylleberg

20
10
0
Date

Fig.7 Temporal variation of occurrence for four corals
(Acropora florida, A. formosa, A. divaricate and
Pocillopora damicornis) on artiﬁcial reefs
n: the total number of corals recorded on artiﬁcial reefs.

1984; Okubo et al., 2005; Shaish et al., 2008). It was
also close to that grown in land-based aquaculture
systems (10.8 cm/a, Zheng et al., unpublished data),
but higher than that (6.4 cm/a) in a suspended nursery
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Fig.8 Artiﬁcial reefs destroyed by typhoons in 2018 in the Wuzhizhou Islands

near Silaqui Island, Bolinao, Philippines (Shaish et
al., 2008) and that (about 8 cm/a) at a fringing reef in
front of Phuket Marine Biological Center in the
Andaman Sea (Charuchinda and Hylleberg, 1984). P.
damicornis growth rates were similar with previous
studies (Supplementary Table S3, 3.4–6.5 cm/a) by
Shaish et al. (2008) and Tortolero-Langarica et al.
(2014), but was lower than that (6.7–7.2 cm/a) for in
situ coral farming in a highly degraded coral reef in
Singapore (Bongiorni et al., 2011). The regional
diﬀerences in coral growth may be explained by
varied environmental conditions, such as temperature,
pH, nutrients, and suspended particle matter as
potential food sources. These variables aﬀected the
growth of corals both in laboratory and in situ
environments (Harriott, 1998; Fabricius, 2005;
Tortolero-Langarica et al., 2014; Cohen et al., 2016;
Saptarini et al., 2017; Zheng et al., 2018, 2019). These
environment factors potentially limiting calciﬁcation
were likely to vary greatly between locations
(Saptarini et al., 2017). Additionally, some coral
species have been found to have diﬀerent coral

genotype and clade of symbiotic zooxanthellae (Ayre
et al., 1991; Gutner-Hoch and Fine, 2011), which also
determined the coral growth (Gold and Palumbi,
2018).
Four-year monitoring of coral growth on ARs
showed that all Acropora species had linear growth
pattern. Theoretically, branching corals exhibit linear
extension when there is no or low space competition
with other colonies or organisms: this has been widely
observed in Acropora species or other branching
corals, such as Montipora digitata (Charuchinda and
Hylleberg, 1984; Shaish et al., 2008; TortoleroLangarica et al., 2014; Saptarini et al., 2017).
However, seasonal variations in growth rates were
observed for conspeciﬁcs in previous studies, perhaps
due to seasonal ﬂuctuations of temperature (Shaish et
al., 2008; Tortolero-Langarica et al., 2014; Saptarini
et al., 2017), which would strongly aﬀect the growth
of corals in situ (Saptarini et al., 2017). In our study,
we monitored coral horizontal growth for more than
one year; therefore, the growth rates calculated over
such a long-time span would eliminate the temporal
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variation of growth, perhaps aﬀected by diﬀerent
environmental conditions.
Pocillopora damicornis gradually decreased in
growth rates with time in our study. This may be due
to the competition among corals. Interspeciﬁc
competition would reduce the growth of P. damicornis
(Tanner, 1997), due to more energetic cost caused by
ﬁghting among corals (Romano, 1990). Bongiorni et
al. (2011) also reported linear growth for conspeciﬁc
coral in 420 days in coral farming (R2=0.996 in St.
John Island and R2=1 in Lazarus-Fish Farm) when the
size of P. damicornis colonies were small. Here,
P. damicornis growth on the ARs should not be
limited by space in the ﬁrst year; thus, the coral may
grow linearly with time in a short time when growth
rates were expressed as monthly growth rates, as
reported in P. damicornis and two other Pocillopora
species in Islas Marietas National Park, Nayarit,
Mexico (Tortolero-Langarica et al., 2014). However,
ﬁerce competition for space among corals could slow
down the P. damicornis growth and ﬁtness when free
space for colonization was limited for corals on ARs.
4.2 Interspeciﬁc competition among transplanted
acroporids and P. damicornis
Here, we found that the larvae of P. damicornis
quickly settled down on ARs compared to other
acroporids, which could be attributable to its brooding
reproductive mode. P. damicornis can periodically
produce larvae every month (Richmond, 1987) and
asexually breed from isolated colonies via
parthenogenesis (Ayre and Miller, 2004). Therefore,
P. damicornis has the strong colonization ability
(Tanner et al., 1994), allowing for successful
reproduction at low population densities. However,
associated with the quick growth of acroporids after
the transplantation, a strong competition between
acroporids and P. damicornis was observed and P.
damicornis was seemingly the loser of competition,
which was also revealed by the dramatically reduced
number and gradually slow growth of P. damicornis
colonies over time (Figs.5d & 7). It might be related
to the diﬀerent life cycle strategies adopted by both
corals. In reef corals, the growth rate is an important
mechanism of space competition (Lang and
Chornesky, 1990). Most acroporids adopted a
competitively dominant life-history strategy by fast
growth (Darling et al., 2012). They can create large,
arborescent colonies canopies to shade out competitors
for space and light as in our case (Fig.6), making them
eﬀective competitors in ideal environments (Baird
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and Hughes, 2000). Diﬀerently, P. damicornis adopts
weedy or ruderal strategies, which theoretically
reproduces faster and survive in low competition
(Darling et al., 2012). P. damicornis is usually an
opportunistic or pioneer species to colonize recently
disturbed habitats (Tanner et al., 1994; Grime and
Pierce, 2012). These early colonists persist when free
space is present (Tanner and Hughes, 1994). It may be
a response of reproductive mode of corals to the
trade-oﬀ between colonization ability and competition,
as ﬁndings in our case that a number of P. damicornis
naturally attached on ARs survived and grew well in
the ﬁrst years after ARs were deployed (Table 2,
Figs.6b & 7).
Moreover, interspeciﬁc competition incurred a
decrease in growth and ﬁtness for weak corals
(Romano, 1990; Tanner, 1997), and it might further
enhance the competition capacity of acorporids on
ARs. This agreed with the succession of reef-coral
communities in a coral reef reaching a climax
assemblage, that is, slow-growing coral species lose
the competition and fast-growing Acropora corals
dominated in some mature coral reefs (Tanner et al.,
1994). It is common to observe that on the shallow
fore-reef slopes of the Great Barrier Reef, which are
dominated by Acropora and other tabular corals that
have crowded out most other species in other
morphologies (Done, 1982). In our study, a mass of
P. damicornis attached on ARs in March 2015 but
dramatically decreased over time (Fig.7), which
should be the outcome of interspeciﬁc competition
among fast-growing transplanted acroporids and
P. damicornis.
4.3 Performance of coral reef restoration
In the Wuzhizhou Island, the ARs combined with
coral transplantation quickly increased coverage of
corals in RA within two years and greatly increased
AR complexity (Fig.6), demonstrating excellent
performance of coral recovery. It was ﬁrstly attributed
to good water quality and high coral recruitment in
waters around the Wuzhizhou Island (Supplementary
Table S1; Wu et al., 2012; Li et al., 2019). In spite of
high suspended particle matter (SPM, 7–19.2 mg/L)
reported in a previous study (Wu et al., 2012), SPM
seemingly varied temporally (only 4.2–6.0 mg/L in
our case), and remained below the stress threshold of
hard corals (10 mg/L, Rogers, 1990; Li et al., 2013;
Jones et al., 2016). Except for the ammonium (0.59–
2.72 μmol/L), the inorganic nutrient concentrations
(Supplementary Table S1) is close to the levels in the
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pristine area growing coral reefs (0.2–0.5 μmol/L
ammonium, 0.1–0.5 μmol/L nitrate, and <0.3 μmol/L
phosphate, Furnas 1991). The concentration of the
ammonium is beyond the range, but still suitable for
coral survival and growth (Bucher and Harrison,
2000; Bongiorni et al., 2003; Browne et al., 2015;
Zheng et al., unpublished data). The DIN concentration
also approached the values in Hongkong water, where
the highest coral species richness and coral cover
occurred at DIN <2 μmol/L (Duprey et al. 2016). This
ideal environment beneﬁts the colonization of some
weedy corals as pioneer species, such as P. damicornis,
and crusting Montipora species on ARs (Fig.6b). It is
also suitable for the growth of competitive corals,
such as Acropora species. In spite of the strong
competition between transplanted acroporids and P.
damicornis, the results suggested that coral restoration
was feasible in this island by stabilizing substrates or
oﬀering artiﬁcial substrates for the transplanted corals
and for the settlement of coral larvae.
However, typhoons brought severe threat to coral
reef recovery in the Wuzhizhou Island. Catastrophic
typhoons generally cause mechanical damages to
coral communities (Rogers et al., 1982; Herbeck et
al., 2011; Hongo et al., 2012; Li et al., 2013; White et
al., 2017). They overturned massive corals, dislodged
tabular and branching corals, and led to reef-scale
failure of coral settlement (Highsmith et al., 1980;
Doropoulos et al., 2014). Some southeastern countries
rarely have typhoons, where ARs are usually made
from PVC tubes, small tubular concretes, or reef balls
(Shaish et al., 2008; Edwards, 2010; Damayanti et al.,
2011; Xin et al., 2016). This may only be applicable
in naturally protected lagoons or deeper waters (Ogg
and Koslow, 1978; Hongo et al., 2012), but not in
shallow coral reefs that are distributed in relatively
open waters with potential typhoon disturbance.
Several typhoons directly hit Hainan every year (Li et
al., 2013). Catastrophic typhoon Son-Tinh crossed
Hainan in 2018, and overturned and severely damaged
many ARs deployed in Wuzhizhou waters. It caused
severe damage to ARs (Fig.7) and high mortality of
corals on ARs (Table 2). Although the ARs made of
metal frames in our study attracted the larvae
settlements and stimulated coral growth (Li et al.,
2019), it was also not strong enough and was damaged
by strong typhoons.
Besides mechanical damages to ARs structure
(Rogers et al., 1982), SPM and sedimentation
resulting from the typhoons (Herbeck et al., 2011; Li
et al., 2013) are also detrimental to many hard corals
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(Jones et al., 2016). SPM more than ca. 10 mg/L and
sedimentation ca. 10 mg/(cm2∙d) can produce a severe
physiological stress to hard corals (Rogers, 1990; Li
et al., 2013), even resulting in the coral bleaching,
suﬀocation and death, especially for branching
Acropora corals with small polyps (Jones et al.,
2016). Although the concentrations of SPM (4.2–
6.0 mg/L, Supplementary Table S1) did not exceed
the stress threshold for many hard corals sensitive to
environment stress (10 mg/L, Rogers, 1990; Li et al.,
2013), typhoon dramatically increases SPM
concentrations several to even more than a dozen
times during and after the typhoon (Wang et al., 2009;
Herbeck et al., 2011; Li et al., 2013). It could far
exceed the threshold (He et al., 2013; Li and Li,
2016), resulting in the death of many transplanted
Acropora corals on ARs after a strong disturbance
(Fig.8).
In conclusion, this is the ﬁrst report on the longterm monitoring and performance of coral restoration
in China, although coral reef restoration has been
ongoing since 1990s (Chen et al., 1995). Our results
show that the shallow water around the Wuzhizhou
Island was suitable for coral restoration via artiﬁcial
reefs and coral transplantation. However, we must
consider the potential impacts of typhoons. Future
ARs in waters frequently aﬀected by typhoon must
adopt more sturdy and environmental-friendly
materials. They should avoid secondary pollution and
to resist strong current from typhoons. Therefore,
how to combine the more concrete materials and
active metal material should be a future feasible
direction for coral reef restoration in the coastal
waters of China

5 DATA AVAILABILITY STATEMENT
All data generated and/or analyzed during this
study are available from the corresponding author
upon request.
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