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Abstract:

Healthy coral reef ecosystems have various functions such as reef-building, reef protection, reef stabilization, wave
protection, shore protection, and the prevention of land erosion. Additionally, coral reef ecosystems are characterized by
high biodiversity, often dubbed the “rainforest” of the ocean, as one of the most crucial ecosystems on Earth. In recent
decades, global coral reefs have been significantly affected or damaged to varying degrees by climate change and human
activities, posing threats to marine ecology and reef safety. This paper outlines the factors influencing coral reef growth,
including global warming, ocean acidification, eutrophication, suspended solids, and tourism activities. It also discusses
the status of coral reefs and viable restoration methods. Finally, this paper proposes an updated strategy for coral reef
conservation, offering fresh insights into coral reef restoration efforts.
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1. Introduction

Globally, coral reefs are mainly between 30°S and 30°N,
concentrated in the Indo-Pacific and Atlantic-Caribbean
sea regions. Although coral reefs occupy just 0.2% of the
world’s ocean area, they harbor 34% of marine life, earn-
ing them the moniker “rainforests of the ocean”. Coral
reefs serve as critical habitats for marine organisms, offer-
ing spaces for spawning, reproduction, dwelling, and pro-
tection from predators. They also furnish human society
with fisheries, tourism opportunities, and coastal ecolog-
ical services [1]. Over recent decades, coral reefs world-
wide have endured considerable degradation, Wilkinsonet
et al. reported a 19% decline in global coral reefs, with
15% in critical condition, 20% under threat, and only 46%
relatively healthy.[2]. Bruno and Selig et al. demonstrated
that between 1997 and 2003, coral cover decreased by
roughly 2% annually on Indo-Pacific coral reefs, amount-
ing to a yearly loss of 3168 km?, with an average coral
cover of 22.1% in 2003 [3]. In the Caribbean, coral cover
plummeted from around 50% in 1977 to approximately
10% by 2001 [4].

Coral reefs are complex three-dimensional ecological
structures with high productivity and biodiversity, dom-
inated by reef-building corals. They represent the largest
marine ecosystems on Earth and are of immense impor-
tance in the evolution of global marine ecosystems. Coral
reef ecosystems hold tremendous ecological, economic,
and cultural values, characterized by high primary produc-

tivity and biodiversity. They serve as breeding grounds for
marine organisms, maintain marine ecological balance,
promote the circulation of marine matter and energy, offer
wave protection, prevent land erosion, and fulfill other
critical functions [5]. It’s estimated that approximately
500 million people reside within 100km2 of coral reef
ecosystems [1]. However, coral reefs are notably sensitive
and fragile ecosystems, vulnerable to the natural elements
and human interference, especially human high-intensity
disturbances resulting in ecological harm on land and at
sea, leading to severe damage to coral reef ecosystems
that may be challenging to recover from [6, 7]. With the
rapid development of society and the economy, human
activities have an increasingly significant impact on the
marine environment, requiring a more favorable environ-
ment for the growth and development of reef-building
corals. When the environmental pressure exceeds the cor-
al’s tolerance level, corals may expel their symbiotic algae
or zooxanthellae, leading to coral bleaching or fatalities,
consequently resulting in coral reef deterioration. This
paper summarizes the main factors affecting coral reef
growth and the principal methods of coral reef ecological
restoration, offering valuable insights for coral reef pres-
ervation efforts.

2. Factors affecting coral growth

2.1 Global warming
The coral growth environment has strict requirements.
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Generally, suitable water temperature for coral growth
ranges from 18 to 30 °C, with optimal water temperature
falling between 25 to 29°C or 25 to 30°C. monthly aver-
age temperature for coral growth is about 13°C, while the
maximum sits at around 31°C. The anomalous rise in sea
surface temperature (SST) caused by climate change has
caused widespread occurrences of mass bleaching and
mortality amongst corals (Scleractinia) in low-latitude wa-
ters globally. Consequently, coral reef ecosystems are rap-
idly deteriorating. [8-10] The warming of seawater due to
global warming is widely recognized as the primary driver
behind coral bleaching on a worldwide scale.[8]. Elevated
seawater temperatures not only impact coral calcification
processes, reducing the rate of coral calcification, but also
destroy the photosystem Il (PSIl) of Cnidaria, affecting
their photosynthesis. This disturbance diminishes or elim-
inates their capacity to provide nutrients and energy to
host corals, disrupting the symbiotic relationship between
corals and Cnidaria. This breakdown can result in the loss
of Cnidaria and, in severe cases, coral bleaching. Over the
past 30 years, coral reefs in numerous regions worldwide
have faced increasingly severe bleaching events [11]. The
powerful El Nifio event in 1997-1998 led to an abnormal
seawater warming, destroying about 16% of the world’s
coral reefs, with the mortality rate of coral reefs in some
reef areas exceeding 90%. Muller et al revealed a positive
linear correlation between the prevalence of coral, and
changes in water temperature [12]. Additionally, bleached
corals exhibited a higher tissue loss rate compared to un-
blanched corals, suggesting that coral bleaching caused
by unusual seawater warming diminishes the resilience of
corals against environmental stressors. With global warm-
ing intensifying, coral bleaching incidents are projected to
become more prevalent in the ensuing decades. There is a
looming expectation that coral reefs might be the first eco-
system to vanish due to global warming by the century’s
end [13].

2.2 Ocean acidification

Ocean acidification occurs when seawater absorbs excess
carbon dioxide from the air, resulting in a decrease in pH.
Seawater should be weakly alkaline, with a pH of about
8.2, and the oceans become acidified when excess carbon
dioxide from the air enters them. Studies have shown that
as of 2012 the pH of the surface layer of seawater has
decreased by 0.1 due to anthropogenic CO2 emissions,
indicating a 30% increase in the acidity of seawater.
Reef-building corals are important calcifying organisms in
coral reef ecosystems and sustain coral reefs by producing
large amounts of CaCO3. Acidification of seawater direct-
ly affects coral calcification. Compared to the pre-industri-
al revolution, the current calcification rate of reef-building

corals is about 20% lower and will decrease by about 50%
when seawater pH decreases by 0.2 units [14]. Crustose
coralline algae can provide a hard attachment substrate
for coral larvae, which is important for the attachment of
coral larvae. However, under high CO2 conditions, the
growth of chitinous coralline algae is inhibited and affects
the attachment and development of coral larvae, which in
turn affects the replenishment of coral populations and the
growth of coral reefs[15]. Although living corals are resis-
tant to seawater acidification, more pronounced dissolu-
tion of aragonite crystal morphology occurs when skele-
tons of dead corals are left in acidified water for 3 months
[16]. Aragonite saturation (Q arag) of 3.5 is considered
to be the limit of coral reef growth [17]. Tropical shallow
waters are still saturated, but the Q arag has declined over
the past century from 4.6 to 4.0. As ocean acidification
accelerates, the Q arag will continue to decline, and by the
time atmospheric CO2 reaches 809.55 mg/m3, only 8% of
the world’s coral reefs will be in waters with an Q arag >
3.5[18].

2.3 Eutrophication

Eutrophication is a phenomenon of water pollution caused
by excessive content of nitrogen, phosphorus, and other
plant nutrients. Under natural conditions, with the riv-
er-entrained alluvial sediment and aquatic organisms’ de-
bris in the bottom of the lake continuing to sedimentation
siltation, the lake will from a poor nutrient lake transition
to a eutrophic lake and then evolve into a swamp and
land, which is an extremely slow process. However, the
discharge of industrial wastewater, domestic sewage and
agricultural runoff into slow-flowing water bodies as a
result of human activities has caused aquatic organisms,
especially algae, to proliferate, altering the number of bi-
ological populations and disrupting the ecological balance
of water bodies. The indicators of eutrophication are gen-
erally used: the content of nitrogen in the water body is
more than 0.2-0.33 ppm, the phosphorus content is more
than 0.01-0.02 ppm, the biochemical oxygen demand is
more than 10 ppm, the total number of bacteria in the
freshwater of pH 7-9 is more than 100,000 per milliliter,
and the content of chlorophyll-a, which characterizes the
number of algae, is more than 10 milligrams per liter.

Coral reefs are highly productive areas of the ocean, but
coral polyps are suited to live in low-nutrient salt environ-
ments. Eutrophication significantly reduces the proportion
of corals containing oocytes, decreases the number of cor-
al oocytes reaching mature size, and reduces coral skeletal
growth rates. Inputs from land-based sources of runoff,
domestic sewage, and aquaculture wastewater discharges
may lead to eutrophication in coral reef waters. At am-
monium concentrations above 1 umol/L, coral fecundity,
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egg size, and fertilization rates are reduced, along with
an increase in the number of malformed embryos and a
decrease in the coral larval replenishment population [19].
Seawater eutrophication also breaks the competitive bal-
ance between corals and macroalgae, making macroalgae
bloom and grow in large quantities in the reef area, result-
ing in the suffocation and death of mature corals; mac-
roalgae will also seize the attachment substrate of coral
larvae, hindering the attachment of coral larvae, leading to
a decrease in coral cover, or even replacing slow-growing
corals as the dominant species, and ultimately altering
the community structure of the coral reef ecosystem. The
growth rate of corals (Porites porites) exposed to macroal-
gae decreased by 80%, and the effect disappeared after
the isolation of both [20]. In addition, Vossh et al. found
that nutrient salt concentration directly affects the rate of
black band disease infection in live corals in both in situ
and indoor nutrient salt addition experiments, indicating
that seawater eutrophication accelerates the rate of coral
disease infection and exacerbates the effects of disease
on corals [21]Bacterial/analysis/isolation &amp; purifica-
tion</keyword><keyword>DNA, Ribosomal/analysis</
keyword><keyword>*Ecosystem</keyword><key-
word>Molecular Sequence Data</keyword><keyword>-
Phylogeny</keyword><keyword>Polymerase Chain
Reaction</keyword><keyword>RNA, Ribosomal, 16S/
genetics</keyword></keywords><dates><year>2007</
year><pub-dates><date>Nov</date></pub-dates></
dates><ishn>0095-3628 (Print.

2.4 Suspension

The suspended matter is organic and inorganic particles
suspended in the water column that cannot pass through
0.45-micron filter paper or filters. Such is difficult to
dissolve in water silt, clay, organic matter, algae, and mi-
croorganisms. Land runoff and beachfront development,
port terminals, bridges, and other marine engineering con-
struction of suspended solids under the action of the sea
current will also have an impact on coral reefs. On the one
hand, the material and energy needed by corals mainly
come from the photosynthesis of the symbiotic zooxan-
thellae, the increase of suspended solids will reduce the
light transmission of the water, affecting the photosynthe-
sis of the zooxanthellae and thus affecting the growth of
corals; on the other hand, suspended solids will also form
sediment that affects coral respiration, fertilization, ad-
hesion, and survival. In general, the average calcification
rate of reef-building corals under light conditions is three
times higher than that under no light conditions [22], and
the greater sediment content of the water column in the
southern Gulf of Mexico leads to lower growth rates of
corals [23]. Babcock et al. determined the growth rates of

coral larvae under different determining attachment rates
and survival rates of coral larvae under different sediment
deposition rates, only 71% of the control group, and the
survival rate after 8 months was only 39% of the control
group [24]. Port excavation in the western and southwest-
ern part of China’s Yongxing Island Reef has caused a
large number of live coral deaths and a significant decline
in coverage. The coral reefs in the Xiaodonghai of Sanya
were affected by the dredging process and dumping of
dredged material, which resulted in a significant decrease
in live coral cover and a significant reduction in coral re-
plenishment [25].

2.5 Tourism activity

The improvement of human living standards led to the de-
velopment of marine leisure tourism, diving projects are
more and more favored by tourists, which makes the coral
reefs have another source of pressure. The factors affect-
ing corals in diving tourism are mainly in three aspects.
firstly, diving tourists’ body parts, diving equipment and
coral contact [26] and boat, destructive behaviors such as
anchoring of the body can directly cause coral skeleton
breakage and tissue abrasion [27, 28]; through underwater
tracking and video analysis, researchers have found that
the flippers and diving equipment of dive tourists often
come into contact with corals, and a few tourists even
walk, kneel, stand, and jump on the reefs. Some studies
have reported that the probability of coral contact by div-
ers ranges from approximately 71% to 97% [29], and that
flipper contact is the most frequent and damaging contact
behavior to corals. In the St. Lucia dive area, 81.4% of
dive tourists were recorded to have contacted corals with
their flippers [30]. Additionally, due to the difficulty of
controlling the body balance of dive tourists underwater,
from

collision with corals [31]. Continuous human contact can
affect the growth of coral communities: on the one hand,
excessive contact can cause coral skeleton breakage and
tissue wear.

On the one hand, excessive touching can cause coral skel-
eton breakage and tissue abrasion. Skeletal damage rates
of corals in diving areas along the west coast of India
increased from 4.83% in 2016 to 11.58% in 2019, with a
cumulative 4-year skeletal damage rate of 33.1% [31].
Secondly, Near-shore tourism development has led to the
discharge of large quantities of pollutants and an increase
in the nutrient salt (mainly ammonium nitrogen) content
of seawater, affecting coral growth conditions. Due to the
discharge of a large number of pollutants into the ocean as
a result of near-shore tourism development, the increase in
the concentration of oxidized nitrogen, organic nitrogen,
and inorganic nitrogen in the water body will harm coral
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physiology. Rising levels of oxidized nitrogen (oxidized
nitrogen) such as nitrate inhibit coral skeletal growth [32]
and reduce coral cover, species diversity, and densities of
Botrytis cinerea in the dive area [33, 34]; live coral cover
and coral abundance per square meter were lower in the
area of higher total organic nitrogen concentrations (0.4
to 0.6 pmol-L-1), higher mortality rates [35]; and elevated
dissolved inorganic nitrogen (DIN) concentrations were
associated with lower temperature thresholds for coral
bleaching in the nearshore of the Great Barrier Reef [36].
Anthropogenic activities can alter the concentration ratios
between nutrients in the water column. When the environ-
ment contains an excess of dissolved inorganic nitrogen,
Wormwood algal cells obtain relatively little phosphate
from the outside world, resulting in a nutrient imbalance,
at which time the maximum light quantum efficiency (Fv/
Fm) of the coral decreases, reflecting an increased sensi-
tivity of the coral to changes in temperature and light [33].
In addition, the continuous elevation of seawater nitrogen
and phosphorus levels also promotes the growth of mac-
roalgae [37], which compete with corals for substrate.
However, in recent years, the mainstream view that “ele-
vated nutrient levels in the water column are the cause of
coral bleaching” has been challenged, and several indoor
experiments on nutrient stress have not found any obvious
negative effects on coral physiology [38]. affected the
growth of corals [39].

Finally, the seafloor sediments are easily stirred with
flippers during diving [40], which leads to changes in
sediment deposition rate and suspended particulate matter
content in the water column; meanwhile, the re-suspen-
sion of sediments can be significantly strengthened by the
increase of human activities. Tanjung Tuan Dive Tourism
Area (Tanjung Tuan, Malaysia) has low live coral cover
due to high sediment content [41]. WIELGUS found that
the suspended sediment content in the Eilat Intensive Dive
Area (EIDA) was twice as much as that of the control
area, which had the same offshore distance and depth [35].
The stirred seafloor sediments will cover the coral surface
and inhibit the normal respiration of corals on the one
hand; on the other hand, it will exacerbate the re-suspen-
sion of sediments, resulting in increased turbidity in the
water column of the reef area. The increase of suspended
particulate matter in the water column will prevent the
settlement and replenishment of coral larvae, thus inhib-
iting coral reproduction and affecting the normal growth
of adult coral populations [42]; the presence of a large
amount of suspended matter in the water column reduces
light transmittance, resulting in a decrease in the photo-
synthetic capacity of the wormwood zooxanthellae; in
addition, corals need to consume a large amount of energy
to remove the sediment that has fallen on their surfaces

[43], which results in the physiological activities used for
growth and reproduction, etc. energy reduction, bleaching
and death.

3. Coral reef restoration

Coral reef ecosystems have great ecological significance
and economic value. Healthy coral reef ecosystems have
the functions of reef-building, reef protection, reef stabi-
lization, wave protection and shore protection, and pre-
vention of land erosion. At the same time, coral reef eco-
systems have high biodiversity, known as the “rainforest”
in the ocean. It is estimated that the asset value of tropical
coral reefs is close to USS$1 trillion [44], and the economic
value of goods and services generated annually exceeds
US$375 billion [45]. In recent years, coral reef ecosys-
tems have been affected or damaged to varying degrees
due to global climate change and human activities such as
land reclamation, jeopardizing marine ecology and island
safety, and the restoration of coral reef ecosystems is cru-
cial.

3.1 Current situation

Coral reef ecosystems have extremely important ecolog-
ical, economic, and cultural values, with high primary
productivity and biodiversity, provide breeding habitats
for marine organisms, maintain the marine ecological
balance, promote the circulation of marine materials and
energy, wave protection, and prevent land erosion [46]. At
the same time, coral reefs are also a sensitive and fragile
ecosystem, susceptible to the natural environment and
anthropogenic interference, especially human high-inten-
sity disturbance on land and sea ecological damage, en-
vironmental pollution, resulting in coral reef ecosystems
seriously damaged, or even difficulty to recover [47]. The
coral reef ecosystems are seriously damaged and even
difficult to recover[7, 47]. Research studies show that in
recent years, coral reefs around the world have been de-
creasing at an alarming rate, at least 20% of global coral
reefs have been degraded or disappeared, and another
50% are threatened to varying degrees, and it is expected
that by 2030, nearly 70% of the world’s coral reefs will
undergo bleaching events[48-50]. Although some studies
have shown that once environmental pressures subside,
ecosystem damage caused by environmental factors can
be recovered naturally, it is not possible to predict the fu-
ture of coral reefs.

Ecosystem damage caused by environmental factors can
be recovered naturally once environmental stresses disap-
pear, but it may take up to 20-25 years, or even hundreds
of years. Human-induced restoration and rehabilitation
can accelerate the process of natural recovery.

The process of natural recovery can be accelerated by
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human-induced restoration and reconstruction. Therefore,
the development and establishment of coral reef ecolog-
ical restoration techniques and strategies have become a
hot research topic in the field of coral reef conservation
and sustainable utilization.

3.2 Coral Reef Ecosystem Restoration Strate-
gies

With the continuous degradation of coral reef ecosystems,
governments, scientists and social welfare organizations
have gradually increased their attention to the protection,
restoration, and sustainable use of coral reef ecosystems.
Coral reef ecosystem restoration is for damaged or de-
clining ecosystems, the use of its restoration capacity and
the necessary artificial aids, to promote its recovery to the
original or close to the original state of the structure and
function, so that the coral reef ecosystem can be rebuilt
process.

According to the degree of damage to coral reefs, coral
reef ecological restoration strategies are generally divided
into three categories: natural restoration, bioremediation,
and ecological reconstruction. For relatively healthy, good
reef-building organisms and reef organisms seed replen-
ishment of mildly damaged coral reefs, its self-recovery
is only a matter of time, to take appropriate measures to
eliminate the pressure, to avoid man-made damage is the
most critical restoration strategy; for some moderately
damaged coral reef ecosystems, its natural recovery may
take up to hundreds of years, man-made interventions can
accelerate the process of natural restoration to promote the
ecosystem’s natural recovery; but for severely damaged
coral reef ecosystems, its natural restoration may take sev-
eral hundred years. For some moderately damaged coral
reef ecosystems, natural recovery may take hundreds of
years, and human intervention can accelerate the natural
restoration process and promote the natural recovery of
the ecosystems. Research shows that Active biodiversity
protection practices and adequate human interventions
could speed up the biological recovery of coral reefs [51].
Effective management of anthropogenic activities and the
adoption of certain bioremediation techniques have curbed
the degradation of coral reef ecosystems and increased
coral cover in some areas [52]. Guzman used artificial
intervention and natural restoration strategies to restore
coral reefs along the Pacific coast of Costa Rica, which
is a successful case of large-scale ecological restoration
of coral reefs, with a total of 110 live coral cuttings trans-
planted from nearby reefs to damaged reefs, and the coral
survival rate reached 79%-83% after 3 years, with growth
rates ranging from 41% to 115%.

Bioremediation refers to the restoration and rebuilding
of one or more damaged organisms within a coral reef

through natural or artificial methods, including artificial
transplantation of desired organisms, and suppression or
killing of disease and enemy organisms, to optimize the
community composition and structure of the degraded
area. For less damaged and relatively healthy coral reefs,
measures to avoid anthropogenic damage are key res-
toration strategies, such as the establishment of marine
parks and nature reserves to allow coral reefs to recover
slowly. The first large-scale ecological restoration of cor-
al reefs was carried out in 1990 in the Indo-Pacific and
Red Sea waters [53]. Natural replenishment of corals for
restoration is very inefficient, and a comparison of the
effects of different sizes of protected areas on coral reef
restoration in the Red Sea region revealed that simple iso-
lation of coral reefs by simply designating a small area of
protected area would have little effect. Although nature re-
serves have improved some ecological parameters of coral
reefs, they are not sufficient to compensate for the impacts
caused by anthropogenic activities. Due to the high cost
and long period of coral reef ecological restoration proj-
ects, there are not many successfully promoted coral reef
restoration cases, among which coral transplantation coral
horticulture, and the removal of hostile organisms are the
most reported restoration methods.

Reef-building corals are the main framework organisms
of coral reef ecosystems, and they are also the key targets
for repairing and restructuring damaged coral reef ecosys-
tems. Coral transplantation refers to the transplantation of
whole corals, coral fragments, or coral larvae to the dam-
aged area, which is widely used because of its low cost
and rapid increase in the number of corals in the damaged
area [54]. Kaly tested different methods of coral transplan-
tation in the Great Barrier Reef of Australia and proved
the feasibility of transplanting coral fragments on a large
scale[55]. Kaly tested different coral transplantation meth-
ods on the Great Barrier Reef, Australia, and demonstrat-
ed the feasibility of transplanting coral cuttings on a large
scale [55]; Shaish et al. increased the coral volume of rose
coral (Montipora digitata) by 3.84 times after 15 months
of transplantation into a degraded reef area [56]; Zhang et
al. carried out a partial experiment on coral transplantation
and established a coral cultivation base on Ximaozhou
Island, Hainan [57]. Okubo et al. suggested combining
coral transplantation with eco-tourism to accelerate the
restoration of coral reef ecosystems [58]; Edwards et al.
suggested that most of the mortality of transplanted corals
occurs in the first 7 months and that the survival rate is
related to the area of transplantation, the mortality rate of
corals transplanted to the Hawaiian Islands ranged from
5% to 50% after 2 years, and that of corals transplanted
to Armoflex Reef was 28 months, and the survival rate
of corals transplanted to Armoflex Reef was 28 months,
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and the survival rate of corals transplanted to Armoflex
Reef was 28 months. Corals transplanted to the Armoflex
Reef had a 28-month survival rate of about 50%, while
corals transplanted to a small area on the Mexican island
of Cozumel had a survival rate of 97% within 1 month.
In addition, studies have shown that factors such as coral
species, size, transplantation protocol, and transplantation
environment also affect the survival of transplanted corals
[57, 59, 60]. Therefore, it is necessary to carry out investi-
gations and assessments before transplanting corals; blind
transplantation not only fails to achieve the expected re-
sults, but also may harm the coral donors. When the dom-
inant species in the damaged or degraded area are in the
transition from stony corals to soft corals or macroalgae,
or the degradation is caused by coral larvae reduction, un-
stable substrate, but the water quality is suitable for coral
growth of the reef, it is suitable for restoration using coral
transplantation method.

Coral horticulture refers to the cultivation of coral frag-
ments or larvae in a specific marine area, and then trans-
planting them to damaged or degraded areas when they
grow to a suitable size, which is less damaging to the cor-
al tissues, and the mortality rate of the transplanted corals
is lower [61, 62]. The concept of coral aquaculture was
first proposed by Rinkevich in 1995 and has been widely
applied in the Caribbean Sea, Red Sea, Singapore, Philip-
pines, Japan, etc. [63]. Mbije et al. used coral aquaculture
to cultivate corals in Zanzibar and Mafia Islands for the
restoration of damaged coral reef ecosystems in Tanzania
[64]. Shafir et al. used a suspension coral culture system
in the Red Sea to restore the coral reefs in Tanzania. In the
Red Sea, Shafir et al. tried to cultivate corals by using a
plastic net suspended in the water as a seedbed for corals,
and then transplanting the corals when they grew to a suit-
able size and achieved good restoration results, and the
transplanted corals grew faster and had a survival rate of
more than 80 % [65]. Oren et al. transplanted corals onto
PVC boards fixed on ropes, and the results showed that
vertically placed PVC boards were more suitable for the
growth of corals than horizontally placed PVC boards [66].
The main reason is that the vertically placed PVC boards
have less sediment, less covered algae, and fewer hostile
organisms[66]. Rinkevich (2015) further proposed a new
commercially viable ecological restoration method based
on the concept of coral horticulture that could expand the
market for ecological restoration of coral reefs [62].
Seedlings are the basis and prerequisite for coral trans-
plantation and coral horticulture, and how to improve
the tolerance and recovery ability of corals and other
organisms to the environment is also an important part of
coral reef ecological restoration. Studies have shown that
domestication and selective breeding of corals can im-

prove the tolerance ability of corals [67, 68]. Van Oppen
et al. (2015) transplanted coral larvae from a relatively
high-temperature zone to a low-temperature zone of a cor-
al reef for hybridization, which significantly improved the
temperature tolerance of newborn corals [69]. In addition,
selective inoculation of Xanthophyllum worms [70] and
reorganization of coral-symbiotic microbial phyla struc-
ture [71] can also change the tolerance ability of corals,
but the relevant studies are still in the laboratory stage,
how to improve the coral’s adaptive ability to the environ-
ment from the genetic level, as well as the possible eco-
logical impacts of genetic modification need to be further
evaluated and investigated.

Removal of hostile organisms mainly includes controlling
the number of coral predators (e.g., crown-of-thorns star-
fish), removing overgrown macroalgae, etc., but the rele-
vant studies are still relatively few [72]. On some coastal
reefs, overgrowth and increased abundance of macroalgae
due to eutrophication or reduction of herbivores have
caused corals to face great competition. Ceccarelli et al.
(2018) summarized the ecological roles of macroalgae in
coral reefs evaluated the advantages and disadvantages of
macroalgae removal, and concluded that the coral com-
petition with macroalgae can be reduced by increasing
herbivorous fish or removing macroalgae by humans.
competition between corals and macroalgae provides
sufficient space for coral reproduction and may be an ef-
fective method for coral reef ecosystem restoration, and
the effect of restoration is better by removing macroalgae
sequestrators [72].

3.2.1 Ecological reconstruction

Ecological restructuring is mainly for severely damaged
coral reefs, including habitat restoration and bioreme-
diation, usually based on habitat restoration, and then
biological transplantation. Habitat restoration refers to the
construction of artificial reefs and putting them into the
damaged coral reefs or artificial repair of existing reefs,
reconstructing the coral reef habitat, improving the com-
plexity of the three-dimensional structure of coral reefs,
providing a good and stable habitat for marine organisms
and reproduction sites, to promote coral and other organ-
isms attached, growth, reproduction, and its population
recovery, to accelerate the process of restoration of coral
reef ecosystems. When the three-dimensional structure of
coral reefs is severely damaged, and the coral reef resto-
ration cannot be completed through traditional coral trans-
plantation, artificial reefs are a good choice.

Acrtificial reefs have been tested in many countries for
coral reef restoration, and the most widely used raw mate-
rials for artificial reefs include natural reef rock, concrete
blocks, and ceramic blocks [73-75]. Clark et al (1994)
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[76] put 360t of cemented reefs in the Maldives and ob-
served more than 500 corals attached to the reefs after 3
to 5 years. Blakeway et al. (2013)[77] deployed artificial
reefs and transplanted corals in Parker Point, Australia,
and found that the artificial reefs were ideal substrates for
coral growth, and the coral cover increased rapidly after
transplantation. Li Yuanchao et al. put artificial reefs and
transplanted corals in the sea area of Zhaoshu Island for
the current situation of coral reef ecosystems in the Xi-
sha Islands, and found that the restoration effect of only
putting the reefs is relatively ideal, and it is hypothesized
that artificial reefs can promote the restoration of stony
coral communities and accelerate the restoration of coral
reef ecosystems[78]. Recently, it was reported that a new
reef material, microbial-induced calcium carbonate pre-
cipitation (MICP), can effectively solidify and cement the
coral substrate indoors [78]. However, artificial reefs put
into the sea area are easily covered by benthic algae, thus
occupying the ecological niche of corals, causing the coral
community to algal community succession, and affecting
the effect of ecological restoration of coral reefs, while
some areas can prey on the benthic algae and reduce their
coverage, thus promoting coral attachment and growth
[79]. Therefore, the use of artificial reefs to restore coral
reefs requires attention to the balance between related
ecological factors. In contrast, there are fewer cases of
coral reef repair, and the common method is to use cement
and gypsum to bond the cracked coral reefs to restore the
structural integrity of the reefs, and then use transplanta-
tion to repair the coral reef ecosystems and restore the cor-
al populations [80, 81]. In addition, reducing environmen-
tal pressure, improving the living environment, reducing
human activities such as reducing over-exploitation and
utilization, reducing sedimentation brought by the project,
managing pollutants, treating wastewater, removing or re-
ducing hostile and competing organisms can also promote
coral reef habitat restoration and accelerate the process of
ecological restoration of coral reefs.

3.2.2 Monitoring and Assessment

Monitoring and assessment of coral reef ecosystems is
one of the key links in coral reef ecosystem restoration,
through regular assessment of the restoration effect, it can
provide recommendations for the next ecological resto-
ration. Currently, there are few indicators commonly used
to evaluate the effectiveness of restoration, mainly two:
coral growth and survival rate [82, 83]. A few studies have
used these two indicators in combination with a limited
number of other ecological factors. Hein et al. summa-
rized 83 papers on coral reef ecosystem restoration and
found that most of the evaluations of restoration effects
have focused on short-term experiments, with fewer long-

term monitoring and evaluation [84]. 53% of the studies
monitored the state of restored coral reefs for only one
year or less, and only 5% monitored the condition of the
reefs for more than 5 years after restoration.

Firstly, compared with the wide distribution of coral reefs
around the world, the number and area of coral reefs un-
der study are too small; there is a lack of long-term and
continuous monitoring of coral reefs as well as appropri-
ate evaluation criteria for ecological restoration, making it
difficult to evaluate the restoration effect clearly and quan-
titatively; and there are fewer studies on the restoration of
the ecological structure and function of coral reefs during
the process of restoration, such as insufficient research on
the diversity of species, the relationship between organ-
isms, and the material basis of the ecosystems.

Secondly, in terms of the scale of ecological restoration,
most of the restoration remains on a small scale, within
the local area, or focusing on the restoration of a single
community or species. However, the coral reef ecosystem
is a complex system with high biodiversity, and all kinds
of organisms within it are closely and dynamically linked
together, and the interrelationship is very complicated.
Coral reef restoration and rehabilitation should gradually
shift from ecological restoration of specific species or in-
dividual ecosystems to large-scale ecological restoration,
requiring comprehensive and effective restoration of eco-
system structure, function, biodiversity, and sustainability.
Although there are successful cases of multi-dimensional
ecological restoration technology and demonstration
based on systematic thinking and key function restoration,
the systematic restoration theory, technical system, and
application promotion need to be further explored and im-
proved.

Thirdly, lack of comprehensive cost and benefit assess-
ment. Studies have shown that ecological restoration of
coral reefs can not only bring significant economic ben-
efits to the local and marine industries but also affect the
local socio-cultural values [85-87]. Abelson et al. com-
bined ecological restoration of coral reefs and fisheries
management and concluded that stocking herbivorous
fish is one of the effective ways to restore degraded coral
reefs. Increasing fish biomass can not only increase fish-
ery production but also reduce damage to coral reefs and
improve the compliance of residents with fishery poli-
cies[88]. However, most of the existing studies still focus
on the ecological significance of restoration, and few of
them address the social, economic, and cultural values
of restoration and comprehensive cost estimation [89].
Therefore, it is necessary to comprehensively analyze and
evaluate the value of coral reef ecological restoration.
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4. Conclusion

Coral reefs are formed by the continuous accumulation
and compaction of a large number of coral polyps’ skele-
tons over thousands of years, which is of great importance
in maintaining marine biodiversity. Research results show
that 60% of coral reefs will disappear globally by 2030
[8]. Therefore, given the ecological problems faced by
coral reef ecosystems, the ecological restoration master
plan should be prepared with coral reef ecosystems as the
regulatory unit, to restore the marine ecological service
function, improve the marine ecological environment, and
construct the coral reef ecological landscape, focusing
on the coral reef ecosystem monitoring and assessment,
coral reef ecosystems and key functions of the biological
breeding technology and the protection and restoration of
multi-dimensional coral reef ecosystems. First, a sound
coral reef protection system should be established, rea-
sonable and effective administrative practices should be
formulated for coral reef ecosystems in different regions,
and publicity for coral reef protection should be increased.
Second, carry out long-term field surveys and indoor sim-
ulation experiments to investigate the mechanics of coral
reef deterioration caused by climate change and anthro-
pogenic duress. Third, we will increase the investment in
coral reef ecological restoration research, explore ecolog-
ical restoration measures in depth, and actively promote
the protection and restoration of multi-dimensional coral
reef ecosystems. Fourth, strengthening long-term system-
atic observation of coral reef ecosystems, establishing an
ecological restoration assessment mechanism, and con-
tinuing to carry out tracking and monitoring of coral reef
ecological restoration and assessment of its effects. Coral
reef ecological restoration should adhere to the combina-
tion of demand-oriented, goal-oriented, and problem-ori-
ented, adhere to the concept of ecological priority, “natural
protection and natural restoration as the main, artificial
intervention as a supplement” as the principle, from the
economic, social, cultural and other perspectives, compre-
hensive analysis of coral reef ecological restoration of the
cost and value, to build ecosystem-based coral reefs. The
ecosystem-based coral reef ecological restoration costs
and values should be analyzed from economic, social, cul-
tural and other perspectives, and an ecosystem-based coral
reef comprehensive management framework and regulato-
ry strategy system should be built.
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