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Abstract  Coral reefs are increasingly degraded due to anthropogenic disturbance and climate change,
transforming them into structurally unstable rubble fields that impede natural recovery and resilience.
Under these conditions, the likelihood of coral reef natural recovery declines significantly in the absence
of human intervention. In 2017, we launched a restoration project by introducing 8 t of natural volcanic
rock into a rubble field near Wuzhizhou Island, Sanya, Hainan Island, China. Comprehensive surveys
were conducted in 2019 and 2023 to assess the long-term impacts of this intervention and verify the
effectiveness of volcanic rocks in rubble field restoration. By 2023, the coral cover had increased to
27.4% in the restoration area, compared to just 10.2% in the control area. Additionally, the recruitment
density of juvenile corals reached 8.33 inds./m? which was nearly 7 inds./m? higher than in the control
area. The restoration area supported 28 fish species in density of 135.37 inds./100 m? while the control
area supported only 9 fish species in density of 20.5 inds./100 m?. Similarly, macroinvertebrate density
was higher in the restoration area (0.59 inds./m?) than in the control area (0.29 inds./m?). These findings
suggest that volcanic rocks offer an effective in situ substrate for coral larvae recruitment, enhancing
the habitat structural complexity of rubble fields and promoting the aggregation of fish and
macroinvertebrates.
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1 INTRODUCTION

Coral reefs are among the most biologically
diverse ecosystems on the Earth. Often described as
the “tropical rainforests of the sea”, coral reefs
occupy less than 0.1% of the marine area but
support nearly 25% of all marine species (Fisher et
al.,, 2015; Boakes et al., 2022). In addition, coral
reefs serve not only as natural coastal barriers
protecting shorelines from waves and storms, but
also contribute over $1 trillion to the global
economy through tourism and related industries
(Moberg and Folke, 1999). In recent decades,
climate change and anthropogenic disturbance have
been regarded as dominant factors in coral
degradation, with global coral cover showing a

consistent annual decline (Hughes et al., 2017). The
increasing frequency and intensity of these pressures
make natural recovery increasingly difficult, as
degraded reefs often transform into unstable rubble
fields (Emslie et al., 2024). This situation underscores
the urgent need for human intervention to restore
this critical ecosystem and ensure the long-term
survival of coral reefs and the services they provide.
(Rinkevich, 2008).

In this context, coral reef restoration research has
gained increasing attention, with various techniques
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significantly improving the survival, growth, and
three-dimensional structure development of transplanted
corals. Current coral restoration research focuses on
coral transplantation techniques, cost-effectiveness,
asexual propagation of reef-building corals, coral
nurseries (Mbije et al., 2010; Rachmilovitz and
Rinkevich, 2017), outplanting methodologies (Yang
et al., 2024), artificial reef design (Perkol-Finkel and
Benayahu, 2004; Zheng et al., 2021), the use of heat-
resistant coral genotypes (Bowden-Kerby, 2023),
and habitat modification of degraded coral reefs
(Rinkevich, 2019). The concept of coral gardening
has introduced innovative approaches for cultivating
coral colonies (Rinkevich, 2021b), and these
methods have become increasingly widespread.
Advances in coral nursery design and the
widespread application of grid plates have improved
the growth rates of transplanted corals (Xia et al.,
2022; Liu et al., 2023). Outplanting, a key technique
in the second phase of coral gardening, is now
widely applied. However, fragmented substrates in
degraded areas limit the applicability of some
restoration methods. For instance, transplantation
methods relying on nails are limited to hard
substrates and are unsuitable for rubble fields
(Huang et al., 2023).

Therefore, restoration techniques based on ecological
engineering principles have been employed to
modify substrate types in degraded reef areas,
thereby facilitating coral reef recovery. These
approaches are designed to promote ecological
processes and restore or enhance ecosystem
functioning, particularly through the stabilization
and rehabilitation of unconsolidated rubble fields
(Rinkevich, 2021a). For instance, the Mars Assisted
Reef Restoration System (MARRS) is widely used
in Indonesia to restore rubble fields damaged by
dynamite fishing (Williams et al., 2019). Similarly,
framed reef modules (FRMs) have been deployed to
rehabilitate fragmented reef areas in the northern
Wuzhizhou Island, China (Liu et al., 2024). A case
study in Fiji reported that V-frames provided
habitats for various invertebrates and served as
substrates for recruitment in rubble fields (Bowden-
Kerby, 2023). Another study demonstrated that
natural rocks can also be used as restoration tools to
stabilize rubble fields in Indonesia, attracting coral
larvae and facilitating the recruitment of coralline
algae (Yanovski and Abelson, 2019). In the Great
Barrier Reef, a biodegradable material called the
“reef bag” was utilized to stabilize loose rubble.
After four years, the rubble piles become stable,

primarily due to the natural binding effects of
colonizing sponges and algae, which enhanced
substrate cohesion (Kenyon et al., 2025). The
application of these ecological engineering restoration
tools has increased the proportion of hard substrates
in rubble fields, promoting coral larval settlement,
facilitating the formation of dense coral patches that
provide fish habitats, and enhancing genetic
diversity (Edwards et al., 2015; Cruz and Harrison,
2017; Fox et al., 2019).

The feasibility of using ecological engineering
restoration methods to create stable substrates for
long-term restoration has been well demonstrated.
However, many restoration studies have focused
primarily on indicators such as coral cover, growth
rate, and three-dimensional structure, while paying
limited attention to the long-term dynamics of
biological community structure and biodiversity
following restoration. Future coral restoration
strategies should focus beyond coral survival rates
to enhancing recruitment and establishment of reef-
associated fauna at restoration sites (Horoszowski-
Fridman et al.,, 2024). This shift will not only
improve the ecological stability of degraded areas
but also provide valuable insights for long-term
ecological restoration efforts.

Volcanic rocks, abundant on Hainan Island,
China, possess porous surfaces, low density and
light weight, making them an ideal material for
coral reef restoration. In 2017, natural volcanic
rocks were employed as a substrate to cover the
rubble fields, aiming to accelerate coral reef
recovery in the northern area of Wuzhizhou Island
and promote long-term ecological sustainability
(Xia et al., 2020). This study focused on comparing
changes in biodiversity and coral community
composition in rubble fields undergoing volcanic
rock restoration after six years. By analyzing data
on substrate types, coral cover, juvenile coral
recruitment, and community composition in both
restored and control areas, we aimed to evaluate the
long-term stability and ecological transformation of
coral communities restored with volcanic rocks. The
results may provide scientific evidence and valuable
data for understanding shifts in biological communities
within coral restoration efforts, potentially contributing
to the refinement of future restoration strategies.

2 MATERIAL AND METHOD

2.1 Study site
Wuzhizhou Island, located in Haitang Bay,
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Sanya, Hainan Province, South China, is a well-
known tourist destination famous for its coral reef
resources. However, over the past few decades,
coral reefs have suffered significant degradation due
to coastal engineering and climate change. Coral
cover sharply declined from approximately 80.0%
in 2007 to 19.1% in 2017, resulting in the formation
of rubble fields in the northern part of the island
(Huang et al., 2020a). The substrate in these rubble
fields mainly consists of gravel, sand, and dead
coral skeletons overgrown with turf algae. These
loose materials, affected by water flow, can cause
coral larvae to suffocate and die upon settlement,
thereby severely hindering their attachment (Kenyon
et al., 2023).

In recent years, increased emphasis on
environmental management and marine resource
conservation by tourism companies and government
agencies has led to more coral reef restoration
projects. In August 2017, we deployed 8t of
volcanic rock (costing $2.5x10%hm?) in a rubble
field in the northern area of Wuzhizhou Island
(18.316 8°N, 109.761 8°E). The rocks were released
from a boat and arranged underwater by scuba
divers. The project covered approximately 232.7 m?
at a water depth of 4-5m (Fig.1). A control area
was established at the same depth, approximately
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10 m from the restoration site. A 50-m fixed transect
was laid, with 1 m on each side designated as the
control zone, totaling 100 m?. The substrate in the
control zone was identical to that in the restoration
area before the volcanic rock deployment. Qualitative
observations revealed that both study areas consisted
of rubble fields with nearly no macroinvertebrate
and fish populations.

Our previous research determined that the
volcanic rocks used in the study ranged in diagonal
length from 20 cm (minimum) to 70 cm (maximum)
on any face, with a mean of 38.2 cm (Xia et al.,
2020). These volcanic rocks were systematically
arranged in a raised grid pattern within the
designated restoration area (Fig2). This study
incorporated data from Xia et al. (2020) collected in
2019. The September 2023 survey focused on the
changes in the coral reef community within the
volcanic rock area and assessed the restoration
effects on the rubble field.

2.2 Substrate-type investigation and temperature
monitoring

Since 2019, a HOBO® temperature data logger
(UA-002-08) has been deployed adjacent to the
volcanic rock restoration area at the same depth to
enable long-term, continuous temperature monitoring,
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Fig.1 The study site in Hainan Island (a) and the close-ups of Haitang Bay (b) and Wuzhizhou Island (c¢)
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Fig.2 Status of volcanic rock substrate in 2017, 2019, 2020, and 2023

with data recorded every 15 min. In 2023, the line
intercept transect method was employed to record
the substrate types in the volcanic rock restoration
arca. Three transects were established, oriented
approximately 120° apart to encompass the volcanic
rock restoration area. Divers used GoPro 10 (GoPro
Inc., USA) cameras to record the substrate types under
the transects, and the video data were subsequently
analyzed in the laboratory. Substrate types were
documented at every 10-cm mark along the belt
transect and categorized as Rock (>15cm), Stony
coral, Soft coral, Rubble, Zoanthids, Sand, Macroalgae,
and others (Huang et al., 2020a). Coral species were
identified based on Dai and Cheng (2020), Huang
(2018), and the Corals of the World website (Veron
et al., 2024), supplemented by photographs and
field observations. Coral classification followed
the standards outlined in the 2020 edition of
“Classification and Identification of Reef-Building
Corals in China” (Huang et al., 2020b).

2.3 Community composition and juvenile coral

2.3.1 Juvenile coral recruitment

Juvenile coral density (diameter 0.4—5 cm) was
quantified in at least 48 randomly placed quadrats
(40 cmx70 cm) across both the restoration and
control areas. Juvenile coral density was calculated
as the ratio of the total number of juveniles to the
total quadrat area.

2.3.2 Community composition survey

Surveys of macroinvertebrate and fish community
composition were conducted using video footage
captured by divers with a GoPro 10 (GoPro Inc.,
USA) underwater camera (240 frames at 2.7-k
resolution). Divers swam at approximately 5 m/min
in a single direction within the volcanic
rock restoration area, recording all observed
macroinvertebrates and reef fish until returning to
the starting point to prevent duplicate observations.
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Due to the intricate three-dimensional structure of the
volcanic rocks, only macroinvertebrates on the surface
and within crevices were recorded to prevent
disturbing the substrate and attached corals. The
survey methodology for macroinvertebrates and fish
followed Xia et al. (2022). To ensure data accuracy,
photos and videos were validated in the laboratory
for species identification and community
composition analysis.

In the control area, divers swam above the belt
transect using a GoProl0 underwater camera (240
frames at 2.7-k resolution, GoPro 10 (GoPro Inc.,
USA)) to record macroinvertebrates and coral reef fish
that appeared within 1 m on either side of the
transect. Subsequent video analysis in the laboratory
documented the species and numbers of
macroinvertebrates and reef fish, ensuring accurate
and detailed data collection. Macroinvertebrates
were categorized as sea cucumbers, sea urchins, sea
snails, crinoids, and starfish, followed Huang and
Lin (2012). Reef fish identification followed Fu
(2013).

2.3.3 Diversity index

Dominant species in the survey area were
identified using the dominance index (Y). Species
diversity was evaluated using the species richness
index (Margalef D), diversity index (Shannon-
Wiener H), and evenness index (Pielou J), with
calculation formulas following Xia et al. (2020).

2.4 Statistical analysis

The Before-After-Control-Impact (BACI)
framework compares the “before” (pre-restoration)
and “after” (post-restoration) conditions of the study
area, as well as the “control” (control area) and
“impact” (restoration site) areas during the same
time periods. A two-way analysis ANOVA was
conducted to test for variation in coral cover and
juvenile coral density across periods (before, after)
and treatments (impact vs. control). This approach
follows the methodology of Adjeroud et al. (2016)
and Osenberg et al. (1994). Results are presented as
the mean+SD. Data analysis and visualization were
performed using SPSS 4.0, Origin 2024, and Adobe
Ilustrator.

3 RESULT
3.1 Temperature monitoring and thermal
disturbance

Wuzhizhou Island is located within the
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Qiongdong upwelling region, identified in studies as
a potential thermal refuge for corals (Zhu et al.,
2022). However, the exact duration of Qiongdong
upwelling events remains unpredictable. Between
2020 and 2022, these upwelling events occurred
earlier and were shorter than anticipated. During this
period, two anomalous high-temperature events
were recorded in the volcanic rock restoration area
from August to October in both 2020 and 2022, with
seawater temperatures exceeding 30 °C (Fig.3),
surpassing the thermal tolerance of corals. Despite
these events, no coral bleaching was observed in the
volcanic rock restoration area. However, several
studies have reported that these high-temperature
events caused coral bleaching in parts of reef areas
across the northern South China Sea and around
Hainan Island (Feng et al., 2022; Lyu et al., 2022;
Zhao et al., 2023).

3.2 Benthic composition survey

The benthic composition survey indicated that
the substrate of the control and restoration area
(before the volcanic rocks were deployed) were
dominated by sand and rubble (>98%) in 2017, the
coral cover in both the restoration and control areas
was 0.22%. Six years after volcanic rock deployment,
coral cover increased to 27.4% (Fig.4a), significantly
higher than the 10.2% observed in the control area.
In the restoration area, 21 species of stony corals
and 3 species of soft corals were recorded
(Supplementary Table S1). The dominant coral
species was Porites cylindrica, covering 17.1%. In
contrast, only 4 species of stony corals were
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recorded in the control area, P. cylindrica also being
the dominant species, covering 8%. In both 2019
and 2023, only one species of macroalgae, Hypnea
pannosa, was observed in both the restoration and
control areas. In 2019, macroalgal cover was highest
in the restoration area, reaching 1.67%, while it was
0.57% in the control area. By 2023, macroalgal
cover decreased to 0.21% in the restoration area,
compared to 0.6% in the control area. Two
hydrocoral species (Millepora platyphylla and
Millepora dichotoma) were documented in 2023.
The benthic coverage of these hydrocorals was
2.17% in the restoration area versus 2.6% in the
control area. In the restoration area, the overall
substrate composition shifted from rubble and sand
to predominantly stony coral and rock (79%)
(Fig.4b). Additionally, soft coral coverage was
0.4%. While coral cover increased to 10.2% in the
control area, the substrate remained predominantly
rubble and sand, accounting for 86% of the total
composition. Significant differences in coral cover
were detected for period, control/impact stations,
and their interaction (periodxcontrol/impact) in the
two-way analysis of variance (Table 1), indicating
that the intervention significantly altered coral cover
in the restoration area.

3.3 Juvenile coral density

In 2017, before volcanic rock deployment, the
density of juvenile corals was 0.15 inds./m* in the
restoration area and 0.22 inds./m* in the control areas
(Fig.5a). In 2023, six years after the deployment of
volcanic rocks, the density of juvenile corals
increased to 8.33 inds./m? significantly higher than
the 1.34 inds./m* in the control area. The juvenile
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Table 1 Results of the two-way analysis of variance
(ANOVA) conducted to test for variation in the
coral cover of among periods (before-2017, after-
2023) and categories of stations (impact vs.

control)
Parameter df F P
Period 1 50.964 0.000
Control/impact 1 10.865 0.011
Periodxcontrol/impact 1 11.148 0.010

coral density of Pocilloporidae species decreased in
2023 compared to 2019 (Fig.5b). However, the total
density of juvenile coral in the restoration area
increased in 2023, with new recruits from the
Poritidae, Euphylliidae, and Merulinidae families
(Fig.6e—f). Soft coral recruitment was observed on
volcanic rock (Fig.6c—d). Poritidae and Pocilloporidae
comprising 86% of the total juvenile corals
(Fig.6a—b). In particular, the Poritidae family exhibited
the most significant increase, reaching a density of
3.03 inds./m* In contrast, the control area maintained
low recruitment density and species quantity,
predominantly consisting of P. cylindrica species.
Additionally, significant differences were observed
in period, control/impact stations, and periodx
control/impact for juvenile coral density in the two-
way analysis of variance (Table 2).

3.4 Community investigation

Six years after the deployment, volcanic rock
positively influenced the reef fish community in the
restoration area. A total of 28 species of reef fish
were recorded in the restoration area (Supplementary
Table S2), with a density of 135.37 inds./100 m?
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Table 2 Results of the two-way analysis of variance
(ANOVA) conducted to test for variation in the
juvenile coral density of among periods (before-

2017, after-2023) and categories of stations
(impact vs. control)
Parameter df F P
Period 1 68.331 0.000
Control/impact 1 36.747 0.000
Periodxcontrol/impact 1 38.436 0.000

(Fig.7a), representing an increase of 14.61 inds./
100 m* compared to 2019. In the control area, only 9
reef fish species were observed at a density of
20.5 inds./100 m*>. However, Dascyllus reticulatus
(Pomacentridae) dominated the restoration area in
2023, accounting for 89.8% of the total fish and
representing a 42.5% increase in Pomacentridae
density since 2019. Other fish families, such as
Labridae, experienced a decline in density.

Six years post-deployment, macroinvertebrate
density in the restoration area (0.59 inds./m?; Fig.7b)
was higher than in the control area (0.29 inds./m?).
The dominant species included sea urchins and
crinoids, with the sea urchin (Diadema setosum)
comprising 60.6% of the total macroinvertebrate
population (Supplementary Table S3), and Comanthus
gisleni being the predominant crinoid species.
Compared to 2019, a marked decline in
macroinvertebrate density was observed in the
restoration area, particularly among crinoids and sea
urchins, which saw reductions of approximately
1.64 and 1.33 inds./m? respectively. However, an
increase in species quantity was recorded, marked
by the emergence of sea cucumbers (primarily,

Synapta maculata), sea snails (primarily, Turbo
chrysostomus), and starfish (primarily, Echinaster
luzonicus). In contrast, the control area was
primarily dominated by the sea cucumber (primarily,
Holothuria edulis).

3.5 Dominance and diversity index

In 2023, P. cylindrica remained the dominant
coral species in both the restoration area (Y: 0.108)
and the control area (¥: 0.099). Coral biodiversity
indices (Shannon-Wiener H, Margalef D, Pielou J)
were higher in the restoration site compared to the
control area (Fig.8a). For reef fish, species richness
(D: 3.15) was significantly higher in the restoration
area than in the control (D: 1.49). However, both
diversity (H: 2.29) and evenness (J: 0.48) were
lower in the restoration area than in the control (H:
2.86, J: 0.90) in 2023. For macroinvertebrates, the
restoration area showed higher values in all
biodiversity indices (H: 2.13, J: 0.59, D: 1.60)
compared to the control area (H: 1.07, J: 0.54, D:
0.62) in 2023. Compared to 2019, species richness
increased in both the restoration and control areas,
although evenness declined.

4 DISCUSSION

The degradation of the coral reef’s three-
dimensional framework and substrate fragmentation,
driven by anthropogenic impacts and climate
change, poses significant challenges to coral
restoration efforts (Loke et al., 2015). This study
employed natural volcanic rocks to stabilize rubble
fields and support the long-term coral restoration.
The coarse and porous surfaces of volcanic rocks
offer a suitable substrate for the settlement of coral
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Fig.6 Coral recruitment in volcanic restoration area
a. juveniles of Pocillopora damicornis and Galaxea fascicularis; b. juveniles of P. damicornis and Acropora; c—d. soft corals attached; e. adults of

Merulinidae; f. juveniles that attached to volcanic rock.

larvae. In addition to facilitating larval settlement,
this restoration approach enhances habitat complexity,
attracting reef fish and macroinvertebrates to
colonize the degraded area. This illustrates that
volcanic rocks serve as a simple yet effective long-
term rehabilitation strategy for transforming ecological
communities in rubble fields.

Six years after the deployment of volcanic rocks,
stony coral cover increased to 27.4%, primarily due
to coral larval recruitment and sustained growth
across the entire restoration area. This corresponds
to an average annual increase of approximately
4.6%. Although this result is slightly lower than the
6% annual growth rate of coral cover reported by
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Fox et al. (2019). Notably, a longer experimental
duration can significantly increase the average
annual coral cover, as both newly settled and
previously attached coral larvae continue to grow
and expand over time. Compared to restoration
studies involving coral transplantation, natural coral
recruitment in volcanic rock restoration areas was
slower due to the longer sexual reproductive cycle
of corals (Randall et al., 2020). However, the rate of
coral cover increase in volcanic rock restoration area
was approaching that of healthy coral reef. A coral
transplantation study in the central Pacific of
Mexico found that restoring coral cover from 5% to
20% after a thermal bleaching event took 20 years
(Martinez-Castillo et al., 2023). Compared to the
degradation of coral reefs caused by climate change,
blast fishing activities have caused greater damage
to the three-dimensional structure of coral reefs.
Following blast fishing, restoring coral cover to
30%—-60% in degraded areas primarily depends on
deploying artificial reefs combined with coral
transplantation, a process that typically requires at
least 3 years (Zheng et al., 2021; Lange et al., 2024).
Therefore, combining volcanic rocks and coral
transplantation may increase the rate of coral cover
expansion. However, this approach also involves
higher restoration costs, necessitating a balance
between ecological benefits and financial feasibility.
The effectiveness of the volcanic rock restoration
method relies on a sufficient supply of coral larvae
in the surrounding marine environments. Coral
larval settlement is often constrained by fragmented
and unstable substrates, which can result in
settlement failure and hinder subsequent growth. To
ensure the persistence and growth of corals in the
restoration area, the coral larvae recruitment rate
must match or exceed the coral mortality rate (van

Woesik et al., 2014). Compared to the control
area, volcanic rock surfaces significantly increased
juvenile coral density, reaching 7.50 inds./m? after
2 years and 8.33 inds./m? after 6 years. These values
exceed the natural larval recruitment rate of
3.75 inds./m* reported for Wuzhizhou Island and
surpass the typical recruitment levels of <7 inds./m?
observed in most coastal reefs around Hainan
Island, including Sanya and Wenchang (Huang et
al., 2020a; Lyu et al., 2024). These results
demonstrate that volcanic rocks provide a favorable
substrate for the settlement and growth of sexually
produced coral larvae. Coral species such as Porites
cylindrica and Pocillopora damicornis accounted
for the majority of coral recruits, possibly due to
their shorter reproductive cycles (Harii et al., 2002).
Additionally, sexual reproduction allows coral
larvae to acquire novel genotypes (Ritson-Williams
et al., 2010), thereby enhancing genetic diversity
and ultimately increasing the resilience of coral
communities (Linden and Rinkevich, 2011).
Macroinvertebrates play a crucial role in
sustaining the structure and functionality of coral
reef ecosystems, and their density is often correlated
with algal cover, biomass, and diversity in coral
reefs (Burkepile and Hay, 2008). Volcanic rocks
offered feeding and habitat areas for snails and sea
urchins, which promoted their aggregation and
reproduction. These macroinvertebrates help regulate
the proliferation of algae (Villanueva et al., 2010),
and this behavioral activity also provides space for
coral larvae to settle (Edmunds and Carpenter,
2001). However, we observed a decrease in sea
urchin density in 2023 (0.37 inds./m*) compared to
2019 (1.7 inds./m?). Nonetheless, sea urchin density
in the volcanic rock area remained higher than the
average density of 0.13 inds./m*> on Wuzhizhou
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Fig.8 The diversity indices
a. coral diversity index; b. fish diversity index; c. macroinvertebrate diversity
index. H: Shannon-Wiener index; D: Margalef index; J: Pielou index.

Island (Huang et al., 2020c). Although our results
demonstrate the aggregation effect of volcanic rocks
on large invertebrates, the accuracy of this finding is
limited by monitoring methods, and we are unable
to conduct a census of the organisms hiding in the
depths and bottom of the crevices in the volcanic
rocks. The complex three-dimensional structure of
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volcanic rocks creates favorable refuges and habitats
for benthic organisms, with certain macroinvertebrates
preferring dark, sheltered environments (Shiell and
Knott, 2008). Currently, research on the influence of
crinoids on coral reef ecosystems remains limited.
Previous studies confirmed that crinoids filter
plankton and suspended particulate matter from
seawater, potentially reducing particle concentrations
in restoration areas, although they are not
considered a primary factor in ecosystem regulation
(Birkeland, 1989). Sea cucumbers contribute to
sediment cleaning and may help inhibit microbial
pathogens in the restoration area. Research indicates
that sea cucumbers can ingest toxic bacteria in
sediments (Clements et al., 2024), reducing the
prevalence of coral reef diseases and supporting reef
ecosystem resilience (Grayson et al., 2022).

The introduction of volcanic rocks enhanced the
structural complexity of the rubble field, facilitating
coral larvae settlement and growth, and contributing
to the development of a three-dimensional reef
framework. This resulted in a significant increase in
both the density and species richness of reef-
associated fish (Richardson et al., 2018). Surveys
conducted in 2019 and 2023 revealed that fish
populations in the restoration area were
predominantly dominated by the Pomacentridae
species, with a significant imbalance compared to
other fish species such as Labridac and Acanthuridae.
This disparity may stem from the territorial
dominance of Pomacentridae species. As highly
territorial and aggressive competitors, these fish
actively exclude other herbivorous fish and
invertebrates to defend their territories, exhibiting
strong survival strategies (Eurich et al., 2018). This
territorial behavior likely contributes to the skewed
fish community structure within the restoration area,
reducing species evenness and overall fish biodiversity.
However, the territorial behavior of Pomacentridae
fish can also benefit coral communities, particularly
in volcanic rock habitats, by safeguarding both adult
and juvenile corals, promoting increased coral
diversity (Schopmeyer and Lirman, 2015). Studies
have demonstrated that Pomacentridae fish protect
corals within their territories from coral-eating fish
such as parrotfish thus promoting coral survival and
growth (Eurich et al., 2018).

In coral reef ecological restoration projects, local
threat factors of degraded coral reefs and site-
specific restoration materials should be comprehensively
evaluated to ensure practical ecological benefits and
cost-effectiveness (Shumway et al., 2025). The use
of volcanic rocks from Hainan Island costs only



1084 J. OCEANOL. LIMNOL., 44(3), 2026

$2.5x10%hm?, significantly lower than some
artificial reef structures (>$2.0x10%hm*) and even
cheaper than elevated frames constructed with
reinforced steel ($1.0x10°-$1.5x10%hm*) (Williams
et al., 2019; Yang et al., 2024; Patterson Edward et
al., 2025). This cost-effectiveness is partly due to
the method’s lack of reliance on large-scale coral
transplantation, reducing the need for costly
professional divers. Additionally, volcanic rocks are
inexpensive and widely available on some islands.
Although coral recovery by the volcanic rock
method is relatively slow, at least our research
provides a simple and low-cost restoration method
and proves that it effectively promotes community
ecological transformation in the degraded area.
Additionally, following long-term ecological
transformation, volcanic rock communities may
offer substantial conservation value. These restored
sites could function as alternative diving locations,
helping to meet tourism demands while alleviating
anthropogenic pressure on adjacent healthy coral
reef ecosystems (Firth et al., 2023).

5 CONCLUSION

In this study, we demonstrated that deploying
locally sourced volcanic rocks to restore rubble
fields is an effective and cost-effective approach for
improving substrate stability, enhancing habitat
complexity, and facilitating coral recruitment.
Furthermore, it played a vital role in transitioning
rubble fields to more stable and resilient coral reef
ecosystems. The findings underscore the potential of
volcanic rock restoration to improve coral diversity
and overall ecosystem health. Future research
should focus on evaluating the integration of
volcanic rock restoration with other coral restoration
techniques to optimize outcomes. This research can
serve as a valuable reference for coral reef
management and inform policy decisions aimed at
preserving these ecosystems. In addition, long-term
monitoring of volcanic rock restoration areas is
essential for assessing their ecological and economic
benefits to coral communities, which are often visible
and appealing to stakeholders, particularly in regions
or enterprises relying on revenues from ecotourism,
such as diving tourism, and recreational fisheries.

6 DATA AVAILABILITY STATEMENT

The research data associated with this article can
be obtained by contacting the corresponding author
through formal request.
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