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Coral reefs are declining globally, but region-specific drivers of degradation
remain poorly quantified, hindering local conservation policymaking. By col-
lecting two decades of field data from 102 sites across 22 coral reefs in the
northern South China Sea and employing panel regressions and structural
equation modeling, we identify key stressors that are responsible for 40%
(17-50%) of the declines in live coral cover. Local anthropogenic stressors—
overfishing, nutrient pollution from agriculture and coastal urbanization—
collectively explain 73% of live coral coverage variance, outweighing climate-
associated thermal stress. We then propose an Integrated Coast-Reef Man-
agement framework that couples land-sea interventions—prioritizing sustain-
able fisheries, watershed nutrient management, and controls of crown-of-
thorns starfish outbreaks. Spatial simulations indicate that this synergistical
strategy could elevate live coral coverage by two to four times under global
warming scenarios, avoiding reef calcification collapse. Our findings con-
tribute to coral conservation paradigms by highlighting tailored strategies at
the local level beyond globalized approaches, which offer scalable solutions
for regions facing similar pressures.

Coral reefs are the most socio-economically valuable marine ecosys-
tems and have the highest biodiversity on earth’. However, coral
habitats are experiencing rapid degradation due to increasing global
and local stresses from climate change and human activities’. Global
coverage of live reef-building coral is estimated to have decreased by
50% since the 1950s’. The widespread loss of live corals can lead to
detrimental cascade effects, including declines in reef structural
complexity, fish diversity and abundance*’, and diminishing ecosys-
tem services from coral reefs’. Such transformations can greatly
impact coastal communities that rely on coral reefs for sustenance,
particularly in developing nations’®. Therefore, it is crucial to identify

the stressors and develop adaptive management strategies to enhance
reef resilience under climate warming, while minimizing negative
environmental impacts and enhancing coastal sustainability for future
generations’.

The rates of coral reef degradation and loss vary with geographic
location and specific environmental stresses'*"’. Threats to coral reefs
include local stressors such as overfishing, typhoon, crown-of-thorns
starfish (CoTS), tourism, terrestrial pollution, and coastal
exploitation'*”, as well as global stressors” such as ocean warming and
acidification, aggravated by extreme climate events'*". Notably, 61% of
reefs worldwide experience superimposed local and global stressors'®,
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creating nonlinear ecological impacts that challenge predictability
through altered stressors exposure intensity, organismal thresholds,
and compromised adaptive capacity. Current understanding of the
interactions between regional and global stressors remains limited,
largely due to insufficient field data, though some research progress
has been made in regions like the Great Barrier Reef” " and Hawaii®.
Critical knowledge gaps persist in urbanized reef systems where
anthropogenic forcing dominates (e.g., tropical developing countries/
regions). The heterogeneous nature of coral reefs, coupled with
species-specific adaptations and life history traits”*, underscores the
need for region-specific studies to address multiple stressors effec-
tively. Moreover, governance blueprints validated through stake-
holder engagement remain poorly addressed.

To enhance coral reef resilience in the face of climate change and
human activities, integrated land-sea management strategies are
essential®®. Identifying critical stressors from land to sea is crucial for
effective reef conservation transitions>'°, particularly when balancing
human development priorities and conservation efforts. Agriculture
and tourism are the mainstay industries in tropical coastal reef areas.
Overdischarge of nutrients is one of the main factor that connects
human behaviors with the degradation of tropical coastal reefs. Inap-
propriate agricultural expansion and tourism infrastructure develop-
ment (e.g., coastal tourism and sewage systems) drive nutrient leakage
into coastal ecosystems. Material flow and nutrient footprint approa-
ches, such as the NUtrient flows in Food chains, Environment, and
Resource use (NUFER) model, provide valuable tools for quantifying
regional-scale agriculture development by tracing nutrient flows and
losses in food systems to water”*. Unlike conventional models
focusing on single sectors (e.g., croplands or livestock), NUFER’s
integrated approach addresses the interconnectedness of food sys-
tems (crop production, livestock production, aquaculture, and human
consumption), a systemic perspective that makes it particularly
effective in regions with mixed land use and intensive agriculture.
Additionally, there is further improvement in the mathematical ana-
lysis of driver interactions and multi-causality (e.g., credibility of
quantitative analysis), which has been demonstrated in the manage-
ment of ecosystems in both terrestrial and marine environments,
aiding in the identification of critical stressors>*?. These methodol-
ogies are indispensable for developing targeted interventions and
enhancing the resilience of coral reefs to local and global impacts.

Focusing on the northern South China Sea, an urbanized reef
hotspot, this study leverages two decades of systematic monitoring
across 102 sites spanning 22 reefs in the northern South China Sea to
quantify multi-stressor impacts on live coral coverage (LCC) through a
coupled land-sea systems approach. We employ panel regressions and
structural equation modeling (SEM) to perform telecoupling analysis®
and identify the main drivers of LCC change, including abiotic factors
(e.g., sea surface temperature, turbidity, typhoon), biotic factors (e.g.,
fish, macroalgae coverage (MC), CoTS abundance, coral species rich-
ness), socioeconomic factors (e.g., urban sprawl, agriculture devel-
opment), as well as their interactions. Within this, agricultural
development dynamics are quantified via tracing nutrient flows and
losses in food systems using city-scale NUFER models. Based on the
results, we further propose an Integrated Coast-Reef Management
(ICRM) framework with tailored strategies to improve coral reef resi-
lience under ocean warming, more generally, and enable prioritization
of ecological interventions for reef management. To empirically vali-
date intervention efficacy, we implement scenario analyses leveraging
our best structural equation model. Importantly, our scenario ana-
lyses, which consider the interactions and cascading effects of multiple
stressors within the ICRM framework, assess whether and how prior-
itizing interventions under climate warming could be effective in the
recovery of degraded reefs. This systemic approach contributes to a
paradigm shift from reactive conservation to predictive, stressor-
specific management in an anthropogenically complex reef system.

Results and discussion

Live coral coverage trajectory changes

Based on the geographical characteristics and principal component
analysis (PCA) of coral communities and environmental factors (Sup-
plementary Fig. S1), coral reefs in the northern South China Sea can be
clustered into three groups: Hainan East (HNE, Group 1), Hainan South
(HNS, Group 2), and Hainan Xisha (HNXS, Group 3). Over the past two
decades, the mean LCC across these regions declined by about 40%,
with current levels averaging 19% (Fig. 1a, b). Notably, this value is
lower than the average global LCC of 30%”. Subregional declines
varied markedly: the average LCC in Hainan East, Hainan South, and
Hainan Xisha exhibited reductions of 17, 24, and 50%, respectively
(Fig. 1b). This degradation coincided with a pronounced shift toward
stress-tolerant coral taxa dominance, notably Porites spp. (Supple-
mentary Fig. S2), reflecting ecosystem adaptation to escalating envir-
onmental pressures.

Local stressors outpace climate warming impacts on coral reefs
A variety of stressors interact on coral reefs and drive different eco-
logical processes of reef degradation involving top-down (fishing),
bottom-up (eutrophication), and side-in (perturbations causing direct
coral mortality and habitat loss) patterns, etc.”. Based on our field
surveys, we explore the regional patterns of local coral reef degrada-
tion and examine the abiotic and biotic determinants of LCC. We begin
with a set of panel regressions with flexible controls of observed and
unobserved factors using time and location fixed effects to explore the
key factors associated with LCC, followed by the SEM analyses to pin
down the direct and indirect effects of different stressors of LCC and
their interactions. Consistently, both show that human activities,
including fishing pressure and economic development, are the major
determinants of LCC in this study.

The disturbance from fishing can be characterized by changes in
fish abundance or capture fisheries production. Fishing pressure
emerges as the dominant anthropogenic driver across subregions
(effect size = 0.35, 0.52, 0.73, respectively; Fig. 2a and Supplementary
Data 3), with reef fish density showing strong positive correlations with
LCC (Fig. 2a). Specifically, a 10% decrease in fish corresponds to a 7.3,
3.5,and 5.2% reduction of LCC at Hainan East, Hainan South and Hainan
Xisha in the panel regressions, respectively. Destructive fishing prac-
tices (e.g., bottom trawling or blasting fish) drive LCC loss, which
subsequently reduces reef fish populations through habitat degrada-
tion, establishing a self-reinforcing cycle that perpetuates long-term
ecosystem decline”. LCC is also significantly impacted by several other
factors, including macroalgae, CoTS abundance, coral species com-
position, and SST in descending order of effect size (Fig. 2a-d), with
effect sizes varying regionally. In Hainan Xisha, the decline of LCC is
also directly impacted by the other factors, in descending order,
including CoTS abundance (-0.25, p=3.1e-10, Fig. 2a and Supple-
mentary Data 3), coral species composition (0.1, p =0.001, Fig. 2a and
Supplementary Data 3), and macroalgae (-0.02, p < 2e-16, Fig. 2a and
Supplementary Data 3). In Hainan East and Hainan South, the panel
analysis shows that fish abundance has the largest impact on LCC,
followed by macroalgae (effect size =-0.21, —0.48, respectively, Fig. 2a
and Supplementary Data 3), SST (effect size =-0.14, -0.25, respec-
tively, Fig. 2a and Supplementary Data 3), and turbidity (Fig. 2a-c and
Supplementary Data 3). Together, local biogeographical factors such
as declining reef fish density, algal blooms, and CoTS outbreaks pri-
marily explain LCC decline in the three subregions.

Our quantitative results confirm previous qualitative studies
suggesting that the loss of LCC could be more vulnerable to local
anthropogenic disturbances rather than climate change-induced
ocean warming and typhoons in the South China Sea. This regional
specificity likely stems from region-specific conditions (e.g., upwelling
in Hainan East)** and/or the timing and intensity of disturbance
occurrence (e.g., thermal stress) (Fig. 2d, e), and the resilience of corals
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themselves® . Paleoclimatic records reveal the northern South China
Sea endured higher temperatures and stronger El Nifio events than
present conditions over millennial timescales®, with recurrent histor-
ical bleaching episodes failing to drive coral extinction due to inherent
resilience from species or environmental specificity®’*%. Corals possess
the capacity to recover from thermal bleaching (e.g., through accli-
mation and physiological tolerance of phenotypic plasticity) with a
certain level of adaptability®” subject to coral taxa, local disturbances
level, and environmental circumstances®*°. Global marine heat waves

T T T T T T T T
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(MHWSs) have become very frequent and extreme**, and our study
areas have already experienced frequent MHWs since 2014 (Fig. 2e),
indicating rising coral bleaching risks*>. Given this urgency, isolating
and mitigating the impacts of controllable local stressors can provide a
crucial buffer time for the survival of coral reefs.

Long-term effects of fishing stress on LCC
The dual regulatory effects of human activities on both top-down and
bottom-up processes in coral reef ecosystems demonstrate clear
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Fig. 1| The study areas and the coral community changes in the coral reefs of
three subregions from 2000 to 2020. a The map of study areas, including 22 reefs
from three subregions in Hainan. Hainan East (HNE) denotes Wenchang and
Qionghai cities located at 19° North Latitude (NL), with a yellow boundary line.
Hainan South (HNS) denotes Sanya city located at 18°NL, with a green boundary
line. Hainan Xisha (HNXS) denotes Sansha city located at 17°NL, with a blue
boundary line. Dots on the map show reef locations; each reef consists of four to six
survey sites. Basemap data obtained from the Standard Map Service website of the
National Bureau of Surveying and Mapping Geographic Information (http://bzdt.
ch.mnr.gov.cn/). b Live coral coverage. ¢ Dead coral coverage. d Macroalgae

coverage. e Coral reef fish density. f The crown-of-thorns starfish (CoTS) density.
g Juvenile coral density. b-g Spearman’s rank correlation analysis to assess the
effect of time on coral community changes for each subregion, with statistical tests
conducted as two-tailed. For more statistical results, see Supplementary Fig. S10
and Data 7. Circles indicate the annual mean values for each reef from the 1990s to
2020; different colors represent different subregions, and the orange, green, and
blue indicate HNE, HNS, and HNXS, respectively. b-g Solid lines represent the fitted
lines using locally weighted scatterplot smoothing (LOESS), and the 95% Cls are
shown in gray bands. The dotted lines indicate reference levels at points of abrupt
change.

spatial heterogeneity in this region, modulated by subregional envir-
onmental characteristics and connectivity between ecosystems***,
Our analyses identify unsustainable fishing practices as the pre-
dominant local driver of reef degradation, evidenced by sustained
declines and low levels in fish densities across all surveyed regions. The
underlying mechanisms encompass overfishing, habitat damage, and
direct coral mortality resulting from destructive fishing practices (e.g.,
blast and cyanide fishing)***. The SEM analysis reveals a significant and
direct impact of fish density on LCC, while also intensifying the effect
indirectly through the regulation of macroalgae or CoTS abundance.
Cumulatively, fish density explained 27.50-44.90% of LCC variation in
three typical subregions (Fig. 3a). The impact of fish on LCC remains
the highest, even when land-based disturbances are considered. These
unsustainable fishing activities had been observed frequently in var-
ious reefs in the South China Sea through the twentieth century***%*,
leading to a decline in both coral reef fish density and species
diversity*® (Fig. 1e) and even mass coral mortality**~°. Reef fish play a
pivotal role in the biogeochemical cycling and trophic dynamics of
coral reefs. For instance, healthy predatory relationships and their
excrement can enhance primary productivity, promote coral growth,
and regulate trophic ratios in reef ecosystems™. The reductions of reef
fish density and species diversity can destabilize food webs, which in
turn affects the balance and biodiversity of the entire ecosystem?.
Taken together, the coral reef degradation observed is consistent with
the threshold cascade hypothesis. That is, the depletion of LCC
induced by destructive fishing could initiate a critical threshold
response: deteriorating reef architecture diminishes niche diversity
and larval recruitment success, creating an autocatalytic degradation
process that progressively erodes ecosystem resilience.

While recent management interventions (summer fishing ban,
fishing production reduction; Supplementary Fig. S8) have slowed
resource declines, they remain insufficient to reverse decades of eco-
logical debt. Current LCC and fish biomass levels persist below func-
tional thresholds required for autonomous recovery, demonstrating
the legacy effects of chronic overexploitation. Critical to rehabilitation
efforts is restoring keystone fish guilds—both herbivorous and pre-
datory fish populations must be rehabilitated to reestablish trophic
control mechanisms and biogeochemical functionality*>. Our decadal-
scale observations underscore that conventional fisheries manage-
ment alone cannot achieve reef recovery, necessitating targeted and
ecosystem-based restoration strategies to complement existing con-
servation measures.

High heterogeneity of regional dominant factors in coral reef
degradation

Our findings demonstrate that the LCC trajectory is governed by
interacting socioeconomic factors beyond fisheries, with agriculture
expansion, urbanization, and tourism collectively exacerbating land-
based nutrient loading, bioerosion, and coastal habitat modification.
Nearshore reefs in Hainan East and Hainan South have experienced
disproportionately higher anthropogenic pressures compared to
remote reefs in Hainan Xisha, reflecting differential exposure to
stressors derived from regional socioeconomic development. Our
results highlight the key finding that the impact of any given stressor is

highly dependent on the local ecological baseline (e.g., species com-
position and environmental background), the disturbance’s timing
and intensity, and interactions with other stressors.

Overfishing and agricultural nutrient input induce coral-algae
phase shift

In Hainan East, water eutrophication due to agricultural development
has emerged as the secondary predominant mechanism leading to the
degradation of coral reefs. The NUFER model analysis indicates that
agricultural nutrient emissions in Hainan East have increased by over
100% from 2000 to 2020 (Fig. 3¢), driven primarily by crop production
(-50% contribution, Supplementary Fig. S6) and rapidly expanding
mariculture (Supplementary Fig. S7). Prior to 2016, a part of mar-
iculture effluent entered coastal waters untreated, adversely affecting
nearby coral reefs*. Meanwhile, agricultural nitrogen emission (agri-
cultural N) was much higher than agricultural phosphorus emission
(agricultural P) into water (24,511tyr* N and 3731tyr! P in 2020,
Supplementary Fig. S6), suggesting that nutrient inputs from agri-
culture may cause nitrogen enrichment and an imbalance in the N to P
ratio in the water. In Hainan East coastal waters, the recorded dissolved
inorganic nitrogen (DIN) concentrations reached 3 to 20 pM, and the
dissolved inorganic phosphorus (DIP) reached 0.20 to 0.85uM in
2017%, with the majority of sea area nutrient concentrations exceeding
safe thresholds for coral survival (DIN<9pM, DIP < 0.33 uM)**,
Chronic nitrogen enrichment can inhibit coral growth and
reproduction®*”’,  while  fueling  macroalgae ~ dominance
(Figs. 1d and 3a), driving coral species diversity reduction (Supple-
mentary Fig. S2), and influencing a persistent phase shift to algae-
dominated states. Since 2012, the LCC of most reefs in Hainan East was
less than 10% alongside 40% macroalgae cover (Fig. 2a), resulting in a
coral-algae phase transition®®. The SEM analyses show that agricultural
N directly reduces LCC while enhancing the adverse effect on LCC by
indirectly affecting turbidity and macroalgae (Fig. 3a), suggesting that
the growing agricultural nutrient input is another major threat to local
coral reefs. The degradation of Hainan East reefs reflects synergistic
“top-down” (overfishing) and “bottom-up” (eutrophication from agri-
cultural N) mechanisms. Depleted coral reef fish populations (Fig. 1e)
disrupt algae grazed levels, while excess nutrients override coral resi-
lience thresholds**“°. This dual degradation pathway—reduced top-
down control and enhanced bottom-up enrichment—potentially leads
to hysteresis in reef recovery, as macroalgae dominance suppresses
coral recruitment and alters biogeochemical cycling.

Interestingly, SEM analyses show that the human population
(POP) had a positive effect on LCC in Hainan East by indirectly affecting
macroalgae (Fig. 3a). POP dynamics and migration patterns critically
influence coastal ecosystem management through socioeconomic
pathways®. From 2000 to 2020, the POP in Hainan East exhibited a
slow, fluctuating growth trend (average annual growth rate <1%, range
from 491,391 to 547,400). And the urbanization rate escalated from
18.5% in the 2000s to 55% in 2020, accompanied by an urban popu-
lation increase of ~210,000 compared to a dramatic rural decline of
~150,000 (Fig. 3b and Supplementary Fig. S5c). The urbanization
process in Hainan East was primarily driven by large-scale internal
migration of rural-to-urban population (Supplementary Fig. S5c),
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Fig. 2 | Effects of ecological factors on live coral coverage. a Relationship
between ecological factors and live coral coverage in different subregions from
panel model analysis. b The annual accumulation of typhoon exposure degree
(Typhoon). ¢ The annual mean K4490 (Turbidity) from remote sensing monitoring.
d The mean sea surface temperature (SST) from remote sensing monitoring; e the
annual maximum degree heating weeks (DHW,,,), indicating the intensity and
time since past extreme thermal stress. a The dependent variables are the live coral
coverage in Hainan East (HNE), Hainan South (HNS), and Hainan Xisha (HNXS),
respectively. Sample sizes are 49, 106, and 64, respectively. CoTS denotes crown-

DHWmax (°C-weeks)
16
12
8
4
0

of-thorns starfish. Effect sizes are individual fixed effects fitting regression coeffi-
cients (median values) with 95% credible intervals (Cls; thin lines) and 80% Cls
(thicker lines). The gray lines indicate an overlap with zero and a less credible trend
(effect = 0). Positive effects (the 80% credible interval greater than zero) indicate
that the probability of establishment increases with increasing values of predictive
variables (blue), while the negative effects (the 80% credible interval less than zero)
indicate the converse (red). For more statistical results, see Supplementary Data 3.
b-e The yellow to purple colors indicate low to high values of data gradient, with
gray denoting missing data.

which distances human activity centers from coastal reefs® and
reduces disturbances to ecosystems (e.g., centralizing domestic was-
tewater treatment). The relatively stable and low annual domestic
sewage discharge in Hainan East over the past two decades (Fig. S5d)
further demonstrates that this slow-growth, internally driven

urbanization can aid in controlling pollution, as environmental infra-
structure expansion keeps pace with gradual population growth. Some
environmental policies implemented since 2010, such as Beautiful
Countryside and Sanitary City, have further improved localized
environment governance®. However, these benefits are offset by
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legacy nutrient accumulation and non-point agricultural pollution,
underscoring the priority for targeted management of mariculture
effluents and agricultural non-point source pollution®*%¢2,

Overfishing and urban sprawl induce coral mortality
Our findings establish that rapid urban expansion and tourism devel-
opment constitute primary anthropogenic drivers of coral reef

degradation in Hainan South. They act through two key pathways:
water quality deterioration from inadequate wastewater management,
and habitat destruction through coastal construction. The urbaniza-
tion rate in Hainan South escalated dramatically from 26% in the 1980s
to 70% by 2020, accompanied by an urban population surge of
~640,000 compared to a modest rural decline (<70,000) (Fig. 3b and
Supplementary Fig. S5c). Driven by large-scale external migration, this
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Fig. 3 | Structural equation model (SEM) of three subregions performed to
explore the direct and indirect effects of environmental variables on live coral
coverage. a SEM for Hainan East (HNE), Hainan South (HNS), and Hainan Xisha
(HNXS). b Resident Population (POP) change from 2000 to 2020. ¢ The change of
agricultural nitrogen (N) emissions to the water from 2000 to 2020. a LCC denotes
live coral coverage. Fish denotes the level of reef fish density. CoTS denotes crown-
of-thorns starfish. Macroalgae denotes the degree of eutrophication of the water,
while the diffuse attenuation coefficient of light at the 490 nm wavelength (K4490)
denotes the turbidity of the water. SST denotes the mean sea surface temperature
each year. Resident Population (POP) denotes local urban development gravity—an
indicator of nearby human settlements potential influences on coral reefs (e.g., land
use), while the agriculture N denotes total agriculture nitrogen emissions per year
to the water in native city. a This SEM is determined through model comparison and

fits the data well (HNE: p = 0.74, n=49; HNS: p=0.45, n =106; HNXS: p = 0.44,
n=64). All path coefficients were estimated using generalized linear models with
two-tailed statistical tests. Boxes represent measured variables, highlighted with
distinct colors, while arrows represent relationships among variables. Black and red
arrows denote positive and negative effects, respectively. Dashed and solid lines
denote 95% credible intervals overlapping with zero or not, respectively. Standar-
dized path coefficients are given for each path, the width of which is scaled by the
magnitude of the standardized path coefficient. The conditional R* for each
endogenous variable is reported in the corresponding boxes. The direct, indirect,
and relative total effects are shown in the right part of this figure. For more sta-
tistical results, see Supplementary Data 4. b-c The yellow to purple colors indicate
low to high values of data gradient, with gray denoting missing data.

urbanization might cause urban expansion to outpace the develop-
ment of environmental infrastructure (e.g., wastewater treatment), as
evidenced by the rapid increase in domestic wastewater generation in
Hainan South (Supplementary Fig. S5d). The SEM analysis reveals that
POP exerts a direct adverse impact on LCC in Hainan South and
indirectly influences LCC through macroalgae increase (Fig. 3a),
derived by cumulative impacts of increased sewage discharge (Sup-
plementary Fig. S5d), coastal engineering® and sediment input, etc.®.
The sharp decline in Hainan South reefs from 2007 to 2010 was due to
a substantial reduction in LCC on certain reefs that were subjected to
high turbidity pressure (e.g., sediment accumulation rates of
36.0 mgcm2d™ in Xiaodonghai reef)®. Our results also suggest that
turbidity had a significant negative impact on the LCC in Hainan South
reefs (Fig. 2a). Tourism exacerbates these pressures, with tourist
numbers increasing 11.5-fold (2-23 million) between 2000 and 2019
(Supplementary Fig. S5b). Considering the influence of the large
population from tourism, our results indicate tourism increases POP’s
negative impact on LCC by 4.46% compared to without considering
tourism, exceeding agricultural N effects (Supplementary Fig. S4 and
Fig. 3a). Coastal engineering activities, such as building construction
and land reclamation, further degrade coastal ecosystems through
eutrophication and sedimentation®*®’.

While agricultural nutrient emissions demonstrate direct negative
effects on LCC in Hainan South, their impacts remain comparatively
limited (Fig. 3a). Total agricultural N and P emissions to water in Hainan
South only increased by 0.16- and 0.6-fold, respectively, from 2000 to
2020 (Supplementary Fig. S6), with 3835tyr™” agricultural N and
420 tyr™ agricultural P (Supplementary Fig. S6). Nutrient concentra-
tions in Hainan South coastal waters (DIN: -3-10uM; DIP:
~0.03-0.28 uM) were typically at the threshold boundary®®, where
moderate levels of nutrients were detrimental to coral growth but
reversible with reduced nutrient inputs***°. Indeed, localized macro-
algae increases occurred during 2010-2012 in Hainan South’® before
regional coverage declined and stabilized at ~5.67% (Fig. 1d) following
reductions in terrestrial pollution”. This variability reflects the com-
plex interplay of factors, with macroalgae mediating the negative
effect of POP on LCC but not that of agricultural nitrogen in Hainan
South reefs (Fig. 3a). The ecological changes observed here align with a
reef degradation model involving top-down, side-in, and bottom-up
(eutrophication and other pollution) factors. Collectively, these results
highlight that the primary drivers of coral reef degradation in Hainan
South are human activities associated with overfishing, urban expan-
sion, and tourism development.

Overfishing and CoTS outbreaks induce coral mortality

The CoTS outbreaks during 2005-2009 in Hainan Xisha (Fig. 1f)
represent the second most significant stressor driving live coral cover
(LCC) decline, as evidenced by the panel analysis (-0.25, p =3.1e-10,
Fig. 2a and Supplementary Data 3) and SEM (Fig. 3a). Temporal align-
ment between CoTS population surges (Fig. 1c, f) and coral mass
mortality events (Fig. 1c) strongly indicates CoTS outbreaks as direct

triggers of reef degradation””*. Notably, the trajectory of dramatic
reduction in reef fish density preceded and paralleled LCC loss in
Hainan Xisha (Fig. 1b, e), implicating trophic cascade effects. The
population of CoTS is typically regulated by predator guilds (e.g.,
Charonia tritonis, Abudefduf curacao, and Chaetodon falcula) and
competitors’, whose depletion through overfishing permits CoTS
outbreaks”. Despite theoretical expectations of macroalgae dom-
inance post-disturbance, Hainan Xisha reefs showed only transient,
localized macroalgae increases (<5% mean regional coverage;
Figs. 1d and 2a). This constrained response reflects favorable water
quality characterized by low nutrient levels and high transparency,
likely due to minimal land-based pollution in remote reefs. The panel
analysis of Hainan Xisha shows that macroalgae has a negative but
relatively small impact on LCC (Fig. 2a), contrasting with stronger
mediation effects observed in the food chain (Fig. 3a). The Hainan
Xisha degradation trajectory aligns with combined top-down (over-
fishing) and side-in (perturbations leading to direct coral mortality)
mechanisms, where CoTS-induced coral mortality initiates ecosystem
reorganization rather than classic bottom-up nutrient-driven
transition’. These findings underscore that Hainan Xisha reef con-
servation requires dual priorities, including (1) implementation of
ecosystem-based fisheries management to restore trophic balance,
and (2) development of adaptive strategies for CoTS outbreak pre-
diction and containment.

Integrated Coast-Reef Management strategies tailored to pro-
tect local coral reefs
Existing coral reef management in the South China Sea and globally
remains fragmented, lacking the multi-scale systematic approaches
required to address escalating anthropogenic and climate pressures.
Based on empirical results, we propose an ICRM framework (Fig. 4)
that enables local actions in a systematic way to improve reef resilience
under climate change. This ICRM framework provides tailored paths to
local coral reef governance (Supplementary Fig. S9 and Data 5), sup-
porting the fulfillment of United Nations Sustainable Development
Goals (SDG 14) and Decade of Ocean Science priorities. The ICRM
consists of five key steps (Fig. 4), including (1) Quantitative evaluation,
(2) Stressors identification, (3) Tailored strategies, (4) Implementation
and enforcement, as well as (5) Regulation and maintenance. This
adaptive framework allows decadal-scale adjustments to shifting
environmental pressures and restoration efficacy, enabling dynamic
reprioritization of interventions. We further define reef-specific
assessment metrics and implementation pathways for each step
(Fig. 4 and see the Supplementary Note 1 for a detailed description),
integrating ecological thresholds with socioeconomic drivers.
Application of the ICRM framework reveals spatial heterogeneity
in reef resilience across the study regions (Fig. 4). Hainan Xisha reefs
exhibit low resilience, characterized by mean LCC <10% and MC/LCC
<1/3, combined with excessive fishing pressure surpassing ecological
function thresholds. Similarly vulnerable Hainan East reefs (mean LCC
10-30%, MC/LCC >1/3) face dual stressors of intensive fishing and
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nutrient loading from adjacent agricultural runoff. While Hainan South
reefs show moderate resilience (mean LCC 10-30%, MC/LCC <1/3 in
most areas), their recovery capacity remains constrained by chronic
urbanization pressures. Our SEM-NUFER integration provides a com-
prehensive perspective on system dynamics, revealing distinct stres-
sor hierarchies, namely, fish resource depletion and nitrogen
enrichment from agricultural development on the regional scale, and
urbanization-driven sedimentation and sewage impacts at the local
scale. This multi-model approach confirms artificial restoration
necessity for low-moderate resilience reefs, given limited natural
recovery capacity.

We investigated the potential impact of combinations of key dri-
vers on the projected LCC (Fig. 5), aiming to optimize LCC levels above
the minimum threshold of 10% required for carbonate production on
reefs?, particularly under global warming. Drawing upon the ICRM
framework, we employ a comprehensive range of methodologies to
safeguard and rehabilitate local coral reefs (Supplementary Data 5).
Additionally, we devise tailored strategies for mitigating the depletion
of fishery resources through fish seed release initiatives, as well as
implementing eco-friendly agricultural practices to minimize nutrient
discharge into water bodies (see “Methods”). Specifically, we generate
management scenarios to assess the impact of varying reef fish density
(representing sea-based management) and nutrient pollution (repre-
senting land-based management) on the probability of falling into low,
moderate, or high LCC categories.

Our findings show that the implementation of an ICRM approach
canyield a favorable synergistic outcome for coral reefs (Fig. 5). When
land or sea management strategies are implemented separately in the
three subregions, they only result in improvements either in low-LCC

or high-LCC coral reefs (Supplementary Data 6). However, the simul-
taneous implementation of integrated land-sea management scenarios
leads to a significant increase in LCC within the Hainan East subregion,
with the minimum LCC surpassing 10% and a two to four times rise in
LCC observed (Fig. 5a, b). The results of scenario analysis for Hainan
South exhibit similar trends to those observed for Hainan East but with
relatively modest improvement (Fig. 5¢, d). In Hainan Xisha, a higher
density of coral fish (e.g., over 250 ind/100 m?) would lead to a sig-
nificant increase in LCC, surpassing 10% in low-LCC coral reefs (Fig. Se,
f). The sustainable development and restoration of fishery resources
are the top priority in promoting local coral reef restoration in the
South China Sea. Recovery of fishery resources requires additional
management efforts’ to the improvement of fisheries resilience, for
example, through breeding and reproducing sufficient type of local
fish to enhance ecosystem food webs, implementing no-take zones
(including coral reefs), restoring habitat and the expanding marine
protected areas (MPAs)”’ in the key areas of the South China Sea
(Supplementary Fig. S9 and Data 5). Transboundary cooperation and
similar policy implementation through Regional Seas Programs (e.g.,
Partnerships in Environmental Management for the Seas of East Asia,
PEMSEA) among South China Sea regions/countries could be more
helpful in amplifying conservation outcomes’®.

Our findings suggest that the restoration pathways for both
bottom-up and top-down forces may not be mutually exclusive, but
rather complementary, thereby contributing to the emergence of
advantageous patterns. Notably, land-based management has clear
effects on low-LCC coastal coral reefs in Hainan East and Hainan South.
The primary focus for managing land-based activities should be on
coral reefs with low and moderate resilience. This includes
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Fig. 5 | Scenario analysis of local reef management based on the Integrated
Coast-Reef Management framework. a, b Actual state and best hypothetical cases
for Hainan East (HNE). ¢, d Actual state and best hypothetical cases for Hainan
South (HNS). e, f Actual state and best hypothetical cases for Hainan Xisha (HNXS).
g These cases that represent an integrated, optimal management scenario for each
region, combining the most effective interventions identified in our models to keep
live coral coverage above 10% in most reefs—a threshold required for carbonate
production on reefs*. a-f The live coral coverage in the different hypothetical cases
HC1, HC2, HC3, and HC4 for the period 2011-2020. There are low, moderate (more

than the 1st Quarter and less than the 3rd Quarter percentile), and high live coral
cover categories. The description of the hypothetical cases is in “Methods.” The
gray shades reflect the probability density of actual live coral cover in each sub-
region since 2010, while the blue parts reflect the probability density of adjusted
live coral coverage by reducing nutrient (agricultural nitrogen) emissions into
water, increasing fisheries resources, and hunting the crown-of-thorns starfish.

g Different colors represent different subregions; the orange, green, and blue
indicate HNE, HNS, and HNXS, respectively.

implementing green agricultural practices (e.g., precision fertilization,
aquaculture industry transformation, and wetland buffers) to reduce
nutrient runoff into water, as well as restoring reef habitats of Hainan
East and Hainan South (Supplementary Fig. S9 and Data 5). In terms of
habitat restoration, Wuzhizhou Island in Sanya, Hainan, China, is a
typical restoration case, where coral reef habitats responded favorably
to the implementation of effective marine management, such as the
marine ranch construction’. The island’s coastal and marine biodi-
versity has been significantly improved, with an 18% increase in coral
cover during 2017-2020 (82.9% increase contribution from trans-
planted corals) and an increasing occurrence of large marine organ-
isms such as giant wild grouper, whale sharks, and tropical spotted
dolphins. A recent study showed that in 2019, there was more coral
cover in some regions, including the East Asia Seas, than there was in
1983 (United Nations Environment Programme). Such optimistic out-
comes provide great encouragement for continued efforts in reef
ecological restoration and conservation. Meanwhile, there is still along
way to go to explore the sustainable development in urban expansion

and tourism, with particular emphasis on recycling techniques that are
eco-friendly in coastal engineering and wastewater treatment, aiming
at minimizing land-based pollution into reef waters®*®. Notably, our
scenario modeling reveals threshold effects in management outcomes.
The nonlinear response of LCC to fish density (particularly in Hainan
Xisha) suggests minimum biomass requirements for functional
recovery, aligning with trophic cascade theories. Similarly, the dis-
proportionate benefits of integrated land-sea management highlight
the compounding impacts of concurrent stressors—a critical con-
sideration for reef systems facing climate change pressures.

By integrating ecological, socioeconomic, and geospatial meth-
odologies, we offer a paradigm shift in coral reef management—from
global-scale diagnostics to region-specific solutions. We document
coral reef degradation patterns in the northern South China Sea
resulting from the interaction of top-down processes and bottom-up
processes and/or side-in processes, with long-term and time-lagged
effects. Using the systemic land-to-sea approach, we identify that local
human activities, particularly agricultural nitrogen runoff, urban
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expansion, and overfishing, are the primary drivers of reef degrada-
tion, leading to a 40% loss of LCC over two decades. Our ICRM fra-
mework provides tailored solutions by coupling land-based
interventions, such as precision fertilization and wetland buffers, with
marine conservation measures, such as sustainable fishing quotas and
CoTS control. These strategies synergistically enhance LCC by 2- to
4-fold under a global warming scenario, enabling LCC to reach the
lowest thresholds required for reef carbonate production. The findings
can be immediately applied to the South China Sea to prevent eco-
system collapse and broader tropical reef regions facing similar
anthropogenic pressures (e.g., Coral Triangle). Future studies that
integrate broader-scale and fine-scale data are recommended.

Methods

Study area and historical context

Hainan Province in China, located at the north of the South China Sea,
possesses around 38,000 km? of coral reefs supporting over 400 coral
species*. The latitudinal range of the study region is approximately
16°N-20°N (Fig. 1a), including Hainan East (HNE, Wenchang and
Qionghai city located at 19° North Latitude (NL) in this study, repre-
senting higher macroalgae and higher turbidity stress), Hainan South
(HNS, Sanya city located at 18°NL, representing lower macroalgae, high
turbidity, and heat stress), and Hainan Xisha (HNXS, Sansha city loca-
ted at 17°NL, representing lower macroalgae and higher heat stress)
(Supplementary Fig. S1). Historically, anthropogenic stressors in the
Hainan reefs, including coral mining, overfishing, dredging, coastal
development, and pollution, have affected coral communities for over
half a century (Supplementary Fig. S3).

Local government and communities in Hainan have implemented
various measures to protect and restore coral reefs (Fig. 4), including
legislative protection (Supplementary Table S1), establishment of
MPAs, coastal water quality improvement, and coral restoration, etc.
(Supplementary Fig. S9). In the past five decades, for example, corals
and coral reef protection have been an integral component of China’s
legal framework, encompassing laws, regulations, rules, and plans
dedicated to marine ecological protection and species conservation
(Supplementary Table S1). Meanwhile, a number of MPAs have been
established in China since the late 1980s, including 11 nature reserves
with coral and coral reefs as the main targets of protection®’, covering
about 262 million hectares. Restoration of degraded reefs by coral
transplantation in Hainan Province’s MPAs, such as Wuzhizhou Island
in Sanya, Xisha Islands, and Nansha Islands, extended over
200,000 m*”. Moreover, Wanning city on Hainan Island has built a
land-based species protection base for reef corals and giant clams
(Supplementary Fig. S9). The summer fishing ban policy in the South
China Sea was established in China in 1999; however, its implementa-
tion was only strictly enforced since 2015.

Coral reef data

Based on field survey data from the 1990s to 2020, we compiled the
data to create a dataset (Supplementary Data 1) and the figures (Fig. 1
and Supplementary Fig. S1). The dataset integrated our field survey
data (2002-2020) with the findings from previous studies
(1990s-2001). We aggregate the LCC data by calculating the mean LCC
per survey site/year, then the mean LCC per reef/year, and finally the
mean LCC region/year (response variable). After filtering (based on the
condition that each reef should have at least five consecutive years of
monitoring data), this dataset includes the LCC for 22 reefs across
3 subregions over two decades (Fig. 1). Data from the annual mon-
itoring survey were then binned into long-term successive and discrete
types, with discrete data excluded from quantitative driver analysis.
For each reef, a coral reef survey (comprehensive survey monitoring)
or asimple random sample survey (sampling monitoring) is conducted
annually, with at least three sites per reef for simple random sample

surveys. At each site, community substrate type was recorded by video
along each =50 m transect line, and the linear point intercept (LPI)
method was used to calculate the percentage LCC. Each coral taxon
was categorized into life-history “types” based on previous studies?.
Four life-history types (Supplementary Fig. S2) based on published
species traits are: fast-growing competitive (e.g., Acropora); slow-
growing and long-lived massive stress-tolerant (e.g., Platygyra); sub-
dominant generalist (e.g., Echinopora); and fast-growing brooding
weedy taxa (e.g., Pavona). The field work was supported by local
institutes and funding from relevant governmental departments of
China (see the Supplementary Methods for detailed description), fol-
lowing the principle of minimal impacts on the marine environment.
No corals and other marine animals were collected or captured during
the field research activities.

Coral species richness, coral reef fish density, MC, coral recruit
(<5cm diameter), and CoTS abundance were calculated from field
surveys for the LPI. Dead coral coverage and MC (including all fleshy
upright macroalgae but excluding upright calcareous algae such as
Halimeda spp.) were collected with the LPI. A full description of coral
community data collection and rationale can be found in the Supple-
mentary Methods.

To evaluate the relative influence of climate, social, and environ-
mental drivers (Supplementary Data 2) on total LCC, we identified a
suite of covariates at reef, location, and region scales (Supplementary
Fig. S1and Table S2). These covariates included: coral species (CS), reef
fish density (Fish, indicates the status of fishery resources on coral
reefs and can inversely represent the intensity of fishing), MC, typhoon
exposure, temperature (SSTyarm, mean SST in warm months (May to
October each year)), turbidity (K4490), local human resident popula-
tion (POP, denotes the potential interactions and accessibility between
local human settlements development and coral communities [e.g.,
water quality and land use], also known as human gravity); and agri-
cultural development (agricultural N, denotes total agricultural nitro-
gen emissions per year to the local waters). The dynamic assessment of
agricultural N was high-resolution, quantifying city-scale terrestrial
nutrient losses in food systems (crop and livestock production,
aquaculture, and human consumption) to water through localized
NUFER models. A full description of covariates, data sources, and
rationale can be found in the Supplementary Methods.

Data analysis

All environmental variables underwent preliminary analysis, including
Pearson correlation analysis, PCA, and a variance inflation factor (VIF)
check. To avoid multicollinearity, we rigorously removed variables
with a correlation coefficient |[r|>0.7 and VIF>5. Variables were
prioritized if they had a greater contribution to the primary axis
components in PCA. This step is crucial to avoid statistical artifacts and
to ensure that the independent effects of the included variables can be
accurately and reliably estimated. A final set of 13 covariates and 2
dependent variables were included in the statistical models, whereby
all pairwise correlations were <0.7, and VIFs are <5, indicating that
multicollinearity was not a serious concern. All environmental vari-
ables were screened for collinearity and temporal coverage scale (at
least 5 consecutive years of monitoring data); only those that passed
both tests entered the panel regressions and SEM analyses.

Independent sample t-test was adopted to compare data at a
significance level of p < 0.05 (Supplementary Fig. S10 and Data 7). After
comprehensive analysis, three environmental factors were selected,
including SST, typhoon exposure, and turbidity (Supplementary Fig. S1
and Table S2).

Statistical analysis was carried out using the statistical package
SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, United States).
Descriptive statistics are expressed as mean +standard deviation.
Statistical significance is accepted at *p < 0.05, *p < 0.01, **p < 0.001.
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Panel model analysis. Panel data modeling examines entity- (or
individual) specific and/or time effects in order to isolate unobserved
heterogeneity. Entity-specific and/or time effects are either fixed
effects (FE) or random effects (RE). Fixed effect models examine the
variability of the model’s intercept across individual reefs or time
periods. Random effect models investigate differences in the model’s
error variance components across individual reefs or time periods®’. A
long-term survey allows us to estimate the relationship between LCC
and potential biotic and abiotic factors, such as temperature and MC,
while controlling for compounding factors such as year and location
using panel model analysis. The strategy is to first examine the prob-
ability of the panel data in hand through an ordinary least squares
model. The unobserved heterogeneities are investigated using fixed
effect models to determine entity-specific and time effects. The panel
model compiles data on both temporal and spatial scales, which can
reduce the impact of time-invariant omitted variables and improve the
effectiveness of estimates. The model is fitted using the geeglm “gee-
pack” package in R®, which has a syntax similar to glm and returns an
object similar to a glm object. An important feature of geeglm s that an
ANOVA method exists for these models (Supplementary Data 3).

Yie=YYypat Zﬁ Xeie T+t M
kK

where subscript it denotes different individuals (=reefs) iintime ¢,i=1,
...N; Y is the dependent variable (=LCC) in the different individuals
(=reefs) i at time t. X is the explanatory variables affecting LCC in the
model, such as fish, macroalgae, SST, and so on (Supplementary
Data 4). S is the estimated coefficient, y is the spatial autoregressive
coefficient, u is the intercept, and ¢ is the error term. The detailed
description of the panel model is in the Supplementary Methods.

Structural equation model analysis. To evaluate the direct and
indirect effects of socioeconomic stressors such as agricultural N los-
ses on LCC and assess the influence of ecological factors (SST, tur-
bidity), we conducted piecewise SEM®*** using the R packages
“piecewiseSEM”*°. Piecewise SEM can integrate a set of component
models including random effects, allowing for non-Gaussian error
distributions, and is thus appropriate for our data structure. Specifi-
cally, we incorporate the POP and agricultural N losses in the subregion
model, then each subregion is analyzed separately to account for
sampling non-independence. Multicollinearity in each component
model is checked according to the VIF. Model fits are evaluated using
Fisher's C statistic based upon Shipley’s d-sep test®, and model
selection is performed using the Akaike information criterion (AIC)
statistic for the d-sep test®. Standardized path coefficients for the
linear mixed component models and the R? for the endogenous vari-
ables are calculated directly using the piecewiseSEM package. For the
generalized linear mixed component model, we extend the method
used by piecewise SEM for the generalized linear model and calculate
the standardized path coefficients manually by including the standard
variance of random effects. Our initial model was established based on
a priori knowledge (Supplementary Fig. S3), and panel analysis results
to explore the effects of coral reef fishery resources, water quality, and
human activity factors on the LCC. Using the d-sep test, we add missing
paths step-by-step to construct a set of candidate SEMs. We select the
model with the lowest AIC value as the best model and calculate the
direct, indirect, and relative total effects on establishment success
(Supplementary Data 4).

We also develop another SEM (Supplementary Fig. S4) to evaluate
the effect of T_POP on LCC after incorporating tourism by taking
the number of tourists per year after converting to the equivalent
resident population. With the rapid development of tourism after
2010 in Hainan South, the influence brought by the large number
of people from tourism cannot be ignored (23 million in

2019, Fig. S5b). According to tourist surveys, the percentage of tourists
staying in Hainan was 40.3% for 3 days, 31.2% for 7 days, 25.6%
for 14 days, and 2.9% for >14 days®**°°. The number of overnight tourists
traveling each year was converted to resident population according
to the formula Y pop = Xpop + Xiouriss™ (0-403*3 + 0.312*7 +
0.256*14 + 0.029*21) /365 (the details see the Supplementary
Methods). T_POP represents the total resident population (T_POP),
including overnight tourists visits converted into resident equivalent
per year, which denotes local urban development gravity—an indicator
of the potential influences of nearby human settlements on coral reefs
(e.g., water quality and land use changes).

Hypothetical cases for the past and alternative scenarios

Based on the ICRM framework, we estimated LCC from land-sea
management scenarios in the typical subregions under different
hypothetical cases for 2011-2020 using the SEM. Three cases were
developed to compare the contribution of the various drivers on the
increase in LCC to keep it above 10% in most reefs—a threshold
required for carbonate production on reefs*” (Supplementary Data 6).
All hypothetical cases were built on actual trends, but differed with
respect to reducing nutrient (agricultural nitrogen) emissions into
water, increasing fisheries resources, and removal of the CoTS.

Hypothetical Case 1 (HC1)

Nutrient reduction. This case exclusively focused on the reduction of
land-based nutrient emissions in subregions where nutrients were a
key stressor (Hainan East and Hainan South). Specifically, building on
actual trends from 2011 to 2020, we assumed that there was a 60%
reduction in nutrient (nitrogen) emissions from land into waters in
Hainan East and Hainan South, equivalent to those of the 1990s. For
Hainan East, livestock and crop subsystems were projected to decrease
50% of agricultural nutrients discharged to waters, and aquaculture
subsystems were projected to decrease 90% of agricultural nutrient
discharge. For Hainan South, 50% of nutrients discharged to waters
could be reduced through agricultural green development. For Hainan
Xisha, there were no typical land-based stressors, so nutrient reduction
measures were not currently required.

Hypothetical Case 2 (HC2)

Fisheries management. This case exclusively modeled the effect of
increasing reef fish density through enhanced fisheries management in
all three subregions. Specifically, based on actual trends from 2011 to
2020, we assumed that there was a one-fold increase in coral fish
density in Hainan East, Hainan South, and Hainan Xisha during 2011 to
2020. The improvement of fishery resources through releasing of fish
seeds, enforcing the restricted fishing areas and closed periods was
projected to increase reef fish density by one-fold, where coral fish
density was higher (e.g., 50 ind/100m?) while nutrient pollution
remains high.

Hypothetical Case 3 (HC3)

CoTS removal. This case focused solely on the projected removal of
CoTS in the HNXS, where CoTS outbreaks were identified as a critical
driver. For Hainan Xisha, the removal of CoTS was projected in
2011-2020, where the CoTS abundance was lower, and coral fish
density remained low. For Hainan East and Hainan South, there were
no CoTS outbreaks, so CoTS removal measures were not currently
required.

Hypothetical Case 4 (HC4)

Optimal management. This case represented an integrated, optimal
management scenario for each region, combining the most effective
interventions identified in our models. For Hainan East and Hainan
South, ICRM scenarios have been implemented. For Hainan Xisha, the
improvement of fishery resources through building no-take marine
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reserves and enforcing the Summer Fishing Ban was projected to
increase reef fish density to 250-350 ind/100 m?.

All analyses are performed in the R language for statistical com-
puting version 4.02 (R Core Team, 2020) with associated packages
nlme and car.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this
published article and its Supplementary Data files: Supplementary
Data 1 for coral reef data and Supplementary Data 2 for socioeconomic
data. The environmental remote sensing data were obtained from
NASA’s Earth Observing System Data and Information System (EOS-
DIS) MODIS-Aqua satellite database (https://oceandata.sci.gsfc.nasa.
gov), and the NOAA Coral Reef Watch which conducts global mon-
itoring of heat stress based on satellite SST data (https://www.star.
nesdis.noaa.gov/pub/sod/mecb/crw/data/5km/v3.1 op/nc/v1.0/
monthly/). Typhoon impact data were obtained from the China
Meteorological Administration tropical cyclone database (http://
typhoon.zjwater.gov.cn/). The socioeconomic data from 2000 to
2020 were obtained from the Hainan Statistical Yearbook. The fishing
hours data for northern SCS were obtained from Global Fishing Watch
(GFW) (https://globalfishingwatch.org).
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