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Supplementary Figure S1. The correlation coefficients for all variables and ordination
plot of coral reef change based on principal component analysis (PCA). a) The
correlation coefficients for all variables. A final set of 13 covariates and 2 dependent variables
was included in the statistical models, whereby all covariates pairwise correlation coefficients
were ＜ 0.65, indicating that multicollinearity was not a serious concern. Different colors
represent different subregions, the orange, green and blue indicates Hainan East (HNE),
Hainan South (HNS) and Hainan Xisha (HNXS), respectively. b) PCA of biotic communities in
coral reefs. The research samples (13 monitoring reefs of four cities from 2004 to 2020) can be
clearly divided into two groups, Group1 (Wenchang and Qionghai, represented higher
macroalgae) and Group2 (Sanya and Sansha, represented lower macroalgae); c) PCA of
environmental factors in coral reefs. The research sites can be clearly divided into three
groups, Group 1 (Wenchang and Qionghai city located at 19° North Latitude (NL), named as
HNE in this study), Group 2 (Sanya city located at 18°NL, named as HNS), Group 3 (Sansha
city located at 17°NL, named as HNXS). And the samples are 219. The proportions of variance
explained by the principal components are presented in the axis labels. b to c Circles indicate
the annual mean for each station, different colors indicate different city, the pink, red, green
and blue indicates Qiongha, Wenchang, Sanya and Sansha, respectively. Each arrow
represents a factor indicator. Abbreviation: CR, Coral reef biome; DC, Dead coral coverage
(DCC); CS, Coral species; LCC, Live coral coverage; MC, Macroalgae coverage; NS,
Nutrients stress; TS, Turbidity stress; HS, Heat (thermal) stress; COD, Chemical oxygen
demand; SS, Suspended solids; SST, Seawater surface temperature; OD, Offshore distance;
CoTS, Crown of thorns starfish; DO, Dissolved oxygen; Chl a, Chlorophyll a.
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Supplementary Figure S2. Changes of hard coral species composition in four life history
types. a) Percentage of hard coral species composition in competitive type. b) Percentage of
hard coral species composition in generalist type. c) Percentage of hard coral species
composition in stress-tolerant type. d) Percentage of hard coral species composition in weed
type. The four life history types: fast-growing competitive (Acropora); slow-growing and
long-lived massive stress-tolerant (Platygyra); subdominant generalist (Echinopora); and
fast-growing brooding weedy taxa (Pavona). Classifications were based on published species
traits including colony growth form, growth rate, maximum size and reproduction to derive
species-level classifications and updated by genera-level classifications informed by expert
opinion (Darling, et al., 2019). Percentage of hard coral species composition with four different
life histories from 13 reef surveys in 3 subregions. Different colors represent different
subregions, the orange, green and blue indicates Hainan East (HNE), Hainan South (HNS)
and Hainan Xisha (HNXS), respectively.
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Supplementary Figure S3. Conceptual models showing linkages and feedbacks between
anthropogenic activities and coral communities and the initial model for structural
equation model (SEM) exploring the effects of environment variables on live coral
coverage. a) Conceptual models showing linkages and feedbacks between anthropogenic
activities and coral communities in coastal subregions (in manuscript, ref. 2, 38, 49, 51, 62-64,
71, 73-74, 80). Drivers are traits in social-economical systems that indirectly influence how
people interact with coral reefs. Stressors directly affect coral reef ecosystems. Single-headed
arrows indicate how the pathway flows from drivers to stressors and coral reef. Double-headed
arrows show the complex linkages and feedback that also occur between the various
components. Modified from Hughes et al. (2017). b) The initial model for SEM exploring the
effects of environment variables on live coral coverage. The ecological environment factors
involve coral reef fishery resources, water quality and human activity factors. 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
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attenuation coefficient of light at the 490 nm wavelength (Kd490) 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 nutrient loss denotes total nitrogen
emissions per year to the water in native city.
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Supplementary Figure S4. Structural equation model of HNS performed to explore the
direct and indirect effects of environmental variables on live coral coverage. a) SEM for
Hainan East (HNS). b) Resident Population (T_POP) from 2000 to 2020 in HNE, Hainan South
(HNS) and Hainan Xisha (HNXS). LCC denotes live coral coverage. Fish denotes the level of
reef fish density. Macroalgae denotes the degree of eutrophication of the water, while the
diffuse attenuation coefficient of light at the 490 nm wavelength (Kd490) denotes the turbidity of
the water. SST denotes the mean sea surface temperature each year. Resident Population
(T_POP), including overnight tourists travel were converted to resident population per year,
denotes local urban development gravity - an indicator of nearby human settlements potential
influences on coral reefs (e.g., water quality and land use), while the agriculture N denotes
total agriculture nitrogen emissions per year to the water in native city. This SEM is determined
through model comparison and fits the data well (Fisher's C = 2.56, d.f. = 4, p = 0.64; K = 13; n
= 106). 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. Standardized path coefficients are given for each
significant path, the width of which is scaled by the magnitude of the standardized path
coefficient. The conditional Rc2 for each endogenous variable is reported in the corresponding
boxes. The direct, indirect, and relative total effects are calculated and shown in the right part
of this figure. b The yellow to purple color indicates low to high values of data gradient.
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Supplementary Figure S5. The human population flow and domestic wastewater from
2000 to 2020. a) Resident Population (POP) in HNE (Wenchang and Qionghai), HNS (Sanya)
and HNXS (Sansha). Different colors indicate different city, the pink, red, green and blue
indicates Qiongha, Wenchang, Sanya and Sansha, respectively. b) Overnight tourists travel
per year in HNE and HNS. c) The urban and rural structure change of POP in HNE and HNS.
And there is no rural POP in HNXS. d) The domestic sewage to water per year in HNE and
HNS. COVID-19, denotes Corona Virus Disease 2019.
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Supplementary Figure S6. Schematic diagram of nitrogen and phosphorus flows model
in the agriculture production system, and total agriculture nitrogen (N) and phosphorus
(P) emissions in subsystems of food chain to the water from 2000 to 2020. a) Schematic
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diagram of nitrogen and phosphorus flows model in the farming and animal production system.
b) Total agriculture nitrogen (N) emissions per year to the water and its composition in HNE
and HNS. Different colors indicate different subsystems, including mariculture, freshwater
aquaculture, livestock and crop respectively. c) Total agriculture phosphorus (P) emissions per
year to the water and its composition in HNE and HNS. Different colors indicate different
subsystems, including mariculture, freshwater aquaculture, livestock and crop respectively.
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Supplementary Figure S7. Tropical coastal ecosystem changes closely related to coral
reefs in Hainan East (HNE), Hainan South (HNS) and Hainan Xisha (HNXS). a) Mangrove
forest area; b) Seagrass coverage; c) Mariculture area; d) Cultivated land area. a to b
Spearman’s rank correlation analysis to assess the effect of time on mangrove forest area and
seagrass coverage changes for each subregion, with statistical tests conducted as two-tailed.
Circles indicate the annual mean values for each station from 1990s to 2020. a to b Solid lines
represent the fitted lines using locally weighted scatterplot smoothing (LOESS) and the 95%
CIs are shown in grey bands. Different colors indicate different city, the pink, red, and green
indicates Qiongha, Wenchang and Sanya, respectively.
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Supplementary Figure S8. Changes in fisheries before and after the implementation of of
the South China Sea fishing ban. a) The fishing hours for northern South China Sea (SCS)
area during from 2012 to 2020 based on the analysis of Global Fishing Watch (GFW) data.
Different colors indicate different regions. b) The number of motorized marine fishing vessels
of South China Sea area of 1989 - 2020 and marine fishing production of 2006 - 2020. c)
Predictions of the density of coral reefs fish in Hainan in the hypothetical cases (HC)_No
fishing ban during the period of 2015 - 2020..
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Supplementary Figure S9. The cases of coral conservation and restoration. a) - f) Noah’s
Ark on land -- A coral breeding base established in Hainan Island since 2017,
photographed by Hongwei Zhao. a) The coral breeding base on land; b-d) Live reef-building
corals and their fragments; e) Coral spawning of Acropora hyacinthus; f) Charonia tritonis
spawning. g) - l) The case of building juvenile coral nursery garden in situ. g) - i) In situ
coral nursery restoration (Reef Plants) in the same site of Wuzhizhou island (HNS), Hainan,
photographed by Xiubao Li. j) - k) In situ coral nursery restoration in the light of local conditions
(such as grids, artificial reefs) in the other reef of Hainan, photographed by Yuanchao Li. m)
Coral reef community status and an outbreak of the crown-of-thorns starfish (CoTS,
Acanthaster planci) near Yongxing Island, Xisha Islands, South China Sea in 2006. n) - o)
Divers caught the CoTS and dried them on board, photographed by Yuanchao Li.
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Supplementary Figure S10. Factor variance analysis (Phase and subregion two-factor analysis of variance) of coral reef biome. a) Live coral coverage
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in coral reefs; b) Dead coral coverage; c) Macroalgae coverage; d) Juvenile coral density; e) Coral reef fish density (fishery resources); f) The crown-of-thorns
starfish (CoTS, Acanthaster planci) density; g) Coral species; h) Typhoon; i) Suspended solids; j) Sea surface temperature (SST); k) Chlorophyll a from remote
sense (Chl_a RS); l) Turbidity (Kd490). Data are shown as means ± SD. Circles indicate the annual mean values for each reef from 2004 to 2020, Hainan
East (HNE) denotes Wenchang and Qionghai city located at 19° North Latitude (NL). Hainan South (HNS), denotes Sanya city located at 18°NL. Hainan Xisha
(HNXS), denotes Sansha city located at 17°NL. Time is divided into three phases, i.e. 2004 - 2009 year, 2010 - 2014 year and 2015 - 2020 year. A ,B and C
indicate that there are significant differences in phases (p ＜ 0.05), a ,b and c indicate that there are significant differences in regions (p ＜ 0.05), highlighted
with distinct letters. Exact p values in the Supplementary Table 7.
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Supplementary Table S1. Relevant protection measures for local coral reefs. The
abbreviation for Non-Governmental Organization is NGO

Time
(yyyy-m)

Legal name Legislative department Note

1992/7
Notice on the Protection of Sanya Coral

Reef National Nature Reserve
The People's Government of

Sanya City, China

1995/8
Notice on Prohibition of Exploitation,
Capture and Sale of Corals, Hawksbill

Turtles and Their Products

The People's Government of
Sanya City, China

1995
Fishery Law of the People's Republic of
China - Implement the Seasonal fishery

closures policy in the marine
Ministry of Agriculture,China

1998/10
Coral Reef Protection Regulations of

Hainan Province

The Standing Committee of the
People's Congress of Hainan

Provincial, China

1999

Fishery Law of the People's Republic of
China- Implementation of the Seasonal
fishery closures policy in the South China

Sea

Ministry of Agriculture,China
The Standing Committee of the
National People's Congress of
the People's Republic of China

2009/5
Coral Reef Protection Regulations of
Hainan Province (Revised Draft)

The Standing Committee of the
People's Congress of Hainan

Provincial, China

2014/9
Regulations of Hainan Province on

Nature Reserves

The Standing Committee of the
People's Congress of Hainan

Provincial, China

2015
Fishery Law of the People's Republic
of China-The South China Sea fishing

ban
Ministry of Agriculture,China

2016/7
Regulations of Hainan Province on the
Management of Ecological Protection

Red Line

The Standing Committee of the
People's Congress of Hainan

Provincial, China

2016/11
Regulations of Hainan Province on the
Protection of Coral Reefs and Tridacna

The Standing Committee of the
People's Congress of Hainan

Provincial, China

2016

Opinions on the Comprehensive
Establishment and Implementation of the

Marine Ecological Red Line System
([2016] No.4)

State Oceanic
Administration,China

2016
The 13th Five-Year Plan for National

Ecological Reef Projects
State Oceanic

Administration,China

2017/1
13th Five-Year Plan for National Island

Protection
State Oceanic

Administration,China

2021
China’s List of State-Protected
Wildlife under State Priority

Ministry of Agriculture,China
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Conservation prohibited exploitation
of stony corals, giant clams, the giant
triton snail (Charonia tritonis), and

other reef animals such as sea turtles
and the humphead wrasse (Cheilinus

undulatus)

2024
Notice on Strengthening the Protection

and Restoration of Coral Reefs
Ministry of Natural Resources of
the People's Republic of China

Time
(yyyy)

Nature Reserve Names Area (ha)

1983
Southwest Zhongsha Islands Aquatic
Resources Provincial Nature Reserve

2400000

1987
Hainan Wanning Marine Ecology

National Nature Reserve
7000

1990
Sanya Coral Reef National Nature

Reserve
8500

Time
(yyyy)

Institution of Non-Governmental
public welfare organizations

2012 Hidden Love for Dapeng NGO

2007
Blue Ribbon Ocean Conservation

Society
NGO

2017 The Endless Dark Blue NGO

2018 Coral Branch, Pacific Society of China
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Supplementary Table S2. Variance inflation factor (VIF) scores for continuous covariates.
A set of 13 covariates was included in the statistical models, whereby all pairwise correlations
tolerance are ＞0.1 and all variance inflation factors are ＜5, indicating that multicollinearity is
not a serious concern. CoTS denotes crown of thorns starfish. SST denotes the mean sea
surface temperature from remote sensing monitoring.

Covariate VIF
Coral species (CS) 1.280
Dead coral coverage (DCC) 1.226
Fish 1.789
CoTS 1.477
Macroalgae 2.094
Chl_a 1.484
Suspended solids (SS) 1.396
SST 1.827
DO 1.264
COD 1.317
Salinity 1.209
Typhoon 1.155
Turbidity (Kd490) 3.020
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Supplementary Methods

Coral community data. Each survey site consisting to 2~6 transects was deployed at a depth
of 2 ~ 9 m. The video transects were analyzed in the laboratory by freezing the video at every
10 cm interval (scale points) to quantify the substrate and organism composition up to the 50
m scale point. Each 50 m transect was partitioned into two 20 m sub-transects spaced 5 m
apart, resulting in a total of 400 scale points per transect. For each point, the distribution of
benthic component (including rock, sand, rubble, Scleractinia corals (≥ 5 cm diameter), coral
recruit (< 5 cm diameter), dead coral, bleached coral, crown-of-thorns starfish (CoTS),
macroalgae, calcified algae and sponge etc.) under the transect line was counted from the
images. For example, the live coral coverage is calculated by dividing the number of all live
Scleractinia corals by 200, namely the total scale points of each transect, expressing it as a
percentage. CoTS abundance is calculated by dividing the number of CoTS by transect area.
Similar methods were used for analyzing other substrate types, and all species identification
supported by clear pictures of corals, macroalgae etc.

The banded transect video was used for the coral reef fish investigation. And each
monitoring station is 300 m×300 m range. Each video was taken for at least 5 min from the
starting point to the end after laying the tape for 10 min. The lens was located 0.5 m from the
bottom, with a front vision of approximately 5 m. The drivers aimed to contain each captured
fish in the frame of video within the scope of 2.5 m on both sides of the tape. Coral reef fish
density is calculated by dividing the number of fish by transect area. Photographs of fish were
also taken to aid in identification.

The field surveys were authorized as part of consecutive national and institutional
research programs, following the principle of minimal impacts on the marine environment. The
specific project mission numbers and their corresponding active periods are as follows:
2002hx01 (approved Jan 5, 2002), O5DQ031 (2005-2007), O8GA031 (2007-2009), O9YZ011
and O9GA091 (2009-2012), O9GH011 (2010-2012), Y3GA061 and Y3DJ061 (2013-2016),
SMES-KCF-P2014024 (2014-2015), 2014BAC01B03 (2015-2017), 2016zx4 (approved Mar
10, 2016), 2018hx14 (approved Apr 20, 2018), 2019STS01003 (approved Feb 15, 2019),
2020zx05 (approved May 12, 2019) and 2020hx21 (approved Aug 22, 2020).

Data on biotic and abiotic drivers of coral coverage change. Some environmental factors
are influential variables in explaining coral growth and habitat state, including temperature (℃),
chlorophyll a (Chl a (μg L-1)), photosynthetically active radiation (PAR (E m−2 s−1)), and turbidity
(Kd490)8,9. These data were obtained from NASA's Earth Observing System Data and
Information System (EOSDIS) Modis-Aqua satellite database, which has an ~4 km resolution
beginning in mid-2002 through to December 2020 (https://oceandata.sci.gsfc.nasa.gov). Light
availability (PAR) is a crucial physical factor driving coral distribution along depth gradients10.
To represent turbidity, defined as the attenuation of light at depth, we used the diffuse
attenuation coefficient of light at the 490 nm wavelength (Kd490) from NASA8. The Chl a, PAR
and Kd490 factors were extracted for month of the year at each site. And we calculated the
annual mean Chl a, PAR and Kd490 value for each site.
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Heat stress. Temperature variables directly impact coral health and consequently have
long-term implications for reef ecosystem health. Therefore, we also assessed sea surface
temperature (SST) variations using the monthly composite temperature data extracted from
the NOAA Coral Reef Watch who conduct global monitoring of heat stress based on satellite
SST data (https://www.star.nesdis.noaa.gov/pub/sod/mecb/crw/data/5km/v3.1/nc/v1.0/monthl/;
accessed December 2020). For each site, we calculated the mean SST in the year and mean
SST from May to October each year (in warm months, SSTwarm). Temperature variables also
included means and maxima of monthly composite Degree Heating Weeks (DHW)11. Degree
Heating Weeks are the global standard for determining the likelihood of thermal stress
inducing coral bleaching on coral reefs. One DHW represents a 1 °C increase in the local
mean climatic temperature for 1 week over the previous 12 weeks12. These data are highly
robust for predicting bleaching13, and are specified at the highest resolution available (~4.6 km
at the equator). For each site, we calculated the maximum DHW that occurred in the year.

Typhoon exposure. Typhoon impact data were obtained from the China Meteorological
Administration tropical cyclone database, which contains the track and scale of every tropical
cyclone that landed in China in the period 2000–202014,15 (http://typhoon.zjwater.gov.cn/). The
spatial cumulative impact of all tropical cyclones was estimated based on the level and
azimuth radius of the surface winds16. For each transect, maximum values and various
percentiles of sustained surface-wind speed, the direction of cyclone-generated winds during
the hour of maximum wind speed, duration of exposure to gale-force winds (≥17 m s-1),
distance to the path, hours of gale-force winds, and total energy (sum of wind speed times
duration) were calculated from the modeled wind estimates. Maximum hourly wind speeds
were converted to categories of Australian cyclonic intensity, based on maximum 10-min
sustained wind speeds (in m s-1; = 3.6 km h-1) and central pressure: category 1: ≥17–24.5 m s-1,
985–1,000 hPa; category 2: 24.6–32.5 m s-1, 970–985 hPa; category 3: 32.6–44.2 m s-1,
945–970 hPa; category 4: 44.2–55.3 m s-1, 920–945 hPa; category 5: ＞55.3 m s-1,＜920 hPa.
At cyclone intensity category distributions, the loss of coral coverage (i.e., typhoon damage
coefficients,TDC) are 0.05, 0.25, 0.65, 0.85 and 0.95 for inshore reefs, and 0.02, 0.15, 0.38,
0.62, and 0.95 for offshore reefs. The 56 cyclones have passed near the study subregion since
2000 (category ≥3 with 16, category ≥ 4 with 3). Global stressors were pre-defined as
basin-scale processes largely independent of local management. In this study, typhoon
exposure could be considered as a global stressor which is largely independent of local
management. And every storm covers the entire subregion with uniform destructive power, so
its impact— like that of heat stress and other climate variables— cannot be distinguished
among study sites within any single time frame.

Rainfall. The monthly precipitation data for each city of Hainan were obtained from the
Hainan Meteorological Center, and the annual rainfall from 2000 to 2020 was calculated based
on the monthly rainfall data.

Water quality in situ. The Hainan Academy of Ocean and Fishery Sciences water quality
database includes data from 13 locations within Hainan waters that have been collected since
2004 (Supplementary Fig. S1), and the annual water quality from 2004 to 2020 was calculated
based on all voyages data in the year, with voyages ranging from 1-3 times per year. At each
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station, water quality parameters are monitored at three different depths: bottom, mid-depth,
and surface. Surface parameters measured at 1 m below the surface were used in this study
because symbiont bearing Scleractinia are typically found at shallow depths. Ten
physiochemical and nutrient-related water quality parameters were selected as potential
drivers of coral diversity based on previous studies9,17. Physicochemical parameters chosen
were salinity, SST, dissolved oxygen concentration (DO), chemical oxygen demand (COD),
and nutrient parameters were Chl a, nitrate, nitrite, ammonium salt, dissolved inorganic
phosphorus (as phosphate; DIP), and suspended solids concentration (SS). The turbidity
(Fig.2c, remote sensing monitoring) suspended solids variation (Supplementary Fig. S10i,
cruise monitoring), which represent major coastal construction impacts.

Data on socio-economic drivers of coral coverage change. Some socioeconomic
indicators were selected to calculate exposure stress (Supplementary Figs. S3, S4). The three
anthropogenic factors were selected, including local human population, number of overnight
visitors and total agricultural N per year to the water in native city (Supplementary Fig. S5, S6,
S7). The statistical data came from Hainan Statistical Yearbook during 2000 to 2020 (Hainan
Statistical Yearbook). Total nutrients (nitrogen and phosphorus) emissions per year to the
water require additional calculations. The following data were selected to calculate nutrients
(nitrogen and phosphorus) emissions, such as local human population, urban and rural
population, the crop planting area and production, livestock amount, chemical fertilizer
application, the area and output of freshwater aquaculture and mariculture etc. These
investigation data included crop fertilization, crop product, straw destination, planting and
management methods, information on livestock housing, manure storage, and treatment by
farmers. Then, N and P emissions to water bodies from food system come from crop, livestock,
freshwater aquaculture, and mariculture systems, and human consumption system from
human waste and excrete (Supplementary Fig. S6). A parameters-localized NUFER model
was used to estimate N and P emissions. The NUFER model follows the principle of mass
conservation and can be used to estimate the nutrients input, migration, transformation, and
output from crop, livestock, aquaculture, and human consumption systems18-20. The detail of
parameters in Hainan used can be seen in our previous studies18,21.

IF= IcFertilizer+ IcIrrigation + IcDeposition+ IcBNF+ ILExogenous feed+ IAExogenous feed+ IFert i l izer+ IABNF+
IADeposi t ion+ IAFry+ IAWater+ FImport+ IFishing (1)

Where IF is the N input of food system; IcFertilizer, IcIrrigation, IcDeposition and IcBNF represent the
N input from fertilizer, irrigation water, deposition and biological N fixation to the crop
subsystem, respectively. ILExogenous feed and IAExogenous feed are the N of exogenous feed in the
livestock subsystem and aquaculture subsystem. IFertilizer, IABNF, IADeposition, IAFry and IAWater
represent the aquaculture N input from fertilizer, biological N fixation, deposition, fry and water
(freshwater and seawater), respectively. FImport is food N import from other areas outside
Hainan Island, IFishing is the fishing from rivers and ocean.

OF = OhRetained in body+ OAir+OcWater+ OSoil accumulation +OProcess loss +FExport (2)

WhereOF is the N output of food system; OhRetained in body is the food N stored in the human
body through digestion–absorption functions; OAir, OcWater and OSoil accumulation represent the total
air, water N emissions and N accumulation in soil, respectively. OProcess loss is total N loss from
food processing stages, including handling, storage, processing, and distribution; FExport
represent export N of food products from Hainan Island to other areas.
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It is noteworthy that agricultural N and P from crop production accounted for about 50% of
total agricultural N and P emissions into water (Supplementary Fig. S6b, S6c). HNE are
characterized by tropical agricultural (over 900,000 inhabitants in 1988), dominated by rice,
coconut palm and fruit cultures in over 60,000 hm2 cultivated land area (Supplementary Fig.
S7d). Besides, the agricultural nutrients from mariculture in HNE increased at the fastest since
2000 (Supplementary Fig. S6), and the wastewater was discharged directly from aquaculture
ponds into the sea18. In 2008-2010, the mariculture areas in Wenchang city of HNE was
greatly increased (about 1,644 hm2, Supplementary Fig. S7c), accompanied by a reduction in
mangrove forest area and seagrass coverage (Supplementary Fig. S7a, S7b). Hence, it is
aquaculture and crop systems that are key module of agricultural nutrients emissions into
water.

Local human resident population (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).

With the rapid development of tourism after 2010 in Hainan South (23 million in 2019, Fig.
S5b), it is not ignored that the influence of the large population from tourism. 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 days22,23. The number of overnight tourists travel
each year were converted to resident population according to the formula:

YT_POP = XPOP + Xtourists * (0.403 * 3 + 0.312 * 7 + 0.256 * 14 + 0.029 * 21) / 365 (3)

Where YT_POP is the resident Population (T_POP), including overnight tourists travel were
converted to resident population per year, denotes local urban development gravity - an
indicator of nearby human settlements potential influences on coral reefs (e.g., water quality
and land use); XPOP is the local human resident population (POP); Xtourists is the number of
overnight tourists travel per year.

Tropical coastal ecosystem changes closely related to coral reefs. Data about mangrove
forest area and seagrass coverage extracted from published reports and literature.

Fishing status. The data of motorized marine fishing vessels number and marine fishing
production of 2006 - 2020 were obtained from the Hainan Statistical Yearbook and China
Fishery Statistical Yearbook. And the fishing hours data for northern South China Sea since
2012 were obtained from the Global Fishing Watch (GFW) (https://globalfishingwatch.org).

Variable selection. The exclusion of certain variables from our final statistical models was a
result of a rigorous data screening process to address collinearity and temporal coverage
scale (≥5 years) to ensure statistical robustness. While some water quality and local
environmental variables were not included in the final models due to these collinearity issues
(Supplementary Fig. S2 and Table S2). For example, Degree-heating-weeks (DHWmax)
covaried strongly with SST, SSTwarm (r =0.68, 0.81, Supplementary Fig. S1), and Principal
Component Analysis (PCA) confirmed that SST, SSTwarm had a greater primary axis
component than DHWmax, indicating SST was the more representative variable for heat stress
in our dataset. Therefore, DHWmax was excluded to avoid multicollinearity and ensure the
robustness of our models. To balance statistical rigor with a holistic ecological perspective, the
excluded data were not discarded but were instrumental in our preliminary analyses and in
strengthening the overall narrative of our findings.
Panel regression alone is insufficient to establish causal inference. Endogeneity is addressed
in two ways. First, we used lagged predictors (t-1) in all panel regressions, so fish density and
macroalgae coverage precede the coral-cover response by one year. Second, SEM explicitly

https://globalfishingwatch.org
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models directional paths based on a priori ecological knowledge (Supplementary Fig. S3 and
Fig. S3a); These safeguards make the proposed directionality the most parsimonious
explanation.

Supplementary Note1

Integrated Coast-Reef Management (ICRM). We propose an Integrated Coast-Reef
Management framework for coral reef conservation. Considering the unique characteristics of
coral ecosystems, we introduce several assessment indicators and/or realization paths for the
five steps applicable to coral reefs (Fig. 4). The first step is to evaluate coral reef status based
on our and global data scale of live coral coverage (LCC) and macroalgae coverage (MC)1,2,
dividing it into three levels of low resilience (LCC < 10%), moderate resilience (10% < LCC <
30%, MC/LCC < 1/3), and high resilience (LCC > 30%). The second step is to identify
ecological stressors, such as overfishing, crown-of-thorns starfish (CoTS), nutrients pollution,
coastal engineering, ocean warming and other stressors. Particularly, the stressors
identification in individual subregions should not only address fragmented and proximal drivers
but also encompass multi-scale and systematic levels.

The third step is to develop tailored strategies in local communities, focusing on
integration of land-sea infrastructure development and existing ecological restoration
techniques to reduce environmental stressors on local coral reefs. In the capacity-building
component, the pathways involve a variety of biological and physical interventions in the sea
and on land. For example, biological interventions include removal of harmful organisms
(CoTS or Drupamorum), species-focused stocking, coral nursery garden or transplantation3,4

(Supplementary Fig. S9) and preservation of coral species resources. In light of global
warming, we also propose to build a ‘Noah's Ark’ for coral species protection - a large-scale
land-based ecological aquaculture system with good water quality and temperature control
system, which has been proven viable in Hainan, China5. Physical interventions include the
establishment of Reef Natural Reserves, and the repair of coral habitat (e.g., artificial reefs)
through engineering (Supplementary Fig. S9). Moreover, active restoration of coral reefs is
increasingly recognized as a major trend now, therefore, quantifying stressors and developing
tailored mitigation measures from land to sea is necessary. Interventions aimed at mitigating
land-to-sea pollution encompass the implementation of coastal engineering restrictions to
minimize sediment discharge into the sea, reduction of nutrients emissions from agriculture
and aquaculture into water bodies, and restoration of upstream coastal ecosystems adjacent
to coral reefs such as seagrass beds and mangroves6.

The fourth step is the implementation and enforcement of strategies, which require
long-term support from government, corporations, scientists, and other social stakeholders, to
provide technical and financial guarantees. Certainly, any intervention should be monitored to
assess whether the targets have been achieved and to evaluate its ecological and economic
cost-effectiveness. The final step is the regulation and maintenance of the environment, which
requires regular monitoring and predicting of relevant ecological systems, such as water
quality of estuarine and coral reef, and intensity of human activity. Long-term monitoring of
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interventions can help accumulate data and knowledge, allowing managers to update and
improve strategies and interventions over time (i.e. adaptive management)7. Long-term
nature-based ecosystem restoration should be the primary goal of adaptive conservation
strategies to avoid the high financial costs of temporary solutions. Furthermore, monitoring and
evaluation should pay attention to the relationship between species adaptation and climate
change.

.
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