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Abstract

Coral reefs are typical ecosystems of high diversity and productivity, but they are facing
significant degradation in their structure and function due to the dual stresses of climate
change and human activities. To uncover the trophic structure, energy flow, and envi-
ronmental driving mechanisms of nearshore coral reefs in Hainan, this study constructed
mass balance models for five regions, Sanya, Changjiang, Lingao, Wenchang, and Wan-
ning, using Ecopath with Ecosim, and conducted quantitative analysis in conjunction
with satellite environmental monitoring data. The results showed that the trophic levels
of functional groups in different ecosystems ranged from 1.00 to 5.00, with Sanya and
Changjiang having the highest trophic levels (4.505, 4.656), higher than Lingao, Wenchang,
and Wanning (3.776–3.924). The system average trophic transfer efficiency ranged from
15.98% to 30.25%, generally higher than the classic Lindeman 10% rule, with Changjiang
being the highest (30.25%) and Lingao the lowest (15.98%). In terms of material cycling,
the energy utilization efficiency of primary trophic levels was low, with a large amount of
energy retained as detritus at lower trophic levels; Sanya and Changjiang showed more
complete detritus chain energy cycling, with Finn cycling indices reaching 7.69 and 2.53,
respectively, indicating higher maturity. Keystone analysis identified zooplankton, corals,
and medium carnivorous fish as key functional groups with a decisive impact on system
stability. Environmental correlation analysis revealed that particulate inorganic carbon
(Pic), light diffuse attenuation coefficient (Kd), chlorophyll-a concentration (Chl_a), and
sea surface temperature (Sst) were the main regulating factors, among which Pic showed
a significant peaked relationship with the total system throughput, total biomass, and total
production, with an optimal range of 0.0050–0.0075 mol/m2. Overall, the material cycling
and energy flow states of the Sanya and Changjiang coral reef ecosystems were stronger
than those of Lingao, Wenchang, and Wanning, with lower fishing pressure in the former
contributing to a more complex food web and enhanced community structural stability.
This study provides the first systematic quantitative assessment of food-web structures
across five distinct nearshore coral reef regions in Hainan, introducing an early-warning
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threshold for particulate inorganic carbon that offers direct, actionable reference for regional
ecosystem-based management.

Keywords: coastal reefs; trophic transfer efficiency; keystone functional groups; ecosystem
stability; environmental drivers

1. Introduction
Coral reef ecosystems are hailed as ‘rainforests of the sea’ due to their high biodi-

versity and multifaceted ecological contributions to fishery resources, coastal protection,
and carbon cycling [1]. However, pressures such as global warming, ocean acidification,
overfishing, and coastal development are leading to coral bleaching, degradation of com-
munity structure, and even phase shifts [2]. To address this large-scale ecological crisis,
academia emphasizes that enhancing ecosystem resilience and protecting key functional
groups like reef corals and herbivorous fish to prevent phase shifts from coral dominance
to algal dominance is an effective path to cope with uncertainty and abrupt ecological
transitions [1,3]. Meanwhile, coral reefs are simultaneously affected by multiple human
activities (fishing, coastal engineering, aquaculture wastewater) and climatic drivers (warm-
ing, bleaching, hypoxia, acidification), leading to complex changes in their structure and
function. There is an urgent need to quantify their trophic structure and energy flow to sup-
port ecosystem-based management decisions [3,4]. However, coral reef systems in different
regions exhibit significant variations in species composition, trophic level distribution, and
energy flow pathways, which also reflects significant differences in the response capabilities
and recovery potential of different ecosystems when facing environmental disturbances [2].

To quantify these complex ecological processes, the Ecopath with Ecosim (EwE) model
has become an important tool for studying marine food-web structure and energy flow [5].
Based on the principle of mass balance, the EwE model can not only describe the system av-
erage state and calculate ecological indicators such as total primary production/total respi-
ration (TPP/TR), trophic transfer efficiency, system connectivity index, and omnivory index,
but also conduct temporal and spatial scenario simulations through Ecosim/Ecospace and
evaluate input uncertainty through iteration and Bayesian resampling, thereby providing
comparable quantitative assessments for management plans [5–7]. The EwE model can also
be cross-validated with independent stable isotope analysis data to improve credibility [8].

In the South China Sea region, several studies have already used this method to reveal
the current status and vulnerability of nearshore ecosystems. For example, research on the
Daya Bay ecosystem in the South China Sea indicates that its primary–secondary producers
are key functional groups for the ecosystem, and the overall system is in an immature
or degraded state, with weak resistance to external disturbances [9]. Spatial distribution
analysis of different habitats (coral reefs, seagrass beds, open sea) in the Qilianyu area
of the Xisha Islands shows that coral reefs have the highest diversity and stability, while
seagrass beds played a prominent role in supporting biomass [10]. Another study in the
Xisha Islands further explored the dual impacts of ocean warming and fishing pressure on
system structure and catch, revealing that by mid-century, the combined effects of warming
and fishing will lead to a significant decline in total catch and trophic levels [11].

Internationally, simulation studies targeting areas such as the Caribbean coast and
the Eastern Pacific have also revealed that multiple stressors often synergistically lead to
declines in both corals and small to medium-sized fish, while the biomass of certain large in-
vertebrates may temporarily increase. However, overall biodiversity and fishery resources
showed a downward trend [6]. Furthermore, under ocean warming scenarios, the total
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biomass of pristine inshore coral reef ecosystems in the Western Atlantic decreases, and
trophic transfer efficiency declines, foreshadowing a shift of the system towards a “carbon
source” function and increased dependence on external subsidies, thereby weakening the
ecosystem resilience [12]. However, a systematic food-web model study integrating multi-
ple nearshore reefs to disentangle the relative effects of fishing pressure and environmental
forcing is still lacking.

Existing assessments of the health status of coral reef ecosystems in Wenchang, Hainan,
point to marine engineering construction and aquaculture wastewater discharge as the
main drivers of coral degradation, but they have not deeply revealed the energy flow of
food webs and the roles of functional groups [13]. The nearshore coral reefs in Hainan face
diverse environmental drivers, including terrestrial nutrient input, changes in seawater
temperature and salinity, and sediment particle characteristics. A systematic food-web
model study is still lacking to understand how these factors regulate overall ecological
stability by affecting functional group biomass and energy flux.

In summary, to fill the gap in the quantitative assessment of nearshore coral reef
ecosystems in Hainan, this study intends to construct a mass-balance model of Hainan’s
nearshore coral reefs based on the EwE This will analyze the biomass distribution, energy
flow pathways, and trophic structure of different functional groups. Simultaneously,
combined with satellite environmental monitoring data, it will quantitatively assess the
relationships between environmental variables with temperature, salinity, light, and organic
matter characteristics on energy flow and system maturity. Specifically, we ask whether
the among-reef differences in structure and function are governed primarily by fishing
pressure or by environmental forcing, and which environmental variables are the dominant
regulators. Accordingly, we test three hypotheses: (H1) differences in trophic structure
and energy flow are driven primarily by fishing pressure, such that reefs under lower
fishing pressure exhibit higher trophic levels, transfer efficiency, and maturity; (H2) key
environmental variables—particularly Pic, Chl_a, and Sst—significantly regulate ecosystem
structure and energy flow, with Pic being the dominant driver; and (H3) the effect of
Pic on ecosystem function is non-linear, with an optimal range that maximizes energy
flow and biomass. Our results demonstrate that the Sanya and Changjiang reefs exhibit
greater maturity and stability, whereas the Lingao, Wenchang, and Wanning reefs are more
vulnerable, with these differences driven primarily by fishing pressure and particulate
inorganic carbon. By coupling trophic modeling with environmental drivers, this study
aims to translate abstract energy-flow metrics into practical thresholds for ecosystem
managers. The research results provide a scientific basis for the differentiated ecological
conservation and sustainable fishery management of Hainan nearshore coral reefs.

2. Materials and Methods
2.1. Study Area and Basic Data Collection

The study area selected typical coral reef distribution areas around Hainan Island,
including the nearshore sea of Sanya (SY), Changjiang (CJ), Lingao (LG), Wenchang (WC),
and Wanning (WN) (Figure 1). Hainan Island is located in the northern part of the South
China Sea and possesses abundant coral reef resources, making it an important coral reef
distribution in China [13]. In recent years, due to human activity impacts such as climate
change, marine pollution, overfishing, and coastal development, the Hainan nearshore
coral reef ecosystem faces severe degradation pressure.
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Figure 1. Sampling stations for the Hainan Island nearshore coral reef ecosystem.

The five regions were selected for three reasons. First, they are the principal ar-
eas of nearshore scleractinian-coral distribution around Hainan Island and are therefore
representative of the island’s coastal reef resources. Second, they are distributed across
different coasts of the island (Sanya in the south, Changjiang and Lingao along the west-
ern/northwestern coast, Wenchang in the northeast, and Wanning in the southeast), so
they experience contrasting oceanographic regimes, terrestrial runoff, and nutrient loading.
Third, and most importantly for our hypotheses, they differ markedly in the type and
intensity of human activity, allowing the relative contributions of fishing pressure and
environmental forcing to be disentangled. Specifically, the regions form an anthropogenic-
pressure gradient: Sanya is a major tourism and diving center with comparatively regulated
fishing; Changjiang, on the less-urbanized western coast, is subject to relatively lower fish-
ing pressure; Lingao is a center of intensive mariculture with elevated nutrient input and
fishing intensity; Wenchang is strongly affected by marine engineering construction and
aquaculture-wastewater discharge, previously identified as the main drivers of coral degra-
dation there [13]; and Wanning, on the southeastern coast, is exposed to coastal tourism and
artisanal fishing. They also form an environmental gradient, as reflected in the among-site
differences in the satellite-derived variables quantified in this study (particulate inorganic
carbon, chlorophyll-a, sea surface temperature, light diffuse attenuation coefficient, and
salinity; see Supplementary Table S14). This gradient design is what enables the test of
hypotheses H1 and H2. Table S14 summarizes the geographic setting, dominant anthro-
pogenic pressures, key environmental characteristics, supporting references, and regional
fishery statistics for each study region.

Sample collection was conducted from February to April 2023. Sampling in Sanya,
Changjiang, Lingao, and Wenchang began in February. Due to weather conditions at the
end of February, supplementary sampling in Wanning was carried out in April. Since
February and April both fall within Hainan’s northeast-monsoon (dry) season and the
annual temperature of the island range is small, environmental conditions during this
period were relatively stable, and the data collected across all regions were treated as
a single synoptic survey suitable for mass-balance Ecopath modeling.

Three replicates were set in each region based on the characteristics of coral reef
distribution. Coral reef biological samples were collected using a combination of the
line transect method and quadrat survey method. At each region we conducted [line-
intercept/belt] transects for benthic and coral cover, quadrats for benthic macro-organisms,
gillnet deployments for the fish assemblage, and plankton net tows for phytoplank-
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ton (Supplementary Table S15). Zooplankton data were collected using vertical trawl-
ing according to the GB/T 12763.9 (2007) [14] to calculate biomass per unit volume
(Supplementary Figure S1 and Table S1). In addition, some data not obtained for the sub-
sequent model construction came from similar coral reef Ecopath models. Phytoplankton
biomass (g/m2) was calculated based on Brown et al. and Shang et al., using SCS chloro-
phyll concentrations (mg/m3) [15–17]. Due to the lack of biomass data for cartilaginous fish
and benthic producers (turf and macroalgae), output parameters from similar models were
used [18]. To balance our model, EE values for each biomass were set to 0.189, 0.239, and
0.375, respectively, and these values were input into model to calculate the biomass of miss-
ing functional groups [8,18–20]. The values 0.189 and 0.239 were adopted from the Xisha
coral reef Ecopath model [21], and 0.375 was adopted from the Yongxing coral reef Ecopath
model [22]. EE values were not chosen arbitrarily: they were adopted from published
Ecopath models of tropical coral reef ecosystems at comparable latitudes and with similar
ecosystem characteristics, in which cartilaginous fish and benthic producers (turf and
macroalgae) occupy analogous trophic roles [8,18–20]. Biomass data for other functional
groups (e.g., detritus) were derived from particulate organic carbon from satellite data
(https://oceandata.sci.gsfc.nasa.gov/l3/order/, accessed on 28 May 2026), with values
close to the amount of detritus in adjacent waters [23]. To allow comparison across regions
of different reef extents, sampling effort was standardized by expressing all quantitative
data on a per-unit-area (or per-unit-effort) basis before they were used as inputs for the
Ecopath models.

Methods for estimating P/B include population resource assessment, the natural
mortality (M) method, and the fishing mortality method. According to bioenergetic theory,
the production (P)/consumption (Q) ratio (P/Q) is assumed to be 0.1–0.3. Under the as-
sumption of a mass-balanced trophic model, the P/B of “fish” is equal to the instantaneous
total mortality (Z) [24]. The Q/B for each fish functional group was estimated according to
Palomares and Pauly [25]; P/B and Q/B for certain functional groups were estimated based
on Fishbase (https://www.fishbase.org) and parameters from tropical coral reef models in
similar latitudes or with similar ecosystem characteristics [9,19,20,26–28].

We recorded the latitude and longitude of each sampling station and accessed corre-
sponding satellite environmental monitoring data for the time points from the EU’s Global
Ocean Physical Analysis and Forecast ocean satellite (https://data.marine.copernicus.eu/
product/GLOBAL_ANALYSISFORECAST_PHY_001_024/download, accessed on 28 May
2026) and the OceanColor data website (https://oceandata.sci.gsfc.nasa.gov/l3/order/,
accessed on 28 May 2026). The source files and R code of extracting environmental data
for each sampling point were freely available at https://github.com/xupeng520qxm/
HNDenv/tree/main, accessed on 28 May 2026.

2.2. Model Construction

We used EwE 6.7 software to construct five Ecopath models representing the nearshore
coral reef ecosystems in different regions around Hainan Island during the same quar-
ter [29]. In an Ecopath model, functional groups with similar trophic levels, life histories,
and niche characteristics must be comprehensively considered, and all functional groups
must include the basic processes of energy and material flow in the ecosystem [5]. The
Ecopath model includes two main equations—the first, Equation (1), defines the balance
between input and output for each functional group to ensure that the ecotrophic efficiency
does not exceed 1. Equation (2) defines the thermodynamics of the functional groups. The
expressions for Equation (1) and Equation (2) are:

Bi ×
(

P
B

)
i
× EEi = Yi + ∑n

j=1 Bi ×
(

Q
B

)
i
× DCji + Bi × BAi (1)
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Qi = Pi + Ri + Ui (2)

where Bi is the biomass of group i; (P/B)i is the production-per-unit biomass of group i,
which is equal to the total mortality rate of group i; EEi is the ecotrophic efficiency of group
i, defined as the fraction of production consumed within the system or taken by fisheries;
Yi is the total catch rate of group i; (Q/B)j is the consumption-rate-per-unit biomass of
group j; DCij is the fraction of prey i in the average diet of predator j; BAi is the biomass
accumulation rate of group i; Ei is the net migration rate (inflow and outflow); Qi is the
consumption of group i; Ri is the respiration of group i; and Ui is the unassimilated food of
group i.

The identification of Ecopath functional groups needs to consider changes in life
history stages, habitat, and/or diet. Therefore, functional groups can be represented as
a single biomass pool or multi-stanza functional groups [30]. In this study, the components
in the Ecopath models for different regions of the nearshore coral reef ecosystem around
Hainan Island can be divided into 16 groups for Sanya, 14 for Changjiang, 16 for Lingao, 17
for Wenchang, and 15 for Wanning. Among these, 7 groups are fish groups, 4 are inverte-
brate groups, and the remaining 6 groups include sea turtles, zooplankton, phytoplankton,
macroalgae, turf algae, and detritus, covering the energy flow processes at various trophic
levels of each ecosystem. The selection of these functional groups was based not only
on field survey results but also on ecology, biosystematics, feeding habits of species, and
species distribution [31]. Fish species were assigned to functional groups based on similar
ecological characteristics (e.g., diet, predator, body size, and metabolic requirements). The
group names for carnivorous fish functional groups were based on size classification (small
for <10 cm, medium for 10–20 cm, and large for >20 cm). The carnivorous fish were divided
into small (<10 cm), medium (10–20 cm), and large (>20 cm) size classes because body
size is a primary determinant of trophic role in reef fishes, and these classes correspond
to ecologically distinct feeding niches. These thresholds are also consistent with size-class
conventions widely used in Western Pacific/Indo-Pacific coral-reef fish studies, in which
breakpoints at approximately 10 cm and 20 cm are commonly applied in visual-census
and trophic analyses to separate small, intermediate, and large individuals [26,27]. In
addition, the thresholds were checked against the length-frequency distribution of our own
sampled catch and against length-at-maturity information from FishBase for the dominant
carnivorous species, confirming that the 10 cm and 20 cm breakpoints fall close to natu-
ral discontinuities in the size structure and approximate the transition from juvenile to
mature stages.

2.3. Fishery Catch, Dietary Composition and Model Debugging

The Hainan Provincial Fishery Statistical Yearbook does not record fishery data for the
Xisha Islands, and the fishing pressure on the Xisha Islands mainly comes from different
prefectural-level cities on Hainan Island. We selected the average fishery catch data from
the five aforementioned regions in the ‘Hainan Statistical Yearbook 2019’ as the baseline for
the Xisha Islands’ fishery data [32]. This was then combined with the 2019 fishery catch
data from the Qilianyu coral reefs in the Xisha Islands [21], along with fishery data from the
‘Hainan Provincial Statistical Yearbook 2019’ and ‘Hainan Provincial Statistical Yearbook
2023’, to estimate the catch of coral reef fish and some invertebrates in the nearshore coral
reefs of Hainan Island [32,33] (Tables S8–S12).

Since diet matrices are important for Ecopath simulations, the diets of different func-
tional groups were reconstructed based on stomach content analysis, published literature,
and Fishbase (www.fishbase.org) (Tables S3–S7) [22]. Given that the nearshore coral reefs
of Hainan Island are an open ecosystem, the ‘diet import’ method needs to be adopted for
certain functional groups [29]. Additionally, biological differences often lead to unassimi-
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lated consumption by herbivorous fish, benthic invertebrates, and zooplankton compared
to other animals [27]; the Un. Q for crustaceans, zooplankton, and herbivorous fish was set
at 0.25, 0.30, and 0.40, respectively [21].

Before balancing or running, the pre-balance diagnostic was used to check consistency
of the model. Output parameters that needed adjustment included: EE (<1.0), total gross
efficiency (P/Q, 0.1–0.3), net efficiency (NE, NE − P/Q > 0), respiration/assimilation
biomass (R/AS, <1.0), respiration/biomass (R/B, fish: 1-10; high turnover populations:
50–100), and production/respiration (P/R, <1.0 or >1.0) [34,35]. The model is adjusted to
reach equilibrium according to thermodynamic principles. In addition, sensitivity analysis
is performed to test how small changes in input data affect model output parameters [36].

2.4. Data Analysis
2.4.1. Mixed Trophic Impact (MTI) and Keystone Index Analysis

The Ecopath MTI model quantified the direct and indirect trophic effects among
functional groups, assessing the positive or negative impact of biomass changes in one
functional group on all other components of the coral reef ecosystem and analyzing the
interactions between functional groups and fishing activities [37]. Keystone index analysis,
based on MTI, identifies functional groups within the food web that have high overall
impact and relatively low biomass [38].

2.4.2. Model Characteristic Analysis

Based on the Ecopath model equilibrium results, ecosystem-wide characteristic pa-
rameters reflecting the scale, stability, and maturity of the nearshore coral reef ecosystem of
Hainan Island, calculated using network analysis, such as the total system throughput, in-
cluding the sum of all consumption, all exports, all respiration flows, and all detritus flows,
can be used to quantify the ecological scale and ‘metabolic level’ of the ecosystem [39,40].
System descriptive indices, such as the ratios of total primary production/total respiration
(TPP/TR) and total primary production/total biomass (TPP/TB), Finn’s cycling index
(FCI), and Finn’s Mean Path Length (MPL), characterize ecosystem maturity [29,39,41]. The
closer TPP/TR is to 1, the more stable the ecosystem.

The cycling of matter is also a key process for the functioning of natural ecosystems,
as it promotes homeostatic control over flow magnitudes [41]. FCI and MPL increase with
ecosystem maturity [42]. Food-web complexity and omnivory index are often used to
assess ecosystem stability; the Connectance index (CI) is the ratio of actual links to possible
links in a given food web, and the system omnivory index (SOI) is an average omnivory
index of all consumers, weighted by the logarithm of each consumer food intake [29]. Both
the CI and SOI indicate the complexity of internal connections within the ecosystem; when
their values approach 1, the internal relationships of the food web composed of functional
groups are more likely to be complex, and the ecosystem is more stable [29]. Ascendency
(A) integrates both size and organization (the number and diversity of interactions between
ecosystem components) [29]; the relative overhead (O/C) is used as an index of ecosystem
resilience [43].

2.4.3. Environmental Factor-Associated Analysis

This study used various statistical methods (correlation, Principal Component Anal-
ysis, and multiple regression) to analyze the relationships among different ecosystem
structures, functions, and environmental factors. First, by calculating the correlation
matrix between environmental factors and ecological indicators, a multiple regression
analysis was performed for each ecological indicator against environmental factors, and
standardized coefficients were extracted. Principal Component Analysis (PCA) was used
to reduce the dimensionality of environmental variables and identify main environmen-
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tal factors affecting coral reef ecosystems. Second, we standardized coefficients of each
associated indicator and calculated a comprehensive mean score to identify consistently
important environmental factors across different analytical methods. Finally, a Gener-
alized Additive Model was used to detect whether there are non-linear relationships
among variables. All statistical analyses were performed using R 4.2.1 software, with
the significance level set at p < 0.05. R language code and data are freely available at
https://github.com/xupeng520qxm/HNDenv/tree/main, accessed on 28 May 2026.

3. Result
3.1. Trophic Structure and Biomass Recycle

According to PREBAL diagnostic and sensitivity analysis of the Ecopath models for
nearshore coral reef ecosystems in Hainan Island, the model fit is good (Supplement File S1:
Text S1, Figure S6). The input and output parameters for the functional groups of the
nearshore coral reef Ecopath models at five sites in Hainan Island are shown in Supplement
File S2: Tables S8–S12. The trophic level (TL) values for all functional groups conform to
basic ecological principles, ranging from 1.00 to 5.00 (Figure 2), with more than half of
functional group TLs concentrated between the second and fourth TL. Coral reef systems
at each location exhibited relatively distinct material flows and TL differences, reflecting di-
versity and complexity of ecological functions among regions. Specifically, Figure 2 shows
that internal energy flows within each system present differentiated paths and intensities,
indicating significant differences in the dependence on material cycling and ecological con-
nectivity among coral reef ecosystems at different locations. Figure 2a,b show that in Sanya
and Changjiang, corals were main energy source for mollusks, while Figure 2c–e show that
in Lingao, Wenchang, and Wanning, phytoplankton were the main energy source for zoo-
plankton. Mollusks were also the main energy source for fishing in all five ecosystems, with
Lingao, Wenchang, and Wanning having relatively higher energy flows from mollusks to
fishing, suggested potentially higher mollusk fishing intensity. In Figure 3a, a comparison
of the sum of all flows into detritus (SAFID) and total system throughput (TST) at different
locations reveals that Lingao (SAFID: 3918.97 t·km−2·a−1, TST: 11,325.72 t·km−2·a−1) and
Wenchang (SAFID: 9746.32 t·km−2·a−1, TST: 29,724.00 t·km−2·a−1) have a higher total
detritus inflow and system throughput, reflected stronger material and energy exchange
activity. Figure 3b displays the average trophic level of catches (mTlc) at each location,
showing that the mTlc in Sanya and Changjiang was greater than 3.0, while it was less than
3.0 at the other three locations. This implies that the food chain structure in the former
was more complex and includes higher trophic-level groups, which indirectly explains that
the relatively higher mollusk fishing energy in Lingao, Wenchang, and Wanning might be
due to the lower biomass of high trophic-level groups. In Figure 3c, the system omnivory
index (SOI) and Shannon diversity index (SDI) respectively reflect the dietary diversity
of species and community diversity within the ecosystem. The results indicate that the
Sanya and Changjiang coral reef systems had relatively higher SOIs, 0.62 and 0.80, respec-
tively, exhibiting a more complex food-web structure. However, the Lingao, Wanning, and
Changjiang coral reef systems had higher SDIs, 2.14, 1.98, and 1.98, respectively, indicating
higher biodiversity. Furthermore, Figure 3d compares the FCIs and MPLs of coral reef
ecosystems at different locations. The data show that Sanya has larger FCIs and MPLs, 7.69
and 2.53, indicating that its ecosystem energy flow has a higher recycling efficiency and
a longer stable path, suggesting higher system maturity and stability.
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Figure 2. Trophic flow diagrams of the Ecopath models for the five nearshore coral reef regions
in Hainan: (a) Sanya, (b) Changjiang, (c) Lingao, (d) Wenchang, and (e) Wanning. In each di-
agram, circles represent functional groups, positioned along the vertical axis according to their
trophic level; the area of each circle is proportional to the group’s biomass, and the biomass value
(B, t·km−2) is given next to each node. Lines represent the energy flows among functional groups,
with line color indicating the relative flow strength according to the color bar shown in each panel
(note that the range of the color scale differs among panels). “Fishing” denotes the fishery (catch)
compartment. The number of functional groups varies among regions (14–17), reflecting differences
in species composition recorded during the field surveys. LCF: large carnivorous fish. MCF: medium
carnivorous fish. SCF: small carnivorous fish. OE: other echinoderms. OF: omnivorous fish. HF:
herbivorous fish.
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Figure 3. Ecosystem-level network indices of the Ecopath models for the five nearshore coral reef
regions in Hainan (Sanya, Changjiang, Lingao, Wenchang, and Wanning). (a) Sum of all flows
into detritus (SAFID, t·km−2·a−1; left axis) and total system throughput (TST, t·km−2·a−1; right
axis); (b) mean trophic level of the catch (TLC); (c) system omnivory index (SOI; left axis) and
Shannon diversity index of flows (SDI; right axis); (d) Finn’s cycling index (FCI, %; left axis) and
mean path length (MPL; right axis). In panels (a,c,d), blue bars correspond to the lefthand axis and
pink bars to the righthand axis. In panels (c,d), parameters are paired on dual axes to facilitate
the direct comparison of ecologically interrelated metrics: SOI (trophic-web complexity) and SDI
(community diversity) jointly characterize ecosystem structural heterogeneity, while FCI (cycling
efficiency) and MPL (energy flow path length) are complementary Finn indices that collectively
indicate ecosystem maturity.

3.2. Energy Flow

Food-web analysis confirmed that Sanya and Changjiang have Lindeman trophic
flow pathways with five integrated TLs, while Lingao, Wenchang, and Wanning have
Lindeman trophic flow pathways with four integrated TLs (Table 1). The “total flow” at
each TL significantly decreased as the TL increased. The throughput generated by TL
I and II at different locations accounted for 90.04% in SY, 78.15% in CJ, 91.91% in LG,
93.94% in WC, and 92.91% in WN, which is consistent with the principle of the energy
pyramid. As the main energy source, the proportion of consumption by TL I predators to
the total predator consumption at each location was 69.23%, 64.00%, 89.03%, 77.44%, and
83.19%, respectively. The proportion of TL I flow to detritus to the total flow to detritus was
67.52%, 67.24%, 75.88%, 81.70%, and 79.29%, respectively. This indicated that TL I energy
utilization efficiency was low, and most of the energy was stored as detritus at lower TLs,
failing to effectively transfer upwards. However, we could observe that the proportions
of consumption by TL I predators and flow to detritus in Sanya and Changjiang were
lower compared to the other three points. This suggested that a larger proportion of energy
flowed to higher trophic levels and less energy flowed to detritus, which is consistent with
the aforementioned research results regarding higher trophic levels of catches and higher
food-web complexity and stability.
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Table 1. Distribution of flow in the coastal coral reef ecosystem of Hainan Island. SY: Sanya, CJ:
Changjiang, LG: Lingao, WC: Wenchang, WN: Wanning. All flow values are expressed in t·km−2·a−1.

Trophic
Level Area Consumption

by Predators Export Flow to
Detritus Respiration Throughput

V

SY 11.59 0.17 41.89 14.89 68.55
CJ 4.68 4.54 11.63 28.55 49.40
LG - - - - -
WC - - - - -
WN - - - - -

IV

SY 36.38 0.40 98.33 45.64 180.80
CJ 26.40 14.65 40.80 91.39 173.20
LG 4.76 2.31 8.95 25.63 41.65
WC 7.76 1.39 22.04 53.67 84.87
WN 6.12 0.65 10.05 30.10 46.92

III

SY 112.50 0.59 198.30 143.80 455.30
CJ 95.23 24.52 64.21 127.70 311.60
LG 29.88 10.56 49.63 114.90 205.00
WC 85.29 6.04 299.40 565.80 956.60
WN 26.58 2.24 27.25 64.50 120.60

II

SY 353.70 0.74 548.60 484.20 1387.00
CJ 177.00 8.80 246.60 226.50 659.00
LG 179.80 16.94 807.30 736.80 1741.00
WC 1169.00 9.50 1342.00 1999.00 4519.00
WN 92.43 3.06 246.70 255.20 597.30

I

SY 1170.00 2242.00 1896.00 0.00 5309.00
CJ 541.30 0.00 749.00 0.00 1290.00
LG 1744.00 0.00 2730.00 0.00 4474.00
WC 4332.00 0.00 7440.00 0.00 11,772.00
WN 622.70 0.00 1095.00 0.00 1718.00

Sum

SY 1690.00 2244.00 2808.00 695.50 7437.00
CJ 845.80 53.90 1114.00 479.80 2494.00
LG 1959.00 30.04 3598.00 881.90 6468.00
WC 5594.00 17.10 9106.00 2625.00 17,342.00
WN 748.50 6.03 1381.00 356.40 2492.00

The energy transfer efficiency of TL refers to the ratio of its energy output and intake
to its throughput, representing the energy efficiency of the TL in the ecosystem. Table 2
shows that the geometric mean of the energy transfer efficiency for TL II–IV at each location
was 24.49%, 30.25%, 15.98%, 24.57%, and 18.04%, respectively, which is significantly higher
than Lindeman’s trophic transfer efficiency (10%) (Figure 4). It was also found that the
transfer efficiencies in Sanya, Changjiang, and Wenchang were higher than in Lingao
and Wanning, indicating stronger internal energy flow, which has a certain promotional
effect on improving their internal ecosystem conditions. Additionally, we found that
the transfer efficiencies from primary producers in Sanya, Changjiang, and Wenchang
were 24.34%, 29.69%, and 24.42%, respectively, which were lower than their transfer
efficiencies from detritus, indicating that their ecosystems are dominated by detrital food
chains. In contrast, the transfer efficiencies from primary producers in Lingao and Wanning
were 16.00% and 18.11%, respectively, which were higher than their transfer efficiencies
from detritus, indicating that their ecosystems are dominated by grazing food chains. It
was speculated that, for the coral reef ecosystems of Hainan Island, detrital food-chain-
dominated ecosystems play a positive role in improving the overall utilization efficiency of
the ecosystem.
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Table 2. Trophic transfer efficiency of the coastal coral reef ecosystem of Hainan Island. SY: Sanya, CJ:
Changjiang, LG: Lingao, WC: Wenchang, WN: Wanning.

Source Area
Trophic Level

II III IV V

Producer

SY 25.66 25.88 21.71 18.88
CJ 30.44 38.88 22.12 16.73
LG 11.30 19.73 16.97 -
WC 25.66 25.88 21.71 -
WN 15.99 23.90 14.44 -

Detritus

SY 25.85 27.64 22.06 17.94
CJ 49.66 49.42 13.52 22.40
LG 10.85 19.82 17.09 -
WC 25.85 27.64 22.06 -
WN 17.04 22.35 14.24 -

All flows

SY 25.7 26.23 21.79 18.67
CJ 34.23 42.1 19.21 18.02
LG 11.17 19.75 17.01 -
WC 25.70 26.23 21.79 -
WN 16.29 23.44 14.38 -

Notes: Total flow proportion from detritus: SY: 0.45, CJ: 0.42, LG: 0.42, WC: 0.39, WN: 0.42; transfer efficiency
(mTE, calculated as the geometric mean of TL II–IV); from primary producers: SY: 24.34%, CJ: 29.69%, LG: 16.00%,
WC: 24.42%, WN: 18.11%; from detritus: SY: 25.07%, CJ: 32.14%, LG: 15.92%, WC: 25.18%, WN: 17.88%; total: SY:
24.49%, CJ: 30.25%, LG: 15.98%, WC: 24.57%, WN: 18.04%.

 

Figure 4. Lindeman trophic flow pathways of the Hainan Island coastal coral reef ecosystem based
on ecological pathways. P: primary producers; D: detritus; II–V: trophic levels; TST: total system
throughput; TE: transfer efficiency; TL: trophic level.
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3.3. MTI and Keystone Index

Figure 5, through a combined analysis of the MTI and the keystone index, reveals
the directional impact and criticality of different functional groups on the trophic web
within the nearshore coral reef ecosystems of Hainan Island. MTI analysis (Figure 5a–e)
showed that primary producers (phytoplankton, turf, and macroalgae) had a positive
effect on most predators. Regarding corals, while benthic algae (turf and macroalgae) in
Sanya and Changjiang had a certain promoting effect on corals, benthic algae in Lingao,
Wenchang, and Wanning showed a significant inhibitory effect on corals. The food-web
structures in Sanya and Wenchang indicated that corals have a significant promoting effect
on coral-eating fish. Overall, fishing had a negative impact on most groups, with the
negative impact of fishing in Sanya being weaker compared to that of the other regions.
Fishing had a strong negative impact on medium and large fish in Changjiang, Lingao,
Wenchang, and Wanning. Fishing intensity directly affects the structural condition of the
coral reef ecosystem.

According to the keystone index (KS) and relative total impact (RTI), the critical func-
tional groups in the coral reef ecosystems of different regions of Hainan Island were identi-
fied, with top-ranked functional groups considered key species in the system. Figure 5f–j
reveal that zooplankton (KS = −0.040, RTI = 1.000) and corals (KS = −0.263, RTI = 0.748)
in Sanya, zooplankton (KS = −0.059, RTI = 1.000) and corals (KS = −0.202, RTI = 0.793) in
Changjiang, zooplankton (KS = −0.141, RTI = 1.000) and cartilaginous fish (KS = −0.216,
RTI = 0.868) in Lingao, medium carnivorous fish (KS = −0.086, RTI = 1.000) and other
echinoderms (KS = −0.2303, RTI = 0.903) in Wenchang, and medium carnivorous fish
(KS = −0.156, RTI = 0.974) and other mollusks (KS = −0.327, RTI = 1.000) in Wanning were
the critical functional groups in their respective regions. The high KS and RTI values of
these functional groups indicated their important roles in their respective coral reef ecosys-
tems, had a decisive impact on the trophic network structure and system integrity, and
thereby provided a theoretical basis for maintaining and managing the trophic dynamics of
coral reef ecosystems.

3.4. Key Correlating Factors

Figure 6 and Figures S2–S4 systematically reveal the influence of key environmen-
tal factors and their mechanisms on ecosystem structure (TST, TB), energy flow (mTE),
ecosystem health (SDI, Sum of Production: SP, TPP/TR, FCI, MPL, Connectance index: CI,
SOI), and fishery-management-related indicators (total catch: TC, mTlc) in Hainan Island.
Firstly, Figure 6a compares the results of different methods for assessing the importance
of environmental factors, indicating that particulate inorganic carbon (Pic), chlorophyll-a
concentration (Chl_a), and sea surface temperature (Sst) were prominent influences across
all indicators, validating their dominant role in system function. Figure 6b further inte-
grates the extent of influence of various environmental factors on ecological indicators
through a comprehensive score, highlighting the critical regulatory roles of particulate
inorganic carbon, light diffuse attenuation coefficient, and chlorophyll-a concentration,
with particulate inorganic carbon being the most important influencing factor. Correlation
analysis based on the Generalized Additive Model revealed significant non-linear relation-
ships between particulate inorganic carbon and total catch, total system throughput, total
biomass, and total production (Figure 6c–f), with no significant non-linear relationships
observed for other ecosystem parameters (Figure S5). Specifically, Pic showed a significant
positive correlation with total carbon, with the rate of increase accelerating further when
Pic concentrations exceeded 0.0125 mol/m2. Conversely, Pic exhibited a peaked-curve
relationship with total standing stock, total biomass, and species richness, indicating an
optimal Pic range of 0.0050–0.0075 mol/m2 for maximizing energy flow and biomass ac-
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cumulation. These results support particulate inorganic carbon as an important driving
force for ecosystem function and fishery productivity, with its influence realized through
regulating energy flow and biological production processes.

 

Figure 5. Mixed trophic impact (MTI) and keystone index (KS) of nearshore coral reefs on Hainan
Island. (a–e) Positive (blue) and negative (red) values of the MTI index represent positive and negative
impacts, respectively. (f–j) For each functional group, the keystone index (y-axis) corresponds to its
relative total impact on the trophic web (x-axis). The total impact is relative to the maximum impact
measured; the x-axis scale is between 0.0 and 1.0. Functional groups are sorted in decreasing order of
the keystone index; thus, the key functional group is the top-ranked functional group. Circles are
proportional to the biomass of the functional group in the system. Cho: Chondrichthyes; LCF: large
carnivorous fish; MCF: medium carnivorous fish; SCF: small carnivorous fish; OF: omnivorous fish;
CEF: coral-eating fish; HF: herbivorous fish; Tur: turtles; OE: other echinoderms; OM: other mollusks;
Cru: crustaceans; Zoop: zooplankton; Macro: macroalgae; Phyto: phytoplankton.
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Figure 6. Key factors affecting the ecosystem structure, energy flow, ecosystem health, and fishery
management indicators of Hainan Island. (a) Comparison of environmental factor importance as-
sessed by different methods. (b) Comprehensive scores of environmental factor impacts on ecological
indicators. (c–f) GAM-based correlation fitting curves of particulate inorganic carbon with Tc, Tst,
Tb, and Sp. Chl_a: chlorophyll-a concentration, Kd: light diffuse attenuation coefficient, Par: photo-
synthetically active radiation, Pic: particulate inorganic carbon, Poc: particulate organic carbon, Sal:
salinity, Sst: sea surface temperature, Tc: total catch, Tst: total system throughput, Tb: total biomass,
Sp: total production. *** indicates p < 0.001.
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4. Discussion
The objective of this study was to quantify the trophic structure, energy flow, and

environmental drivers of Hainan’s coastal coral reefs. The main finding is that the Sanya and
Changjiang reefs exhibit greater maturity and stability, while those in Lingao, Wenchang,
and Wanning are more vulnerable, with differences driven primarily by fishing pressure
and particulate inorganic carbon.

4.1. Stability Analysis of Ecosystem Trophic Structure and Energy Flow

The Ecopath model of Hainan nearshore coral reefs constructed in this study showed
that the trophic levels in different regions of the system range from primary producers
(Trophic Level I) to top predators (Trophic Level 4.656), with the highest trophic levels in
Sanya and Changjiang being 4.505 and 4.656, slightly higher than the 3.977 in Daya Bay and
3.80 in Qilianyu [9,21]. The highest trophic levels in Lingao, Wenchang, and Changjiang
were 3.780, 3.776, and 3.924, which were close to those in Daya Bay and Qilianyu [9,21]. In
our study, the mean trophic level of catch for Sanya and Changjiang was 3.355 and 3.376,
slightly higher than the 2.727 in Daya Bay and 2.62 in Qilianyu, while the MTL for Lingao,
Wenchang, and Changjiang was 2.59, 2.616, and 2.691, which were close to those in Daya
Bay and Qilianyu [9,21]. The combination of these two factors reflects the differences in
fishing selectivity and ecosystem maturity in Sanya and Changjiang, and was also closely
related to conservation management and fishing intensity [9,44]. A higher trophic level of
catch generally indicates that fish resources are relatively underexploited, but if the biomass
of high trophic level organisms is low, it could easily lead to unstable ecosystem structure
and ecological function degradation [45].

The average trophic transfer efficiencies calculated by our model were 24.49%, 30.25%,
15.54%, 13.96%, and 17.64% in SY, CJ, LG, WC, WN, which were significantly higher
than the 10.9% in Daya Bay and 13.15% in the Qilianyu coral reefs [9,21]. However, the
total primary production/total respiration (TPP/TR) and total primary production/total
biomass (TPP/TB) ratios for each location (TPP/TR: SY for 1.99, CJ for 1.95, LG for 3.23, WC
for 2.80, WN for 3.39; TPP/TB: SY for 12.50, CJ for 11.52, WC for 8.68, WN for 16.41) were
significantly lower than those of Daya Bay (TPP/TR = 3.5, TPP/TB = 82.5) and Qilianyu
(TPP/TR = 3.79, TPP/TB = 26.3), with the exception of Lingao’s TPP/TR of 27.28, which
was slightly higher than that of Qilianyu [9,21]. This indicated a certain efficiency loss in
the production–respiration balance and biomass utilization of Hainan nearshore coral reefs.

The variations in primary producer communities across different ecosystems and
their mechanisms of impact on secondary consumers may be influenced by local en-
vironmental conditions and the extent of anthropogenic disturbance. The relevant
literature indicates that foundation species, such as corals and large phytoplankton,
play a decisive role in the energy flow and stability of ecosystems [3]. Specifically,
coral-based food chains in Sanya and Changjiang may have enhanced detrital en-
ergy flow, whereas phytoplankton-driven grazing food chains in the coral reef ecosys-
tems of Lingao, Wenchang, and Wanning might affect the efficiency of energy cycling.
Lingao (SAFID: 3918.97 t·km−2·a−1, TST: 11,325.72 t·km−2·a−1) and Wenchang (SAFID:
9746.32 t·km−2·a−1, TST: 29,724.00 t·km−2·a−1) exhibited high detrital inflow and total
system throughput, respectively. This suggested active material and energy cycling within
their ecosystems and a high responsiveness to external inputs and disturbances. However,
this elevated throughput might be associated with intensified detrital pathways under
specific fishing or environmental pressures [21,46], which could also account for the lower
complexity and stability of their food webs compared to those of Sanya and Changjiang.
Sanya and Changjiang demonstrate stronger omnivory and more complex food-web struc-
tures, with SOI values of 0.62 and 0.80, respectively. This indicated that while complex
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trophic cross-links have formed in certain areas, there was considerable variation in species
richness, reflecting the functional and structural heterogeneity of these ecosystems. Mature
and stable coral reef ecosystems typically possess higher rates of energy cycling and longer
food chain pathways, thereby exhibiting greater resilience to environmental perturbations.
Omnivorous behavior contributes to enhanced food web stability, energy redistribution,
maintenance of ecosystem services, and improved recovery capacity [6,10]. Overall, the
indicators for Hainan nearshore coral reefs generally fall within the medium to upper range
among global coral reef ecosystems, suggesting a certain potential for recovery [7,13,47]. In
the future, with the intensification of climate change and human activities, strengthening
the dynamic monitoring of foundation species (corals, phytoplankton) and energy flow
dynamics will be crucial. This will facilitate the timely identification of trends in ecosystem
structural changes and risks of functional degradation, thus providing scientific support
for marine ecological management [4,11].

4.2. Regulatory Role of Material Circulation and Key Species Functions

This study revealed that the throughput of each trophic level decreases exponentially
with increasing TL, similar to the mass-balance model results of the Xisha coral reef ecosys-
tem [21]. TL I predators accounted for 64.00–89.03% of the total predator consumption,
and energy flow to detritus accounted for 67.24–81.70% of the total detrital consumption.
This indicated a low energy utilization efficiency at the primary trophic level, where a large
amount of energy was stored as detritus at lower trophic levels, making it difficult to
transfer upwards. This detritus-dominated material cycling pattern has also been validated
in the Nanwan coral reef in Taiwan, where detrital throughput flux is dominant [26]. In
the Daya Bay ecosystem, the average transfer efficiency of the overall trophic levels was
approximately 10.9% [9], while the corresponding value for the Xisha coral reef system
was only 13.15% [21]. The high transfer efficiencies observed in Sanya, Changjiang, and
Wenchang suggested a more robust internal energy flow, which may contribute to enhanced
system productivity and functional stability. Furthermore, we found that the energy trans-
fer efficiency from detrital food chains in Sanya, Changjiang, and Wenchang was higher
than that from primary producers, implying that these three ecosystems were dominated
by detrital chains. Conversely, Lingao and Wanning were primarily driven by grazing food
chains, a characteristic consistent with the conclusion that primary producers were the
main energy source in the Qilianyu coral reef ecosystem [47]. From a functional ecological
perspective, research by Bellwood et al. on coral reef resilience indicated that detrital food
chains play a crucial role in maintaining ecosystem stability and recovery capabilities by
strengthening material and energy recycling [3]. Therefore, this study suggests that in the
nearshore coral reef ecosystems of Hainan, the detritus-dominated energy flow pattern
not only enhances energy utilization efficiency but might also bolster system resistance to
external disturbances.

This study demonstrated that primary producer groups (phytoplankton, reef epilithic
turf, and macroalgae) have a significant positive impact on most predators. This finding
aligns with observations in the Daya Bay food-web model, where primary and secondary
producers exhibited an overall positive effect on mid-to-high trophic level groups, in-
dicating that primary producers in marine areas serve as fundamental hubs for energy
and material flow [9]. Regarding the influence of benthic algae on other groups, the MTI
values for benthic algae on corals in Sanya and Changjiang were positive, whereas those
in Lingao, Wenchang, and Wanning showed a significant negative impact. This regional
disparity might be attributed to competition between benthic algae and corals for space,
biofilm resources, and differences in nutrient utilization efficiency. This aligns with research
on Mexican Caribbean coral reefs, which suggests that high algal cover can weaken the
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positive support provided by corals to small fish and invertebrates, subsequently reduc-
ing system maturity and stability [6]. Similar phenomena observed in various regions of
Hainan suggest that excessive proliferation of benthic algae might already be a potential
limiting factor for coral recovery in some areas.

MTI results indicated a general negative impact of fishing on medium and large fish,
with the adverse effects being more pronounced in Changjiang, Lingao, Wenchang, and
Wanning compared to those in Sanya. This finding is consistent with a trade-off analysis
concerning parrotfish catches, which showed that high fishing intensity significantly re-
duces the maturity of food-web structures and system resilience [44]. Therefore, fishing
intensity has been identified as a crucial anthropogenic driver determining the structural
health of coral reefs in the South China Sea. High KS and RTI values for functional groups
suggested their “keystone” role within the trophic network, exerting a decisive influence
on energy flow and network connectivity. This conclusion resonates with an analysis of the
Xisha Qilianyu coral reef model, where zooplankton and corals were also identified as the
most influential keystone groups within the system, contributing over 50% to system matu-
rity and stability [21]. This aligns with the identification of corals and zooplankton as key
functional groups in Sanya in the present study. Furthermore, an investigation into coral
health in the Wenchang sea area indicated low coverage of sensitive coral species and high
echinoderm biomass, leading to significant fluctuations in health indices, yet possessing
recovery potential [13]. This aligns with the identification of corals and echinoderms as key
functional groups in Wenchang in the present study. The identification of region-specific
keystone groups (e.g., medium carnivorous fish in Wenchang and Wanning) moves beyond
general biodiversity protection, allowing for targeted, cost-effective fishery management
strategies tailored to each reef’s specific structural vulnerability.

4.3. Impacts of Environmental Drivers on Ecological Functions

Oceanic Pic primarily exists as calcium carbonate, with its sources including calcifi-
cation by marine organisms and the input of terrigenous detritus [48,49]. Additionally,
the settling of calcium carbonate shells or skeletons of marine organisms after death also
increases the oceanic particulate inorganic carbon content [50]. Ren et al. (2025) observed
a significant positive correlation between sediment inorganic carbon content and ecosys-
tem carbon storage in tropical seagrass ecosystems, with this relationship being more
pronounced under high-temperature, high-salinity, and coarse sediment conditions [45].
The contributions of terrestrial runoff and marine internal processes to Pic around Hainan
coral reefs aligned with the quantitative analysis of local inorganic carbon sources. Pic
enhanced carbon fixation by primary producers through increased carbon supply, thereby
amplifying energy flow upwards in the system. A proposed Pic threshold (>0.0075 mol/m2)
was introduced as an early-warning level indicating potential ecosystem degradation risk.
This threshold was specifically derived from the comparative environmental-response
patterns observed in the Ecopath–environmental coupling analysis. At the SEATS station
in the South China Sea, the ratio of phytoplankton carbon biomass (C) to Chl_a (C:Chl_a)
decreased with depth but remained generally low across all depths [16]. This pattern
suggests that Chl_a serves as a crucial indicator for assessing photosynthetic efficiency and
the nutritional status of the system. Chl_a ranked second in the comprehensive scoring,
indicating the fundamental role of phytoplankton productivity for the primary drivers of
coral reefs.

Sea surface temperature exhibited a dual effect on the physiological metabolism of
corals and their symbiotic algae: moderate warming can accelerate growth and assimilation,
but excessively high temperatures lead to bleaching and a sharp decline in productivity.
A simulation study found that under mid-term high-temperature scenarios, the biomass
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of corals and large carnivorous fish decreased by 3.8–4.7% in the Xisha Islands [11]. The
negative correlation between SST and the total system flux and biomass observed in this
study corroborates this finding. The diffuse attenuation coefficient directly regulates the
intensity of the underwater light field, which in turn affects the light energy available to
photosynthetic organisms. Multiple biogeochemical studies on coral reefs have shown that
a lower Kd (i.e., higher water transparency) facilitates the vertical distribution of nutrients
and balances photochemical processes, thereby optimizing productivity allocation [3,51].
In this study, although Kd ranked fourth in the importance hierarchy, its local role in energy
flow within the seagrass and benthic community module was not negligible.

The functionality and fishery productivity of Hainan nearshore coral reef ecosystems
were primarily driven by two carbon source variables: Pic and Chl_a. Sst and Kd mod-
ulated the system response through physiological processes and light field regulation,
either amplifying or suppressing the effects. This aligned with the combined influence of
multiple environmental factors on reef health in Wenchang, Hainan, noting that water qual-
ity, thermal conditions, and nutrient levels jointly determine changes in the Coral Health
Index [13]. A key practical contribution of this study is the identification of a non-linear
peaked relationship between Pic and key ecosystem indicators, yielding an optimal Pic
range (0.0050–0.0075 mol/m2) and an early-warning threshold (>0.0075 mol/m2). Impor-
tantly, the observed non-linear peaked relationship between Pic and ecosystem indicators
is unlikely to be an artifact of discrete model inputs. This non-linear pattern is corrob-
orated by cross-ecosystem comparisons [45]. Both seagrass beds and coral reefs rely on
carbonate dynamics, suggesting a shared ecological mechanism: moderate Pic levels en-
hance carbon fixation and primary production, whereas excessive Pic accumulation may
lead to physical smothering or alterations in carbonate chemistry that inhibit biological
production. This cross-validation supports the robustness of our proposed Pic optimal
range (0.0050–0.0075 mol/m2) as a genuine ecological threshold. Unlike complex dynamic
model outputs, this clear environmental threshold can be directly monitored via satellite
remote sensing and integrated into existing marine environmental monitoring networks,
providing an actionable operational tool for ecosystem managers.

Given the identification of medium carnivorous fish as keystone functional groups
in Sanya and Changjiang, and the observed negative impacts of fishing on these groups,
precautionary fishing restrictions targeting these species during their potential spawning
seasons are recommended, pending future seasonal monitoring data to refine the timing. In
contrast, Lingao and Wenchang require more stringent regulation of fishing effort alongside
measures to control nutrient inputs, reflecting their reduced trophic transfer efficiency and
stronger reliance on detritus-based energy pathways. For Wanning, a combined strategy
of adaptive fishery management and habitat restoration is suggested, which is consistent
with its intermediate level of ecosystem stability and mixed structural characteristics.

4.4. Limitations of This Research

(1) Sampling design and temporal limitation. Field sampling was conducted during
a single dry-season window (February–April 2023). Although this period corresponds
to relatively stable monsoon conditions in Hainan, the dataset does not capture sea-
sonal or interannual variability. Therefore, our results represent a synoptic ecological
snapshot of reef conditions rather than long-term ecosystem dynamics.

(2) Parameter uncertainty in Ecopath inputs (P/B, Q/B, EE, DC). We explicitly discuss
uncertainties associated with all key input parameters, including production/biomass
(P/B), consumption/biomass (Q/B), ecotrophic efficiency (EE), and diet composition
(DC). These parameters were derived from a combination of field measurements,
published literature, FishBase records, and model balancing procedures. We empha-
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size that while this is standard practice in EwE applications, it inevitably introduces
uncertainty into derived ecosystem indicators.

(3) Absence of full uncertainty propagation (Monte Carlo/bootstrap analysis). A full
uncertainty propagation analysis using Monte Carlo simulations or bootstrap meth-
ods was not performed because the Ecopath models incorporated heterogeneous
parameter sources from multiple functional groups and regions. However, uncertain-
ties associated with major input parameters, including production/biomass (P/B),
consumption/biomass (Q/B), ecotrophic efficiency (EE), and diet composition (DC),
were considered when interpreting ecosystem indicators. Despite this limitation, the
application of a consistent modeling framework, standardized functional-group classi-
fication, and identical balancing procedures across regions ensures that the observed
spatial patterns remain comparable and robust.

(4) Functional group variability among regions (14–17 groups). We clarify that differ-
ences in functional group numbers reflect both real ecological heterogeneity and
detectability constraints in field sampling. Ecologically meaningful absences (e.g., low-
abundance or habitat-specific taxa) contribute to structural differences among reefs,
while acknowledging that rare taxa may also be influenced by sampling limitations.
Importantly, all models follow a consistent functional-group framework, ensuring
comparability across regions.

(5) Lack of independent validation (e.g., stable isotopes). We explicitly acknowledge that
no independent validation dataset (such as stable isotope analysis or tracer-based
food-web reconstruction) was available in this study. We recognize this as a limitation
of the current work and identify it as a priority for future research to strengthen trophic
pathway validation and model calibration.

(6) Limited generalizability of single-year sampling design. The findings presented here
represent a spatial comparison of coral reef ecosystem structure and functioning during
a specific sampling period rather than a characterization of long-term ecosystem
trajectories. Although the standardized sampling design provides a reliable baseline
for assessing regional differences under comparable seasonal conditions, temporal
variability remains unresolved. Future multi-season and multi-year monitoring efforts
are needed to evaluate ecosystem stability, identify long-term trends, and determine
whether the observed spatial patterns persist over time. The precise timing of seasonal
fishing bans necessitates refinement informed by future seasonal monitoring data.
Presently, the recommendations are a precautionary conservation measure, grounded
in the identification of key functional groups.

Importantly, despite these limitations, all five Ecopath models were constructed using
a consistent methodological framework, standardized functional grouping scheme, and
uniform balancing procedure, ensuring that inter-regional comparisons of trophic structure,
energy flow, and ecosystem maturity remain internally consistent and methodologically
robust. Furthermore, it is important to note that the relationships identified in our GAMs
represent correlations based on cross-sectional data from a synoptic survey. While these
environmental variables are critical associated factors, long-term manipulative or time-
series studies are required to establish definitive causal drivers of ecosystem shifts.

5. Conclusions
This study provides a comparative ecosystem-level assessment of five coral reef sys-

tems in Hainan, China, integrating Ecopath food-web modeling with environmental drivers
to examine spatial differences in trophic structure, energy flow, and ecosystem organization.
By linking ecosystem indicators with environmental gradients and fishing pressure, we
developed a framework to interpret how combined anthropogenic and environmental
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factors shape reef ecosystem functioning. Overall, the results demonstrate clear spatial
heterogeneity among the studied reef systems, with higher trophic complexity and more
efficient energy transfer observed in Sanya and Changjiang, while Lingao and Wenchang
exhibited simplified trophic structures and stronger reliance on detrital pathways. Wan-
ning showed intermediate characteristics, reflecting a transitional ecosystem state. These
patterns collectively highlight strong spatial differentiation in ecosystem maturity across
the region. The observed differences in trophic level structure, transfer efficiency, and
ecosystem maturity indices are consistent with stronger ecosystem organization under
relatively lower fishing pressure, particularly in Sanya and Changjiang. Among mul-
tiple environmental variables, particulate inorganic carbon (Pic), chlorophyll-a (Chl_a),
and sea surface temperature (Sst) emerged as important correlates of ecosystem structure
and energy flow, indicating that both productivity-related and physical forcing factors
jointly regulate reef ecosystem functioning. In particular, the response of ecosystem in-
dicators to Pic exhibited a non-linear pattern, suggesting that ecosystem performance
may be optimized within a certain environmental range rather than changing linearly
across gradients. From a management perspective, these findings emphasize the need for
region-specific ecosystem-based strategies. We recommend establishing an early-warning
threshold of Pic > 0.0075 mol/m2 for the Lingao and Wenchang reefs, and implementing
seasonal fishing bans in Sanya and Changjiang to protect medium carnivorous fish, which
were identified as key groups for maintaining trophic structure. For Wanning, adaptive
fishery regulation combined with habitat restoration is suggested to reflect its intermediate
ecosystem condition.

Collectively, the results supported all three proposed hypotheses. H1 was supported
by the observed spatial differences in trophic structure, energy transfer efficiency, and
ecosystem maturity among the five reef regions, with Sanya and Changjiang exhibiting
relatively higher trophic complexity and stability. H2 was supported by the identification
of particulate inorganic carbon, chlorophyll-a, and sea surface temperature as important
environmental correlates regulating ecosystem structure and functioning. H3 was also
supported, as fishing pressure showed significant negative effects on medium and large
carnivorous fish and influenced regional differences in ecosystem organization and vul-
nerability. The conclusions of this study are derived from a single-season observational
dataset and an Ecopath-based modeling framework, and therefore primarily represent the
current spatial patterns of ecosystem structure and functioning across the studied coral
reef regions. This comparative assessment provides insights into regional differences in
trophic organization and energy flow; however, long-term monitoring and independent
validation approaches, such as stable isotope analysis or tracer-based methods, will further
improve the resolution of trophic pathways and enhance the assessment of ecosystem
dynamics. Overall, this study demonstrates the combined influence of fishing pressure
and environmental variability on coral reef ecosystem structure and functioning, and
provides a comparative framework to support future ecosystem-based management and
conservation planning in tropical reef systems.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su18157538/s1, Supplementary file S1: Figures S1–S6; Supplementary file S2:
Tables S1–S15.

Author Contributions: J.G., writing—original draft, methodology, investigation, formal analysis;
K.C., J.Z., X.L. and G.Z., writing—review and editing, supervision, funding acquisition, conceptual-
ization; L.L., X.H. and D.X., supervision, resources; P.X., writing—review and editing, supervision,
methodology, funding acquisition, conceptualization. All authors have read and agreed to the
published version of the manuscript.

https://doi.org/10.3390/su18157538

https://www.mdpi.com/article/10.3390/su18157538/s1
https://www.mdpi.com/article/10.3390/su18157538/s1
https://doi.org/10.3390/su18157538


Sustainability 2026, 18, 7538 22 of 24

Funding: This work was supported by funding from the Open Fund of the National Field Scientific
Observation and Research Station of Coral Reef Ecosystem in Nansha, Hainan (NSICR24207), Special
Project for Basic Scientific Research Business of Central-Level Public Welfare Research Institutes (PM-
zx703-202506-155), Guangdong Basic and Applied Basic Research Foundation (2025A1515110157).

Institutional Review Board Statement: The study was a non-experimental field survey of wild
fishery resources and did not involve any experimental manipulation, husbandry, or in-laboratory
procedures on live animals. Fish and coral specimens were obtained through field sampling around
Hainan Island as part of a fishery resource survey carried out in accordance with the fishery laws of
the People’s Republic of China. No nationally protected or endangered coral and fish species were
collected. Under current Chinese legislation, field surveys of wild fishery resources of this kind do
not fall within the scope of animal experimentation and do not require approval from an animal
ethics committee. For this reason, a formal ethics committee approval is not available.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ainsworth, C.H.; Mumby, P.J. Coral–algal phase shifts alter fish communities and reduce fisheries production. Glob. Change Biol.

2015, 21, 165–172. [PubMed]
2. Wang, D.C.; Wu, X.H.; Ding, L.; Zhang, M.S.; Xie, H.; Zhang, Q.; Li, S. Analysis of the Ecosystem Structure and Function of the

Yangtze River Estuary Based on the Ecopath Model. J. Environ. Eng. Technol. 2022, 12, 417–425.
3. Bellwood, D.R.; Hughes, T.P.; Folke, C.; Nyström, M. Confronting the coral reef crisis. Nature 2004, 429, 827–833. [CrossRef]

[PubMed]
4. Alva-Basurto, J.C.; Arias-González, J.E. Modelling the effects of climate change on a Caribbean coral reef food web. Ecol. Model.

2014, 289, 1–14. [CrossRef]
5. Pauly, D.; Christensen, V.; Walters, C. Ecopath, Ecosim, and Ecospace as tools for evaluating ecosystem impact of fisheries. ICES J.

Mar. Sci. 2000, 57, 697–706. [CrossRef]
6. Argüelles-Jiménez, J.; Alva-Basurto, J.C.; Perez-Espana, H.; Zetina-Rejon, M.J.; Arias-González, J.E. The measurement of ecosystem

development in Caribbean coral reefs through topological indices. Ecol. Ind. 2020, 110, 105866. [CrossRef]
7. Calderon-Aguilera, L.E.; Reyes-Bonilla, H.; Olán-González, M.; Castañeda-Rivero, F.R.; Perusquía-Ardón, J.C. Estimated flows

and biomass in a no-take coral reef from the eastern tropical Pacific through network analysis. Ecol. Ind. 2021, 123, 107359.
[CrossRef]

8. Du, J.; Makatipu, P.C.; Tao, L.S.; Pauly, D.; Cheung, W.W.; Peristiwady, T.; Liao, J.; Chen, B. Comparing trophic levels estimated
from a tropical marine food web using an ecosystem model and stable isotopes. Estuar. Coast. Shelf Sci. 2020, 233, 106518.
[CrossRef]

9. Chen, Z.; Xu, S.; Qiu, Y. Using a food-web model to assess the trophic structure and energy flows in Daya Bay, China. Cont. Shelf
Res. 2015, 111, 316–326. [CrossRef]

10. Wang, H.Y.; Zhang, X.Y.; Chen, W.L.; Li, Y.C.; Qiu, S.T.; Chen, L.; Du, J.G. Spatial structure and function analysis of Qilianyu
multi-habitat marine ecosystem based on Ecospace model. J. Xiamen Univ. 2025, 64, 433–445.

11. Zhang, X.; Li, Y.; Du, J.; Qiu, S.; Xie, B.; Chen, W.; Wang, J.; Hu, W.; Wu, Z.; Chen, B. Effects of ocean warming and fishing on the
coral reef ecosystem: A case study of Xisha Islands, South China Sea. Front. Mar. Sci. 2022, 9, 1046106. [CrossRef]

12. Capitani, L.; de Araujo, J.N.; Vieira, E.A.; Angelini, R.; Longo, G.O. Ocean warming will reduce standing biomass in a tropical
western Atlantic reef ecosystem. Ecosystems 2022, 25, 843–857.

13. Lang, S.K.; Pang, Q.Z.; Luo, L.Z.; Xu, B.X.; Zhang, J.; Li, Y.C. Description of health status of coral reef ecosystem of Wenchang,
Hainan and analysis of its influencing factors. Trans. Oceanol. Limnol. 2024, 46, 80–88.

14. GB/T 12763.9; Specifications for Oceanographic Survey—Part 9: Guidelines for Marine Ecological Survey. China Standards Press:
Beijing, China, 2007.

15. Brown, P.C.; Painting, S.J.; Cochrane, K.L. Estimates of phytoplankton and bacterial biomass and production in the northern and
southern Benguela ecosystems. S. Afr. J. Mar. Sci. 1991, 11, 537–564. [CrossRef]

16. Shang, Y.W.; Xiao, W.P.; Liu, X. Variations of pico-phytoplankton groups and carbon to chlorophyll-a ratios in the South China
Sea at the SEATS station. J. Xiamen Univ. 2018, 57, 811–818.

https://doi.org/10.3390/su18157538

https://www.ncbi.nlm.nih.gov/pubmed/24953835
https://doi.org/10.1038/nature02691
https://www.ncbi.nlm.nih.gov/pubmed/15215854
https://doi.org/10.1016/j.ecolmodel.2014.06.014
https://doi.org/10.1006/jmsc.2000.0726
https://doi.org/10.1016/j.ecolind.2019.105866
https://doi.org/10.1016/j.ecolind.2021.107359
https://doi.org/10.1016/j.ecss.2019.106518
https://doi.org/10.1016/j.csr.2015.08.013
https://doi.org/10.3389/fmars.2022.1046106
https://doi.org/10.2989/025776191784287673
https://doi.org/10.3390/su18157538


Sustainability 2026, 18, 7538 23 of 24

17. Ke, Z.; Tan, Y.; Huang, L.; Liu, H.; Liu, J.; Jiang, X.; Wang, J. Spatial distribution patterns of phytoplankton biomass and primary
productivity in six coral atolls in the central South China Sea. Coral Reefs 2018, 37, 919–927. [CrossRef]

18. Wabnitz, C.; Balazs, G.; Beavers, S.; Bjorndal, K.; Bolten, A.; Christensen, V.; Hargrove, S.; Pauly, D. Ecosystem structure and
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