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Marine ranching has been widely promoted as an ecosystem-based approach to
restore degraded coastal ecosystems and enhance fishery resources, particularly
in heavily impacted estuarine regions. The National Marine Ranch Demonstration
Zone of Wailingding Island, located in the Pearl River Estuary of the northern
South China Sea, represents a typical subtropical coastal system influenced by
intensive anthropogenic activities and ecological restoration efforts. Based on
continuous bottom trawl surveys in April and September 2020 from the
Wailingding Island marine ranch (WIMR) area, this study employed an Ecopath
model to evaluate the ecosystem characteristics of the study area. The model
systematically analyzed energy flows, structural characteristics, and the
ecological carrying capacity of major functional groups. Seventeen functional
groups were defined, representing the key energy transfer pathways in the study
area. Their trophic levels (TLs) ranged from 1.000 to 3.737, with marine mammals
occupying the highest level. The overall energy transfer efficiency of the
ecosystem was 3.873%, and the total system throughput reached 10,536.750 t/
(km?.year), with 49% derived from detritus. The ratios of total primary production
to total respiration (TPP/TR) was 7.431. Finn's cycling index (FCI) and Finn's mean
path length (FML) were 2.529% and 2.198. These results suggest that the
Wailingding Island marine ranch ecosystem is characterized by low maturity
and stability and a relatively simple food web structure. Model simulations
further indicated that under ecologically balanced conditions, the ecological
carrying capacities of major functional groups could increase up to 3.8 times
their current biomass levels.
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1 Introduction

To mitigate ecosystem degradation and the decline of fishery
resources, the construction of modern marine ranches has become a
key strategy for promoting the transformation and upgrading of
coastal fisheries (Zhou et al., 2021). Marine ranching projects,
including artificial reef deployment, scientifically guided stock
enhancement and release, the strengthening of resource
management, and habitat enhancement (Liu, 2022), have expanded
rapidly in recent decades, especially in China (Chen et al., 2020). As a
vital component of China’s marine ecological civilization, marine
ranches play an important role in conserving and restoring marine
environments and enhancing fishery resources. They not only
provide an effective means to protect aquatic biological resources
and rehabilitate degraded habitats, but also serve as an essential
pathway toward the sustainable development of coastal fisheries
(Yuan and He, 2022). While some studies report increases in food
web complexity and species richness (Song et al., 2022; Nauta et al.,
2023; Feng et al., 2025), others suggest that artificial structures may
alter trophic pathways, intensify competition, or increase reliance on
detrital energy flows (Heery et al., 2018; Reeds et al., 2018; Zhang
et al,, 2022). Consequently, evaluating the ecosystem-level responses
of marine ranch systems has become essential for understanding
whether such interventions genuinely promote ecosystem recovery or
merely redistribute biomass within existing food webs.

The Pearl River estuary, located in the northern South China
Sea, is one of the most economically developed and ecologically
stressed coastal regions in China, supporting abundant coastal
fishery resources (Peng et al, 2019). As the main convergence
zone between the Pearl River runoff and offshore waters of the
South China Sea, this region possesses unique hydrological and
nutrient conditions, making it an essential fishing ground and
natural spawning site for numerous economically important fish
species (Zhang et al., 2011). However, due to its proximity to the
highly developed Pearl River delta, the estuary has also become a
major maritime transportation corridor. Pollutants discharged from
ships and land-based sources have caused severe marine pollution,
while nutrient enrichment from anthropogenic inputs has led to
eutrophication, making this one of the most red tide-prone areas in
China (Si, 2018). In recent years, several biological resource surveys
have been conducted in the Pearl River Estuary to evaluate
ecosystem conditions and assess the effectiveness of marine ranch
construction (Zhang et al., 2011; Yuan et al., 2017; Peng et al., 2019).
Although some studies have analyzed the community structure of
marine organisms, the overall ecosystem characteristics and
ecological carrying capacities of key functional groups in the
estuarine marine ranch areas remain poorly understood. The
Wailingding Island National Marine Ranch Demonstration Zone,
located in the estuarine—coastal transition zone of the Pearl River
estuary, represents a typical subtropical marine ranch system
influenced by both ecological restoration measures and strong
anthropogenic disturbances (Xie et al., 2022). Understanding the
trophic structure and functioning of this system is therefore critical
for evaluating the effectiveness of marine ranching practices in
estuarine contexts.
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Ecopath with Ecosim (EwE) suite of models is widely used for
quantitative assessments of marine food webs and ecosystem-based
management (Craig and Link, 2023; Keramidas et al.,, 2023). The
operating principle of the Ecopath component in EwE is based on
thermodynamics, the ecosystem is simplified by constructing a food
web in the model, with various ecosystem characteristics quantified
through modeling (Heymans et al., 2016). Recent advances in
ecosystem modeling using EWE have expanded its application to
evaluate ecological outcomes of restoration and management in
coastal and estuarine systems (de Mutsert et al., 2021; Wang et al.,
2024b). Multiple regional and global studies have emphasized
improved calibration practices, uncertainty quantification, and the
use of network indicators to interpret ecosystem maturity and
resilience (Heymans et al.,, 2016; Susini and Todd, 2021; Bentley
etal., 2024; Saygu et al., 2025). In particular, EwE-based assessments
applied to marine ranching and stock-enhancement projects have
highlighted both potential benefits for biomass recovery and
limitations associated with trophic constraints and detritus-
dominated pathways (Wang et al., 2022b; Zhang et al., 2022; Yan
et al., 2025). These recent findings motivate our ecosystem
modeling of the Wailingding Island marine ranch area and
underscore the need to combine field surveys with model-based
diagnostics when informing ecosystem-based management
decisions in heavily impacted estuarine environments.

Therefore, in this study, based on fishery resource survey data
from the National marine ranch demonstration zone of
Wailingding Island, Zhuhai, Guangdong Province, we developed
an Ecopath model of the local ecosystem using EwE software. The
objectives were to (1) analyze the food web structure and energy
flow patterns, (2) quantitatively evaluate the overall ecological
characteristics of the system, and (3) estimate the ecological
carrying capacities (ECC) of key functional groups in the
demonstration area. The results aim to provide baseline ecological
data for assessing the ecological effectiveness of marine ranch
construction and to support the management and conservation of
coastal fishery resources in China.

2 Materials and methods

2.1 Study area and sample collection

The National Marine Ranch Demonstration Zone of
Wailingding Island is established in the eastern side of the
Wanshan Archipelago, Zhuhai City, Guangdong Province, China.
The surveyed area extends from 114°02’ to 114°06’ E and 22°05 to
22°07' N. To improve the ecological environment and conserve
local fishery resources, a total of 1,781 artificial reef units have been
deployed in recent years, with a combined reef volume of 37,497 m°.
These structures include multifunctional bait reefs made of
reinforced concrete, trapezoidal algal reefs, and associated
facilities such as seaweed cultivation zones covering
approximately 6.25 hectares. The entire demonstration area
covers about 2.16 km® (Feng et al., 2021).
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Biological surveys were conducted at 12 sampling stations within
the study area in April and September 2020 (Figure 1). Considering
that the study area is located in an open coastal estuarine region and
the aggregation effects of artificial reefs on marine organisms, the
sampling scheme of the study consisted of nine stations (S1-S9)
within the artificial reef area and three stations (S10-S12) in adjacent
waters, in order to minimize model simulation errors caused by
animal migration. Sampling was carried out using a trawl fishing
vessel (Yuedongguan Fishing 92008) equipped with a bottom trawl
net (head rope: 36 m, foot rope: 31 m, mesh size: 3-5 cm). The towing
speed ranged from 2.7 to 2.8 knots, and each trawl lasted for 15
minutes. Given that the sampling stations in the study area were
located relatively close to each other, in the actual sampling process,
we primarily adopted repeated trawling centered around the stations,
and even conducted non-continuous trawling to avoid nearshore
reefs. Sampling stations were used as reference starting points rather
than fixed sampling points. Sampling, processing, and analysis were
conducted in accordance with the National Standards of the People’s
Republic of China — Specification for Oceanographic Survey, Part 6:
Marine Biological Survey (GB/T 12763.6-2007). A total of 48 species
were recorded across the two field surveys, comprising 1 species of
cartilaginous fish, 36 species of bony fish, 9 species of crustaceans, and
2 species of cephalopods, and all biological samples collected were
processed through laboratory experiments to determine key
biological information, including taxonomy, body size, and
stomach contents.

2.2 Construction of the ecopath model
2.2.1 Modeling principles of the ecopath model

We constructed an Ecopath model to represent the average
annual conditions in 2020 for the WIMR ecosystem with EwE
(v.6.7.0) software (Christensen et al., 2005). In the Ecopath model,
functional groups with similar trophic levels (TLs), life histories,
and niche characteristics (including diet, size, habitat preference,
etc.) must be comprehensively considered (Pauly et al., 2000), and
all functional groups must include basic processes of energy and
material flow in the ecosystem (Christensen and Pauly, 1992).
Ecopath comprises two main equations (Eq.)—the first, Eq. (1),

10.3389/fmars.2026.1744551

defines the balance between the input and output of each functional
group to ensure that the ecotrophic efficiency (EE) does not exceed
1; Eq. (2) defines the thermodynamics of the functional groups. The
expressions of Equations 1, 2 are:

Bi . (P/B), 'EEI‘ = Y,‘ + EB] . (Q/B)] . Dcl] +Bi ’BAI‘ +E,‘ (1)
j=1
Q=P +R +U; 2)

where B; is the biomass of group i; (P/B); is the production of
group i per unit biomass, equal to the total mortality rate of group i
EE; is the ecotrophic efficiency of group i, defined as the fraction of
production that is consumed within the system or removed by fishers;
Y; is the total fishery catch rate of group 4 (Q/B); is the consumption
rate of group j per unit biomass; DC;; is the fraction of prey i in the
average diet of predator j; BA; is the biomass accumulation rate of
group i; E; is the net migration rate (immigration and emigration); Q;
is the consumption of group i R; is the respiration of group i and U;
is the unassimilated food of group i (Christensen et al., 2008).

2.2.2 Functional group classification

Within the Ecopath framework, an ecosystem is conceptualized
as a network of biologically related functional groups that interact
through trophic relationships. The number of groups typically
ranges between 13 and 50, representing the major processes of
energy and material flow in the ecosystem (Christensen and Pauly,
1992). Recognition of Ecopath functional groups requires
consideration of shifts in the habitat of life history stages and/or
diet. Finally, functional groups are represented as single biomass
pools or multi-stanza functional groups (Walters et al., 2008).

The classification of functional groups in this study is primarily
based on biological data obtained from field sampling. Except for
the results of field investigation, these functional groups are also
selected based on characteristics of ecology, biosystematics, diets of
species, and species distributions in the WIMR area (Chen and Qiu,
2010; Sun et al., 2016; Liu et al., 2019b). Finaly, we also referenced
existing Ecopath models developed for adjacent marine ecosystems
with similar environmental conditions. The Ecopath model of
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(a) the location of the study area; (b) the distribution of the 12 sampling sites, including those located within the Wailingding Island marine ranch (S1,
S2, S3, S4, S5, S6, S7, S8, S9) and those situated in the areas adjacent to the marine ranch (S10, S11, S12).
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WIMR ecosystem was divided into 17 functional groups. The
species of fish are assigned to functional groups according to
similar ecological characteristics (e.g., diet, predators, body sizes,
and metabolic requirements), for example the group names of
demersal fish functional groups are assigned based on size (small,
medium and large). These groups comprehensively represent
different TLs and energy flow pathways within the marine ranch
ecosystem (Table 1).

2.2.3 Model parameterization and data sources

In the Ecopath model developed for this study, energy flow
within the system was expressed as material transfer (biomass, wet
weight, t/km?®) over an annual time frame. The biomass of
phytoplankton was estimated from measured chlorophyll a
concentrations in the study area (Liu et al., 2017), while bacterial
biomass was assumed to be 17.5% of the phytoplankton biomass
(Liu et al., 2019a). Zooplankton biomass was converted to wet
weight based on survey data from the Pearl River Estuary (Hong
et al., 2022).

Due to the absence of field data for seaweeds—one of the main
benthic primary producers—their biomass was estimated using a
preliminary ecotrophic efficiency (0.5, EE) value derived from
comparable ecosystems (Liu et al.,, 2019b). Detritus biomass was
estimated using an empirical Equation 3 based on primary
productivity and euphotic zone depth in the study area (Pauly
et al., 1993).

log D = -2.41 + 0.954log PP + 0.863 log E (3)

10.3389/fmars.2026.1744551

where D represented the total amount of organic detritus (gC/
m?); PP represented primary productivity (gC/m?*/year); E
represented the euphotic zone depth.

The biomasses of seabirds, marine mammals, and jellyfish were
obtained from survey data in the same or adjacent marine regions
(Chen and Qiu, 2010; Sun et al,, 2016; Huang et al., 2019), and
biomass data for the remaining functional groups (fish and
crustaceans) were directly derived from the average stock density
obtained from field surveys conducted in the Wailingding Island
Marine Ranch (WIMR) area in 2020. These densities were
calculated as the ratio of the total weight of biological samples to
the total trawled area.

The production-to-biomass (P/B, year™') and consumption-to-
biomass (Q/B, year™) ratios for fish groups were estimated using
empirical Equation 4 and validated against the FishBase database
(https://www.fishbase.se).

965

log (Q/B) = 7.964 — 0.204log W — IT +0.083A (4)

where W mean the asymptotic weight of fish species (g), T was
the mean value of water temperature (K) in the study area, A was
the aspect ratio of fish species (Palomares and Pauly, 1998).

For functional groups with parameters lacking local
measurements (e.g., P/B and Q/B values), we selected reference
values from validated Ecopath models developed for subtropical
coastal and similar artificial reef ecosystems with similar species
composition and trophic structure, including other areas within the
Pearl River Estuary (Liu et al., 2019b) and the Beibu Gulf (Chen and
Qiu, 2010; Sun et al,, 2016; Feng et al.,, 2025), also located in the

TABLE 1 Functional groups and representative species in Wailingding Island marine ranch.

Number Functional group Main species
1 Seabirds Charadriidae, Apodidiae, Jacanidae, Laridae, etc.
2 Marine mammals Delphinidae, Neophocaena, Dugong dugon, etc.
3 Cartilaginous fishes Scoliodon sorrakowah, etc.
4 Small benthic invertebrates Bivalvia, Gastropoda, Polychaeta, Echinodermata, etc.
Scylla serrata, Portunus sanguinolentus, Charybdis japonica, Charybdis feriatus, Metapenaeus affinis,
5 Benthic crustaceans Metapenaeus joyneri, Banana prawn, Penaeus penicillatus, Penaeus monodon, Oratosquilla kempi,
Harpiosquilla harpax, Oratosquilla oratoria, etc.
6 Cephalopods Loligo edulis, Loligo duvaucelii, Loligo chinensis, etc.
7 Large pelagic fishes Trichiurus lepturus, Sphyraenidae, etc.
8 Small pelagic fishes Decapterus maruadsi, Ilisha melastoma, Lactarius lactarius, Thryssa kammalensis, etc.
9 Large demersal fishes Pleuronectiformes, Aluteridae, Lagocephalu, etc.
10 Medium demersal fishes Siganus oramin, Mugil cephalus, Psenopsis anomala, Clupanodon punctatus, etc.
11 Small demersal fishes Leiognathidae, Apogonidae, Acropomatidae, Gobiidae, Scorpaenidae, etc.
12 Jellyfish Coelenterata, Ctenophora, etc.
13 Zooplankton Copepods, Chaetognatha, Cladocera, etc.
14 Bacteria Heterotroph bacteria
15 Seaweeds Marine alga, seagrass
16 Phytoplankton Bacillariophyta, Pyrrophyta, Cyanophyta, Chlorophyta, etc.
17 Detritus Particulate organic carbon, Dissolved organic carbon, etc.
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northern South China Sea. In addition, we compared and adjusted
parameters based on studies from other artificial reef zones along
the Chinese coast (Liu et al., 2019a; Zhang et al., 2022; Wang et al.,
2024b; Yan et al,, 2025), following best-practice recommendations
for model calibration and documentation (Colléter et al., 2013).
Sensitivity of results to selected parameter values was evaluated via
the EwE pedigree and pre-balance diagnostics.

Diet composition matrices were compiled using a combination
of local stomach-content data based on laboratory observations,
FishBase (https://www.fishbase.org) trophic summaries, and
additional peer-reviewed diet studies from adjacent coastal
ecosystems (Chen and Qiu, 2010; Sun et al, 2016; Liu et al,
2019a, Liu et al,, 2019b; Feng et al., 2025); where local data were
absent, diet proportions were informed by ecologically similar
models in EcoBase (Colléter et al., 2013) and refined through
expert consultation, ensuring realistic trophic linkages and
consistency with empirical ecological data. A “diet import”
approach was needed for some functional groups given the
WIMR area represents an open ecosystem (Christensen et al.,
2008). Therefore, biological differences rendered animals with
stronger migratory abilities to have greater potential to obtain
food from other ecosystems. In this study, the exogenous energy
import in the diet matrix for seabirds, marine mammals,
cartilaginous fish, and large pelagic fish was set at 0.396, 0.351,
0.235, and 0.157, respectively (Supplementary Table 1).

2.2.4 Model construction and model balancing

A pre-balancing (PREBAL) diagnostic test was applied prior to
model balancing to assess internal consistency following Link
(2010). The diagnostic process evaluated biomass distribution,
production ratios, and system-level energy flows. According to
thermodynamics, the Ecopath model after a PREBAL diagnostic
is adjusted to reach a state of equilibrium. Output parameters
requiring adjustment include: EE (< 1.0), gross good conversion
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 conversion efficiency population: 50-100),
and production/respiration (P/R,< 1.0 or > 1.0) (Link, 2010;
Heymans et al., 2016).

To achieve a balanced steady-state model, all input parameters
were iteratively adjusted to maintain consistency between energy
inputs and outputs in accordance with ecological and
thermodynamic principles (Heymans et al.,, 2016). The model was
parameterized using field sampling data, including biomass
estimates and species composition, to inform functional group
definition and initial biomass inputs. Model performance was
evaluated through mass-balance requirements (i.e., EE < 1.0 for
all functional groups), parameter consistency checks, and PREBAL
diagnostics following established best practices (Link, 2010).
Together, these procedures ensured that energy flows and trophic
interactions in the model were internally consistent and ecologically
reasonable under steady-state assumptions. The Pedigree index
embedded in EwE (v.6.7.0) was used to quantify the reliability of
parameter sources and evaluate the overall quality of the model
(Christensen and Walters, 2004).
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2.3 Trophic structure analysis

Mixed trophic impact (MTT) analysis was used to quantify direct
and indirect trophic effects among functional groups, revealing how
changes in one group’s biomass influence others (Ulanowicz and
Puccia, 1990), it is calculated as follows (Equation 5):

MTI,; = DC;; - FC; (5)

where MTTj; is the interaction between the impacting functional
group j and the impacted functional group i, DCj; is the fraction of
prey j in the diet of predator i, and FC;; is a host composition term
giving the proportion of the predation on i because of j as
a predator.

Based on mixed trophic impact, keystone species analysis was
conducted to identify species or groups that, despite having
relatively low biomass, exert disproportionately large effects on
ecosystem structure and stability (Power et al,, 1996; Libralato
et al., 2006), the specific calculation equations are shown in

n
&= | SMTI; (6)
J#i

KS; = log[e,(1 - p;)] (7)

Equations 6-7 below:

where & is the total impact of functional group i on the
ecosystem by estimating through the MTI, KS; is the keystone
index of functional group 7, and p; is the contribution of functional
group i to the total food web biomass.

Additionally, we examined resource competition among
functional groups using the niche overlap index (OI) incorporated
in the EwE software, with the formula as follows (Equation 8):

OL = (pii - pi) | (S0 (P - i) /2) (8)

here, P; and Py; represent the proportions of the resource i used
by functional groups j and k, respectively. The index is symmetrical

and assumes values between 0 and 1.
2.4 Ecological indicators in the model

The output ecological indicators of the Ecopath model were
used to describe the ecosystem’s size, stability, and maturity.
Specifically, we quantified the overall characteristics of the
ecosystem by evaluating key ecological indicators, such as total
system throughput (TST (t/(kmz-year)), the total flow of matter
through all compartments of an ecosystem), total primary
production (TPP, the total amount of energy or carbon fixed by
autotrophs (plants, algae, bacteria) through photosynthesis in an
ecosystem, known as gross primary production), and total biomass
(TB, standing stock excluding detritus), the TST comprises total
consumption (TC, the total amount of energy that all consumers in
an ecosystem obtain from lower trophic levels or detritus), total
exports (TEX, the total amount of energy or matter that flows from
within an ecosystem to an external system), total respiration (TR,
the total amount of energy released by all living organisms in an
ecosystem through respiration to maintain their life activities), total
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flow to detritus (TFD, the total amount of energy or biomass
produced by all biological components in an ecosystem and
entering the “detritus” reservoir). These indicators are essential
for assessing the overall activity and size of the ecosystem.

The ratios of TPP/TB (an immature system accumulates
biomass because production exceeds respiration) and TPP/TR (a
value below 1 indicates high environmental stress, while a value
above 1 suggests that the system remains in an early developmental
stage and is immature) were determined to measure the stability
and maturity of the ecosystem (Odum, 1969). Additional indices
such as the Finn’s cycling index (FCI, quantifies the proportion of
an ecosystem’s throughput that undergoes recycling) and Finn’s
mean path length (FML, the average number of groups an inflow or
outflow passes through) were also used to assess ecosystem
complexity and energy recycling efficiency (Odum, 1969).

At the same time, mean transfer efficiency (mTE) within trophic
levels (TLs) measures the efficiency of energy utilization at each
trophic level in the system (Christensen et al., 2008), the Shannon
diversity index estimates species diversity by considering the
quantity of species present in a habitat and their respective
abundance (Shannon, 1948). All indices except mean year and
mean latitude were calculated by the EwE (v.6.7.0) software
(Christensen et al., 2005).

2.5 Estimation of ecological carrying
capacity

The ecological carrying capacity (ECC) represents the
maximum biomass of target species or functional groups that the
ecosystem can sustain without significantly altering its primary
energy flow or food web structure (Tang, 1996). Drawing on the
literature applying EwWE to analyze the ECC of aquatic ecosystems
(Feng et al., 2025; Yan et al., 2025), these studies consistently adopt
the approach of gradually increasing the biomass of target
functional groups until the ecosystem becomes imbalanced. The
critical point immediately preceding this imbalance is then defined
as the ECC (Jiang and Gibbs, 2005). No parameters other than the
biomass of the target functional group were manually altered during
the calculation of the ECC. Therefore, the present study defines
ECC as the trophic upper bound under steady-state assumptions,
and was estimated by progressively increasing the biomass of each
functional group until its EE the upper bound of 1.0, indicating that
the total production demand equaled or exceeded the available
system supply. The ECC estimated in this study is based on trophic
constraints within a steady-state Ecopath model framework, and the
underlying rationale is that EE represents the proportion of a
functional group’s production that is utilized by predation,
biomass accumulation, or exports. As EE approaches its upper
bound of 1.0, total system demand equals available production,
indicating that no surplus energy remains to support additional
biomass. Under steady-state assumptions, further increases in
biomass would therefore result in trophic imbalance.

The specific procedure for assessing ECC was as follows: after
the model was fully balanced and validated, when measuring the
ECC of a single target functional group, the biomass of that
individual target functional group was incrementally increased by

Frontiers in Marine Science

10.3389/fmars.2026.1744551

10% per step until the EE of any functional group in the model
reached the upper bound of 1.0. The biomass level achieved in the
preceding step was then identified as the maximum ECC for that
specific functional group. When measuring the ECC for all target
functional groups collectively, the biomass of each target group was
uniformly increased by 10% per step until the EE of any functional
group in the model reached the upper bound of 1.0. The biomass
level attained in the preceding step was then defined as the
maximum ECC for all target functional groups as a whole. In the
model, changes in the biomass of each functional group affect the
energy dynamics of their prey and predators. Eight target functional
groups of ecological and economic importance—large pelagic
fishes, small pelagic fishes, large demersal fishes, medium
demersal fishes, small demersal fishes, benthic crustaceans, small
benthic invertebrates, and cephalopods—were selected for
ECC estimation.

3 Results

3.1 Sampling results, PREBAL diagnostics
and model balancing

All species collected through field surveys were assigned to
functional groups 3-12, demersal fishes and benthic invertebrates
accounted for the largest proportion of the observed biomass
(Table 1). Their sampled biomass data were appropriately
processed and subsequently directly input into the model as in
situ measurements.

According to PREBAL diagnostics, WIMR biomass estimates
span 6 orders of magnitude (biomass in an aquatic ecosystem
typically covers 5-7 orders of magnitude (Link, 2010)). After log
transformation, the biomass of each functional group generally
follows the principle of decreasing with increasing trophic levels,
with the slope of the trend line being -0.274 (a general range is —0.05
to —0.1 (Link, 2010)), WIMR ecosystem primary producers and
functional groups of low TLs have significantly higher biomass than
secondary consumers at high TLs. P/B and Q/B values for each
functional group decrease with increased TL, and biomass and
production values for each functional group of consumers also
exceed those of primary producers. Total consumption removals for
each consumer functional group are lower than production values
(Supplementary Figure 1).

The Pedigree index of the Ecopath model for the WIMR
ecosystem was 0.586, which was in line with expectations
compared with the range (0.16-0.68) reported by Morissette et al.
(2006) for 150 Ecopath models worldwide, the present model
demonstrates satisfactory confidence in its parameterization.

3.2 Trophic level characteristics
The input and output parameters of the Ecopath model for the
WIMR ecosystem are summarized in Table 2. The estimated

ecotrophic efficiency (EE) values of the 17 functional groups
ranged from 0.018 to 0.865. Cephalopods and pelagic fishes

frontiersin.org


https://doi.org/10.3389/fmars.2026.1744551
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Feng et al. 10.3389/fmars.2026.1744551

TABLE 2 Basic input and output parameters of functional groups estimated by the Ecopath model for the ecosystem of Wailingding Island marine
ranch, * is balanced data.

[\[oX Functional group TL B (t/km?) P/B Q/B 33 P/Q /3 R/B
1 Seabirds!"?! 3.698 0.0024* 0.060 76.280 0.001< 0.001 0.001 60.964
2 Marine mammals!'>*] 3.737 0.0090* 0.045 14.800 0.001< 0.003 0.004 11.795
3 Cartilaginous fishes!">*! 3.642 0.0025 0.450 6.800 0.255 0.066 0.083 4.990
4 Small benthic invertebrates!*! 2.164 3.4900 8.000 38.000 0.608 0.211 0.263 22.400
5 Benthic crustaceans!'! 2.425 4.6300 6.000 28.000 0.543 0.214 0.268 16.400
6 Cephalopods!"™! 2.871 0.0075 3.010 12.000 0.865 0.251 0.314 6.590
7 Large pelagic fishes!' 3.503 0.0173 1.310 6.350 0.852 0.206 0.258 3.770
8 Small pelagic fishes!" ") 2.610 0.1430 2.880 11.500 0.752 0.250 0.313 6.320
9 Large demersal fishes!'4) 2.828 0.0001 1.230 5.500 0.582 0.224 0.280 3.170
10 Medium demersal fishes! ! 2.742 0.1155 2.200 8.300 0.474 0.265 0.331 4.440
11 Small demersal fishes! ! 2.627 0.9270 3.000 12.000 0.599 0.250 0.313 6.600
12 Jellyfish!>*] 2.533 1.6800 5.000 25.000 0.018 0.200 0.250 15.000
13 Zooplankton!' 2.105 4.8825 55.000 186.000 0.536 0.296 0.370 93.800
14 Bacteria*! 1.000 3.9715 32.000 - 0.729 - - -

15 Seaweeds!>®! 1.000 10.7136 12.000 - 0.500 - - -

16 Phytoplankton!' ! 1.000 22.6940 200.000* | - 0.116 - - -

17 Detritus!"#! 1.000 7.5913 - - 0.081 - - -

Values in bold were estimated by the model; TL, Trophic level; B: biomass; P/B: production/biomass; Q/B: consumption/biomass; EE: ecotrophic efficiency; P/Q: production/consumption; NE:
net efficiency; R/B: respiration/biomass. Input parameters (except B) reference source: [1] (Liu et al., 2019b); [2] (Chen and Qiu, 2010);[3] (Feng et al., 2025); [4] (Sun et al., 2016); [5] (Liu et al.,
2019a); [6] (Zhang et al., 2022).

exhibited the highest EE values (0.752-0.865), indicating efficient ~ groups ranged from 1.000 to 3.737, encompassing three trophic
energy utilization and strong trophic linkages within the ecosystem.  layers. Marine mammals occupied the highest TL (3.737), followed

For all groups except top predators, the production-to- by seabirds (3.698), while zooplankton exhibited the lowest (2.105).
consumption (P/Q) ratios ranged between 0.1 and 0.3, which is The food web diagram (Figure 2) illustrates the trophic
ecologically reasonable. The trophic levels (TLs) of the 17 functional ~ relationships, where circle sizes represent biomass magnitudes,
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FIGURE 2
Food web structure of the ecosystem Wailingding Island marine ranch; the gray lines denote trophic levels | (1), I (2), Il (3), and IV (4).
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color gradients indicate dietary proportions, and link thickness
denotes predation intensity. Under the current functional
group aggregation and available data resolution, the modeled
food web exhibits relatively short energy pathways and low
apparent complexity.

3.3 Energy flow and transfer efficiency

Ecopath simulations revealed detailed energy transfer processes
among TLs in the marine ranch ecosystem of Wailingding Island.
Primary producers contributed a total production of 4,794.449 t/
(km*-year), of which 682.100 t/(km®year) (14.23%) was consumed
by TL II organisms. Approximately 4,112 t/(km®year) of primary
production flowed into detritus, entering the recycling subsystem.

The total detrital input from all TLs was 4,515 t/(km?>year), of
which only 366.1 t/(km?year) (8.11%) was re-consumed by
detritivores, while the remainder was lost through mineralization

10.3389/fmars.2026.1744551

and sedimentation. The proportions of total energy flow entering
TL L, IL, III, and IV were 45.98%, 10.05%, 0.653%, and 0.017%,
respectively (Figure 3).

Energy aggregation by TL showed that total flow decreased
sharply with increasing TL (Table 3). TLs I and II accounted for
89.28% and 10.05% of the total system flow, respectively, while TLs
III and IV together contributed less than 1%.

The transfer efficiency between successive TLs indicated
that energy transfer from primary producers to TL II was
6.666%, and from detritus to TL II was 6.170% (Table 4). The
lowest transfer efficiency occurred between TLs II and III
(approximately 2.5%).

Overall, the ecosystem exhibited a mean transfer efficiency of
3.873%, with similar contributions from the grazing (3.883%) and
detrital (3.853%) pathways. Nearly half of the total system flow
(49%) originated from detrital sources, underscoring the strong
dependence of this estuarine system on detrital recycling.

[0.000 |0.000 Jo.000
0.000 4598 i 0.000327 10.05 4808 0.0735  0.653 1750 0.0543 0.0170
682. 3. 72
P II I v
0.0639 0.0252
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FIGURE 3
Lindeman spine flow network of organic matter and transfer efficiency for the artificial reef ecosystem in Wailingding Island marine ranch; P, primary
producers; D, detritus; 1=V, trophic levels; TST, total system throughput; TE, transfer efficiencies; TL, trophic level.

TABLE 3 Distribution of energy flow among trophic levels in the ecosystem of Wailingding Island marine ranch.

Trophic level Consumption by predators Export Flow to detritus Respiration t/(km?>-year)
Throughput

v 0.06 0.00 0.57 1.14 1.77

11 1.72 0.00 23.50 42.92 68.14

il 68.06 0.00 379.00 601.10 1,048.00

I 1,048.00 4,149.00 4,112.00 0.00 9,310.00

Sum 1,118.00 4,149.00 4,515.00 645.20 10,428.00
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TABLE 4 Transfer efficiency among discrete trophic levels in the
ecosystem of Wailingding Island marine ranch.

Trophic level

Source

]
Producer 6.666 2,517 3.490
Detritus 6.170 2.536 3.654
All flows 6.493 2.523 3.545

Proportion of total flow originating from detritus:49

From primary producers:3.883

From detritus:3.853

Mean transfer efficiency:3.873

3.4 Mixed trophic impact, keystone species
and niche overlap

The mixed trophic impact analysis revealed the direct and indirect
trophic relationships among functional groups; relative impact range
between -1.0 and 1.0, and are comparable (Figure 4). Both detritus and
primary producers exerted strong positive effects on most consumer
groups. For instance, detritus exerts a positive influence on multiple
functional groups, including benthic crustaceans, small benthic
invertebrates, and small pelagic fishes, while seaweeds and
phytoplankton enhanced the productivity of demersal fish groups.

In contrast, high-trophic-level predators exerted strong negative
effects on their prey groups. An increase in prey biomass generally
had a positive cascading effect on predators. Zooplankton, as
primary consumers, showed pronounced negative impacts on

10.3389/fmars.2026.1744551

detritus and primary producers, highlighting their crucial role in
energy transfer and bottom-up regulation.

The keystone species analysis (Figure 5) ranked functional
groups by relative total impact and keystone index. The results
identified small pelagic fishes and marine mammals as having the
highest scores in both keystone index and relative total impact,
followed by zooplankton. These groups serve as essential nodes in
the food web, playing pivotal roles in maintaining ecosystem
stability and energy flow dynamics. In contrast, large demersal
fish emerged as the functional group with the lowest scores in both
keystone index and relative total impact, which differed markedly
from all other groups.

Overall, the trophic niche overlap between cartilaginous fishes
and small pelagic fishes is the lowest, while small benthic
invertebrates and benthic crustaceans have the most similar
ecological overlap. Although the predator overlap index between
small benthic invertebrates and zooplankton is relatively low, they
have a relatively high prey overlap index, whereas cartilaginous
fishes and large demersal fishes show the exact opposite

pattern (Figure 6).

3.5 Estimation of ecological carrying
capacity

Based on the economic value and ecological benefits of the
species, and through expert consultation and practical experience,
we identified eight target functional groups for the assessment of
their respective ECC (Table 5). Under the current ecosystem
conditions, large pelagic fishes exhibited the lowest ECC, reaching
only 1.6 times their present biomass, whereas small pelagic fishes
displayed a higher ECC of 8.5 times.
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Keystoneness for the functional groups of the ecosystem in
Wailingding Island marine ranch; MM, marine mammals; CF,
cartilaginous fishes; SBI, small benthic invertebrates; BC, benthic
crustaceans; LPF, large pelagic fishes; SPF, small pelagic fishes; LDF,
large demersal fishes; MDF, medium demersal fishes; SDF, small
demersal fishes.

Among all groups, large demersal fishes demonstrated the greatest
ECC, exceeding 100 times their current biomass, indicating substantial
potential for population enhancement. Cephalopods also showed
relatively high ECC values, up to 12 times their current biomass.

When all eight target groups were simultaneously increased, the
ecosystem remained balanced until their combined biomass
reached approximately 3.8 times the current level. Beyond this
threshold, model instability occurred (EE > 1), indicating that the
system had reached its upper ecological limit under existing
environmental conditions.

3.6 Overall ecosystem characteristics

The Ecopath model outputs indicated that the total system
throughput (TST) of WIMR ecosystem was 10,536.750 t/(km?year).
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FIGURE 6

Trophic niche overlap plot of functional groups in Ecopath model
(shows the degree to which different functional groups in WIMR
ecosystem utilize the same food resources). Point colors represent
geometric mean of “prey overlap index” and “predator overlap index”
(color scale to right); functional groups: 3-8, cartilaginous fishes and
small pelagic fishes; 4-13, small benthic invertebrates and
zooplankton; 4-5, small benthic invertebrates and benthic
crustaceans; 4-11, small benthic invertebrates and small demersal
fishes; 3-9, cartilaginous fishes and large demersal fishes
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The total consumption (TC), total exports (TEx), total respiration
(TR), and total flow to detritus (TFD) were 1,226.665, 4,149.389,
645.201, and 4,515.499 t/(km®year), respectively, accounting for
11.64%, 39.38%, 6.12%, and 42.85% of TST.

When the biomasses of the eight target functional groups
increased to their ECC levels, TST, TC, and TR rose to
11,500.840, 2,138.082, and 1,179.000 t/(km®year), respectively.
The TPP/TR ratio declined from 7.431 to 4.184, suggesting
reduced excess primary production under expanded biomass
scenarios. In contrast, Finn’s cycling index (FCI) and Finn’s mean
path length (FML) slightly increased, implying modest
improvement in system maturity and energy recycling. In
addition, the model calculated Shannon diversity index and mTE
values rose from 1.704 to 1.856 and 3.873% to 4.801%, respectively,
which demonstrate that an appropriate increase in the biomass of
target functional groups can play a certain role in improving the
overall state of the ecosystem (Table 6).

4 Discussion

4.1 Summary statistics, trophic structure
and energy flows

In the present study we describe the structure and functioning
of the ecosystem of WIMR. Our estimate of the total fish biomass
(1.21 t/km?) was slightly higher than what has been reported before
for the marine ranch in the Beibu Gulf (1.13 t/km™) (Feng et al,,
2025), indicating that our survey results are generally consistent
with those of adjacent seas at the same latitude. However, it was
significantly lower than that reported for temperate artificial reef
areas in the Bohai Sea (9.01 t/km™?) (Yan et al.,, 2025) and the Yellow
Sea (5.89 t/km™) (Zhang et al, 2022). This deviation could be
explained by environmental differences across the latitudinal
gradient, as well as by the higher density of artificial reefs.

The WIMR ecosystem was dominated by lower trophic levels
(TLs), with TL I and TL II contributing 89.28% and 10.05% of the
total system throughput (TST), respectively. In this ecosystem, the
contribution of detritus to the TST substantially exceeds that
reported for artificial reef ecosystems in the Beibu Gulf (Feng
et al, 2025) and the northern Yellow Sea (Zhang et al., 2022).
Biomass distribution followed a similar pattern, with 73.87% of total
biomass concentrated in TL I and 26.08% in TL II. Most of the
energy produced by primary producers flowed into detritus,
accounting for 91.07% of total detrital input, whereas only 8.11%
was re-consumed by the food web. In stark contrast, the proportion
of primary production flowing back to detritus reported in studies
of artificial reefs in coastal waters of the Beibu Gulf at similar
latitudes and the northern Yellow Sea at higher latitudes ranges
from 30 to 50% (Zhang et al., 2022; Feng et al., 2025). The pattern of
the WIMR ecosystem indicates that a large fraction of primary
productivity was not efficiently transferred to consumers, instead
accumulating as organic detritus at lower TLs. The limited recycling
rate restricted the re-entry of detrital energy into higher trophic
pathways, implying inefficient utilization of primary production
within the ecosystem.
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TABLE 5 Maximum ecological carrying capacities of target functional
groups in the ecosystem of the National marine ranch demonstration
zone of Wailingding Island.

Functional group Current

Biomass multiples to

biomass  reach ECC (100%)
(t/km?)
Small benthic
. 3.4900 6.5
invertebrates
Benthic crustaceans 4.6300 22
Cephalopods 0.0075 12.0
Large pelagic fishes 0.0173 1.6
Small pelagic fishes 0.1430 8.5
Large demersal fishes 0.0001 >100
Medium demersal fishes 0.1155 35
Small demersal fishes 0.9270 2.0

Furthermore, the mean transfer efficiency (mTE, 3.873%) of the
WIRM ecosystem was lower than the theoretical reference value of
approximately 10% commonly reported for aquatic ecosystems
(Lindeman, 1942), suggesting relatively low energy transfer
efficiency and limited internal cycling in the modeled ecosystem.
The mTE estimated in this study is relatively low compared with
values reported for highly resolved or fishery-inclusive Ecopath
models, the mTE values reported for coastal Ecopath models with
comparable aggregation levels typically range from approximately
6.0 to 10.0% (Wang et al.,, 2022a; Zhang et al., 2022; Feng et al,,
2025; Yan et al., 2025). However, mTE is known to be sensitive to
model structure, particularly the level of functional group
aggregation and the representation of detrital pathways. In
addition, the absence of explicit fishing activity in the model may

TABLE 6 Total system properties of the artificial reef ecosystem in the
National marine ranch demonstration zone of Wailingding Island.

Parameter Value Value* Units
Total system throughput (TST) 10,536.750 | 11,500.840 t/(km?year)
Total consumption (TC) 1,226.665 2,138.082 t/ (km2~year)
Total exports (TEx) 4,149.389 3,754.487 t/(kmz-year)
Total respiratory flows (TR) 645.201 1,179.000 t/ (kmz-year)
Total flow into detritus (TED) 4,515.499 4,429.276 t/(km*year)
Total primary production (TPP) 4,794.449 4,933.290 t/(km?year)
Total bi luding detrit

(;’Bj fomass (excluding detritus) 53.286 95646 | t/(km’year)
TPP/TR 7.431 4.184 -
TPP/TB 89.976 51.579 -
TB/TST 0.005 0.008 -
Finn’s cycling index (FCI) 2.529 3.687 %
Finn’s mean path length (FML) 2.198 2.331 -
Shannon diversity index 1.704 1.856 -
Mean transfer efficiency (mTE) 3.873 4.801 %

“*” indicates system parameters when the eight target functional groups reached their
ecological carrying capacities.
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further reduce apparent transfer efficiency to higher trophic levels.
Reduced TE has frequently been documented in estuarine and
coastal ecosystems characterized by high detrital inputs and
strong internal recycling (Sobczak et al., 2005; Lobry et al., 2008;
Valentine et al,, 2014). In the present study, although the highest
transfer efficiency occurred between TL I'and TL II, highlighting the
critical role of primary consumers in channeling energy upward
through the food web, a substantial proportion of primary
production was routed into detrital pathways, limiting direct
energy transfer to higher trophic levels. Additionally, high
respiration losses at lower trophic levels further constrained the
amount of energy available for upward transfer, a mechanism
widely recognized in Ecopath-based analyses of coastal
ecosystems (Abdul and Adekoya, 2016; Yuan et al., 2024; Wenhui
et al., 2025).

Some functional groups exhibited relatively low EE values,
particularly zooplankton and jellyfish. Low EE values do not
necessarily indicate model deficiencies, but rather reflect weak
predation pressure and inefficient transfer of production to higher
trophic levels, a pattern commonly reported in eutrophic coastal and
estuarine ecosystems (Pauly et al., 2000; Lobry et al., 2008). In such
ecosystems, a substantial fraction of production is dissipated through
respiration and natural mortality rather than being incorporated into
higher trophic pathways. In coastal ecosystems, jellyfish primarily
consume mesozooplankton but are also known to feed
opportunistically on microzooplankton, fish eggs and larvae, and
suspended particulate organic matter, all of which occupy low trophic
positions (Purcell, 2003; Pitt et al., 2009). This is particularly relevant
considering the frequent reports of jellyfish outbreaks in the coastal
waters of the northern South China Sea (Du et al., 2022). The massive
aggregation of jellyfish may exert a negative impact on zooplankton,
yet it likely fails to effectively transfer energy to higher TLs, implying a
weak trophic coupling between jellyfish and the upper trophic layers
in coastal ecosystems (Wang et al, 2024a). Therefore, this study
shows that jellyfish channel primary production into pathways with
poor transfer efficiency rather than supporting higher trophic levels
within the WIMR ecosystem, reflecting weak top-down control and
limited utilization by predators.

Overall, the low trophic transfer efficiency observed in the
WIMR ecosystem reflects two primary ecological constraints. On
the one hand, excessive nutrient inputs from terrestrial runoff and
anthropogenic activities have led to frequent harmful algal blooms
(Yao and Chen, 2021), and primary production likely exceeds the
consumption capacity of higher trophic levels. This unbalanced
input of primary productivity hampers effective energy transfer and
constrains the development of a mature and well-structured food
web (Cloern et al, 2014). On the other hand, long-term fishing
pressure and environmental pollution in the Pearl River Estuary
have contributed to declines in high-trophic-level species,
simplification of the fish community, and a shift toward smaller,
lower-value species (Jackson et al., 2001; Pauly and Palomares,
2005). Although the Ecopath model in this study did not explicitly
include fishing due to the location of the study area within a no-
fishing zone, previous studies have shown that fishing pressure can
influence trophic interactions and energy transfer efficiency in
adjacent marine ecosystems (Binch et al., 2025). The loss of apex

frontiersin.org


https://doi.org/10.3389/fmars.2026.1744551
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Feng et al.

predators and degradation of habitat complexity weaken trophic
regulation, disrupt energy transfer pathways, and reduce overall
ecosystem resilience (Folke et al., 2004; Myers et al., 2007; Hughes
et al., 2024). Consequently, in light of our simulation results
showing an increase in mTE from augmenting the biomass of
target functional groups, it is crucial to strengthen resource
conservation and ecological restoration (such as habitat
rehabilitation (Tanaya et al, 2025) and reductions in nutrient
input) to improve trophic transfer efficiency and enhancing the
resilience of the ecosystem to both natural and anthropogenic
disturbances (Folke et al., 2004; Pauly and Palomares, 2005).

4.2 Food web dynamic analysis

Mixed trophic impact (MTI) analysis provides insight into the
direct and indirect interactions among functional groups and has
been widely applied to identify ecosystem regulation mechanisms in
marine food webs (Christensen and Walters, 2004). Although most
functional groups showed that a slight change in biomass would
have a low and negligible impact on others, benthic invertebrates
displayed positive impacts on demersal fishes, underscoring the
importance of benthic—pelagic coupling in sustaining higher trophic
levels, as reported in other marine ecosystems (Griffiths et al., 2017;
Ehrnsten et al.,, 2019; Searles et al., 2022).

In addition, keystone index analysis reveals pronounced
differences in the functional importance of trophic groups within
the ecosystem. Functional groups at mid- or lower-trophic levels
exhibited the highest keystone index values, indicating a
disproportionate influence on trophic structure and energy flow
relative to their biomass (Jordan, 2009). The particularly high
ranking of zooplankton as a keystone group also underscores the
importance of bottom-up processes in regulating ecosystem
stability. Libralato et al. (2006) demonstrated that in many coastal
ecosystems, low-trophic-level species such as zooplankton often
exhibit high keystone indices, indicating their critical role in
mediating energy transfer across TLs. Thus, the low trophic
position of zooplankton act as key functional drivers of stability
and productivity in the WIMR ecosystem (Lomartire et al., 2021).
The negative self-impact observed for zooplankton in the MTI
analysis does not indicate a modeling error or internal
inconsistency. In Ecopath model, self-effects can arise from
indirect feedback mechanisms, including density-dependent
processes and detritus-mediated pathways. In the present model,
zooplankton consume both phytoplankton and detritus, and an
increase in zooplankton biomass enhances competition for shared
resources while simultaneously increasing detrital recycling
demands. In contrast, higher trophic predators showed relatively
low keystone index values, suggesting weakened top-down control
under current ecosystem conditions. Similar shifts in keystone roles
from apex predators to mid-trophic-level groups have been widely
reported in marine ecosystems, where sustained fishing pressure
and habitat modification reduce predator regulation capacity (Pauly
and Palomares, 2005). This pattern highlights the importance of
functional connectivity mediated by intermediate trophic groups in
maintaining ecosystem stability.
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Furthermore, The niche overlap index mainly describes niche
partitioning between functional groups; it is based on similarities in,
for example, predation, competition, and environmental adaptation
(Pianka, 1973). The observed patterns of trophic niche overlap
further elucidate the mechanisms underlying ecosystem regulation
in the WIMR system. The lowest trophic niche overlap between
cartilaginous fishes and small pelagic fishes suggests a high degree of
trophic differentiation, indicating limited competition for food
resources and distinct ecological roles within the food web
(Finotto et al., 2023; Ruzicka et al., 2024). In contrast, the high
niche overlap between small benthic invertebrates and benthic
crustaceans reflects their similar feeding strategies and shared
reliance on benthic and detrital energy pathways, a pattern
commonly reported in benthic-dominated marine ecosystems
(Krumhansl and Scheibling, 2012). Notably, although the
predator overlap index between small benthic invertebrates and
zooplankton is relatively low, their high prey overlap index indicates
convergence in resource utilization at lower trophic levels. This
pattern suggests that these groups contribute to parallel energy
pathways that support higher trophic levels, reinforcing bottom-up
control within the ecosystem (Ware and Thomson, 2005). In
contrast, cartilaginous fishes and large demersal fishes exhibit low
prey overlap but relatively high predator overlap, implying shared
predation pressures rather than direct competition for resources.
Such a pattern is characteristic of systems with reduced apex
predator regulation, where higher trophic groups respond
similarly to changes in prey availability but exert limited
differential control over lower trophic levels (Frank et al., 2005;
Myers et al., 2007).

Overall, these niche overlap patterns complement the MTI
results by highlighting the dominant role of benthic and lower
trophic groups in structuring energy flow and trophic interactions
in the WIMR ecosystem. The combination of high overlap among
benthic consumers and weak trophic coupling at higher levels
further supports the conclusion that ecosystem functioning is
primarily governed by bottom-up processes, with limited top-
down regulation shaping food-web dynamics (Ware and
Thomson, 2005; Lynam et al., 2017). In this context, from a
management perspective, ecological restoration and marine ranch
development should prioritize maintaining trophic balance and
functional connectivity across trophic levels, rather than
maximizing biomass of selected species. Such an approach aligns
with ecosystem-based management principles and provides a more
robust foundation for rebuilding stable, resilient, and energetically
efficient food webs in marine ranching ecosystems (Pikitch et al.,
2004; Levin et al., 2009).

4.3 Ecosystem maturity and stability

Ecosystem-level indices derived from the Ecopath model
provide valuable indicators of system maturity and developmental
state. In the absence of external disturbances, ecosystems typically
evolve toward greater structural complexity, higher recycling
efficiency, and improved stability (Lobry et al., 2008; Rahman
et al., 2019).
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In this study, the TPP/TR ratio (7.431) was substantially greater
than unity, suggesting that the marine ranch ecosystem of
Wailingding Island remains in an early developmental stage, with
a large portion of primary production unutilized by consumers
(Abdul and Adekoya, 2016). The low Finn’s cycling index (FCI =
2.529%) and Finn’s mean path length (FML = 2.198) demonstrate
limited energy recycling and short trophic chains in the simulated
WIMR ecosystem (Abdul and Adekoya, 2016). Collectively, these
metrics confirm that the ecosystem exhibits low maturity, low
resilience, and limited self-regulatory capacity, the ecosystem may
remain in a transitional and structurally simplified state.

Such structural and functional features are consistent with the
long-term ecological pressures documented in the Pearl River
Estuary, including nutrient enrichment, overexploitation of living
resources, and habitat modification (Zeng et al,, 2022). These
stressors tend to disrupt trophic connectivity, truncate food
chains, and impair energy transfer efficiency, ultimately
constraining ecosystem development and stability (Zhang et al.,
2025). From a management standpoint, the convergence between
modeled trophic structure and documented anthropogenic stressors
suggests that the current ecosystem configuration may represent a
stress-mediated state rather than a fully developed or mature food
web. Consequently, efforts to enhance ecosystem maturity in
marine ranching areas should not only aim to increase biomass
or production, but also to restore trophic connectivity and improve
energy transfer efficiency. This may involve coordinated measures
that reduce nutrient-driven imbalances, regulate fishing pressure to
prevent further trophic truncation, and restore benthic habitats that
support energy recycling pathways (Christensen and Walters, 2004;
Pikitch et al., 2004; Levin et al., 2009). By explicitly addressing the
structural constraints revealed by the model, such integrated
strategies are more likely to promote long-term ecosystem
stability and resilience than isolated or species-specific
interventions. Accordingly, in the context of integrated marine
fisheries management for the Pearl River Estuary, enhancing
ecosystem maturity will require multiple measures, including
habitat restoration, sustainable fisheries regulation, and effective
pollution mitigation (Wang et al., 2016).

4.4 Ecological carrying capacity and
management implications

Changes in ecosystem-level indicators under the ECC scenario
provide important insights into how biomass enhancement
influences ecosystem functioning and structural organization in
the WIMR. It is important to emphasize that rather than
representing the equilibrium biomass emerging from temporal
dynamics, the ECC estimated in this study reflects a trophic
constraint-based upper bound derived under steady-state
assumptions, where EE approaches its theoretical maximum. As
such, ECC should be interpreted as an energy-limited ceiling
imposed by food-web structure rather than a predictive estimate
of long-term sustainable biomass. At the original state, the
ecosystem was characterized by a high TST, with a substantial
proportion of flows directed toward detritus and exports, indicating
strong dissipation of energy and weak retention within internal
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trophic pathways (Odum, 1969). Such a flow structure reflects a
system with limited recycling efficiency and a relatively low degree
of trophic integration (Finn, 1976; Lobry et al., 2008).

Model simulations under increasing ecological capacity further
reveal how structural constraints shape ecosystem responses to
biomass enhancement. ECC analysis indicates that the potential
for biomass enhancement varies substantially among functional
groups and is strongly constrained by underlying trophic structure
and energy availability (Christensen and Pauly, 1998). In the
present study, Large pelagic fishes exhibited the lowest ECC,
whereas large demersal fishes displayed the highest, exceeding 100
times their current biomass. This contrast suggests that energy flow
within the existing food web can more effectively support demersal
production than pelagic biomass expansion (Shi et al., 2024). The
low ECC of large pelagic fishes indicates that the ecosystem
currently lacks sufficient trophic support and energy transfer
efficiency to sustain high-level predators (Heymans et al., 2016).
In contrast, the abundant benthic productivity provides favorable
conditions for demersal species enhancement (Pauly and
Christensen, 1995). Similar findings have been reported in
previous Ecopath model studies, where increases in higher
trophic levels were limited by low energy transfer efficiency and
reduced trophic connectivity (Christensen and Pauly, 1998;
Salomon et al,, 2002). The deviation between observed biomass
and ECC reflects the degree of trophic linkage or structural
constraint within the system. Functional groups with biomass
values close to ECC may operate near energetic limits and thus be
more sensitive to perturbations, whereas large deviations may
indicate structural bottlenecks or unused production potential
constrained by other ecological processes. The finding that higher
trophic level predators are relatively closer to their ECC than lower
trophic groups may instead reflect energy-limited compression at
upper trophic levels, a common feature of ecosystems subjected to
long-term anthropogenic pressure (Burdon et al., 2019; Mor et al.,
2021). From a management perspective, these results suggest that
stock enhancement or species-specific management strategies alone
may be insufficient to improve ecosystem functioning without
concurrent improvements in ecosystem structure and energy flow
(Christensen and Walters, 2011). Effective ecosystem improvement
thus requires consideration of structural food-web organization
rather than reliance solely on stock enhancement measures.

In addition, when the biomasses of the eight target functional
groups were increased to their ECC levels, TST, total consumption,
and total respiration all increased markedly, indicating enhanced
biological activity and intensified energy processing within the
system (Salomon et al., 2002; Heymans et al., 2016).
Concurrently, the decline in the TPP/TR ratio suggests a
reduction in excess primary production, implying improved
coupling between primary producers and consumers as biomass
increased (Odum, 1969; Christensen, 1995). These changes indicate
that moderate biomass enhancement can partially alleviate energy
underutilization and promote more efficient transfer of energy to
higher trophic levels. Consistent with this interpretation, modest
increases in Finn’s cycling index and Finn’s mean path length under
the ECC scenario indicate a slight enhancement in internal energy
recycling and trophic pathway length, reflecting incremental

frontiersin.org


https://doi.org/10.3389/fmars.2026.1744551
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Feng et al.

progress toward greater ecosystem maturity (Finn, 1976; Valentine
et al,, 2014). Similarly, increases in the Shannon diversity index and
mTE further suggest that biomass enhancement contributes to
improved functional diversity and energy utilization efficiency
(Heymans et al., 2016), supporting short-term functional
improvements in overall ecosystem condition (Duarte et al., 2008).

Taken together, these results indicate that while increasing the
biomass of target functional groups can improve certain functional
attributes of the ecosystem—such as energy utilization efficiency,
diversity, and recycling—it is insufficient to fundamentally
restructure the food web or substantially enhance ecosystem
maturity (Odum, 1969; Libralato et al., 2006). From a
management perspective, this finding highlights the limitations of
relying solely on stock enhancement to achieve long-term
ecosystem recovery. Effective management of the WIMR
ecosystem should therefore adopt an ecosystem-based approach
that combines biomass enhancement with measures aimed at
reducing nutrient inputs, restoring benthic habitats, and
strengthening trophic linkages across multiple levels (Pauly et al.,
1998; Jackson et al., 2001; Halpern et al., 2008; Fulton et al., 2010).
Such integrated strategies are essential to overcoming structural
constraints and enhancing ecosystem resilience and sustainability at
or near ecological carrying capacity (FAO, 2025).

As the eight target functional groups approached their ECC
upper limit, both the Shannon diversity index and mean trophic
transfer efficiency (mTE) increased, indicating that moderate
increases in the biomass of target functional groups can partially
enhance ecosystem diversity and improve the efficiency of
energy transfer across trophic levels (Odum, 1969; Libralato et al.,
2008; Heymans et al., 2016). These changes suggest
that stock enhancement and biomass recovery measures may
contribute to short-term functional improvements in ecosystem
performance (Pauly and Christensen, 1995; Coll et al., 2006). The
TPP/TR ratio decreased markedly, reflecting a more balanced
metabolic state, and the FCI and FML increased, signifying
enhanced internal energy recycling and improved system
maturity. However, it should be noted that validation of Ecopath
models differs from that of predictive dynamic models. The present
model is best interpreted as a data-informed, steady-state
representation of trophic structure constrained by mass balance
and ecological plausibility, rather than as a predictive or forecast
model. While this approach does not provide direct empirical
validation in a strict statistical sense, it represents a widely
accepted framework for exploring ecosystem organization and
energy flows when dynamic data are limited.

Overall, the WIMR ecosystem exhibits low maturity, weak
trophic connectivity, and limited energy recycling. An integrated
approach—encompassing artificial reef deployment, habitat
restoration, and scientifically guided stock enhancement—should
therefore prioritize improving basal resource conditions and
environment quality (Wang et al., 2024c). This foundational focus
will underpin the restoration process, promoting more efficient
energy transfer (Huang et al,, 2019), enhancing resilience to
environmental variability (Hughes et al., 2005; Folke et al., 2010),
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and ultimately supporting the sustainable management of coastal
fishery resources in the Pearl River Estuary.

5 Conclusion

This study applied an Ecopath modeling framework to evaluate
the trophic structure, energy flow, and ecological carrying capacity of
the National Wailingding Island Marine Ranch Demonstration Zone
in the Pear] River Estuary. The results indicate a food web dominated
by detrital and lower-trophic-level energy pathways, with low trophic
transfer efficiency and limited regulation by higher trophic levels.
Keystone index, mixed trophic impact, and niche overlap analyses
consistently highlight the ecological importance of mid- and lower-
trophic-level functional groups, while the influence of top predators
remains relatively weak under current conditions. This ecosystem
was predominantly regulated by bottom-up processes, with top-down
control remaining limited, which reflects an early stage of ecosystem
development despite ongoing habitat enhancement. The ecological
carrying capacity analysis suggests that, although certain functional
groups exhibit substantial potential for biomass enhancement,
increases in stock abundance are constrained by existing trophic
relationships and energy transfer efficiency. These findings highlight
that marine ranch management in estuarine environments should
prioritize ecosystem-level regulation rather than focusing solely on
single-species enhancement. In particular, management strategies
that promote multi-trophic balance, improve benthic-pelagic
coupling, and reduce external disturbances such as excessive fishing
pressure are likely to be more effective in enhancing ecosystem
stability and sustainability.

Overall, this study provides a quantitative, ecosystem-based
perspective on the functioning of a subtropical estuarine marine
ranch and offers scientific support for adaptive management in the
Pear] River Estuary. However, it should be noted that benthic functional
groups accounted for a large proportion of total ecosystem biomass in
the present model, the structure of the Ecopath model influences the
magnitude and interpretation of ecosystem-level indicators. This
configuration inherently emphasizes benthic and lower-trophic-level
pathways and may contribute to relatively low estimates of trophic
transfer efficiency and cycling indices. Due to limitations in data
collection and processing methods, the characterization of the
ecosystem in the study area remains incomplete. Future work should
integrate additional sampling methods and scenario-based simulations
to more realistically evaluate the long-term responses of the ecosystem
to restoration and management measures.
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