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This study compared the characteristics of energy flow and food web structure in

the Laizhou Bay ecosystem using the Ecopath model and linear inverse models

enhanced by Monte Carlo methods coupled with a Markov Chain (LIM-MCMC),

respectively, based on survey data collected in May, August, and November 2022.

The ecosystem was divided into 22 functional groups with trophic levels ranging

from 1.00 to 3.48 and a large proportion of predator groups. The Ecopath model

estimated an overall energy transfer efficiency of 5.34%, with the detrital food chain

exhibiting significantly higher energy transfer efficiency (6.73%) than the grazing food

chain (5.31%). Energy flow paths in the LIM-MCMC model were classified into four

primary routes, predominantly driven by respiration and the inflow of detritus at

lower trophic levels, which accounted for 79.9% of the total energy flow in group a.

The Ecopathmodel provided a connectance index of 0.30, a system omnivory index

of 0.33, Finn’smean path length of 2.46, and Finn’s cycle index of 8.18%, whereas the

LIM-MCMCmodel produced an average path length of 2.78. Both models indicated

a shorter food chain and low complexity of the food web. Total system throughput

(TST) was estimated at 10,086.1 (Ecopath) and 10,968.0 t·km-2a-1(LIM-MCMC), with

total respiration and total flows into detritus accounting for 41.2% and 51.1% of TST,

respectively. The total primary production to total respiration ratios were 1.40

(Ecopath) and 0.86 (LIM-MCMC). Despite consistent ecosystem parameters across

both models—total consumption (4,407.7 t·km-2a-1), total primary production
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(3,606.4 t·km-2a-1), and total biomas (151.0 t·km-2a-1)—the Ecopath model

suggested a relatively mature ecosystem, whereas the LIM-MCMC model

indicated that this ecosystem was in an unstable developmental stage with low

energy utilisation efficiency of primary productivity
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1 Introduction

As integral components of marine ecosystems, nearshore bay

areas serve as crucial interfaces between terrestrial surface runoff

and oceanic environments, rendering them highly vulnerable to

natural environmental fluctuations and anthropogenic

disturbances. Consequently, ecosystem modelling has become an

essential tool for predicting and analysing changes in the structure

and function of food webs, particularly in the monitoring and

management of marine ecosystems (Kytinou et al., 2020). The

most commonly used approaches are the Ecopath with Ecosim

(Ecopath) model and linear inverse models enhanced by Monte

Carlo methods coupled with a Markov Chain (LIM-MCMC), both

of which are grounded in trophic dynamics. These models have

been used to assess ecosystem stability and complexity. Ecopath

model simulate the energy flow and food web structure by inputting

ecological parameters for each functional group and quantifying key

ecosystem characteristics and trophic relationships to evaluate

ecosystem maturity and stability (Christensen and Walters, 2004).

The LIM-MCMC, which integrates Monte Carlo methods with a

linear inverse model (Van den Meersche et al., 2009), replaces

conventional least squares (MN) algorithms with probabilistic

sampling. This methodological innovation addresses uncertainties

in both data and models by defining the minimum and maximum

boundaries for each flow and the average estimates with standard

deviations to be computed based on a given number of flow

solutions (Chaalali et al., 2015). In particular, the model provides

a better representation of low-trophic-level energy transfer

processes and is particularly valuable for exploring energy flow

paths within ecological networks. However, the Ecopath model has

remained a cornerstone tool for studying marine food web

structures, whereas the LIM-MCMC, which is predominantly

used for uncertainty analyses, has gained increasing prominence

in the early 21st century.

Since its introduction in the study of offshore ecosystems in

China, the Ecopath model has become a pivotal tool for the overall

assessment of the structure and function of diverse ecosystems. For

example, He et al. (2021) compared the structure of the Xihu

Harbor ecosystem between 2010 and 2020, and Gao et al. (2022)

conducted a comparative study of the marine ecosystems of

Haizhou Bay and the Lvsi fishing grounds. Simultaneously, the

LIM-MCMC was employed to examine the complexity of food web
02
structures and energy flows across different ecosystems. For

example, Meddeb et al. (2019) combined an Ecological Network

Analysis model with the LIM-MCMC to study planktonic food

webs in the southwestern Mediterranean region, underscoring its

value for multifunctional ecosystem analysis. However, comparative

studies using both the Ecopath and LIM-MCMC within the same

ecosystem are scarce. Chaalali et al. (2015) conducted a comparative

analysis of the Biscay Bay ecosystem using the Ecopath model and

LIM-MCMC, which further demonstrated the advantage of the

LIM-MCMC in handling uncertainty that is easily overlooked in

analyses based on the Ecopath model. Hossain et al. (2017)

demonstrated that linear inverse modelling can be used as a

complement to Ecopath applications and that there is

considerable uncertainty associated with the predicted energy

flows within the ecosystem of Hamilton Harbour. Therefore, the

integration of both models offers a more holistic framework for

assessing the structure and function of certain ecosystems.

However, current research has largely employed these approaches

independently, thus revealing a critical gap in exploring their

combined potential (Chaalali et al., 2015). Addressing this gap

through integrative studies may substantially enhance our

understanding and thus help manage complex ecosystems.

Laizhou Bay, a semi-enclosed estuary in the Bohai Sea, receives

nutrient inputs from the Yellow River and many other land-based

runoff sources that support vital ecological functions, such as

spawning, feeding, and migration (Jin et al., 2013). However,

aquaculture intensity and pollution caused by human activities

have surpassed the bearing capacity of Laizhou Bay, eventually

leading to eutrophication and depletion of fishery resources. In

particular, there has been a shift towards smaller and lower-quality

fishery species (Han et al., 2021). Many studies have assessed the

structure and function of the Laizhou Bay ecosystem using the

Ecopath model; however, most of these studies have focused on

certain areas or species for ecological assessment, such as artificial

reef areas (Zhang et al., 2022a; Wang et al., 2024), and ecological

capacity assessments of stock enhancement species (Feng et al.,

2018; Giralt Paradell et al., 2021); thus, the ecological functions of

non-fishery species in energy flow and transfer have been

overlooked, which limits the comprehensive understanding of the

structure and health of the Laizhou Bay ecosystem (Ju et al., 2020).

This comparative study of the Ecopath model and LIM-MCMC was

conducted to evaluate the characteristics of energy flow and food
frontiersin.org

https://doi.org/10.3389/fmars.2025.1572355
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wenhui et al. 10.3389/fmars.2025.1572355
web structure in the Laizhou Bay ecosystem. The findings of this

study provide valuable insights into the complexity, stability, and

health level of Laizhou Bay, which constitutes a scientific basis for

ecological management efforts.
2 Materials and methods

2.1 Sample collection and analysis

This study was conducted in the Laizhou Bay area (37°10′ N–
37°55′ N, 119°00′ E–120°10′ E) where 20 sampling stations were

established, which were the same in each survey (Figure 1). Marine

organisms and environmental factors were sampled during spring

(May), summer (August), and autumn (November) in 2022.

Sampling was performed using a single-vessel bottom trawl

survey; the power of the trawler was 260 kW, and the main

parameters of the trawl net were a width of 8.0 m, height of 5.3

m, and mesh size of 1400 meshes. At each station, the trawl was

dragged for 1 h at an average speed of 3.0 knots. Benthic samples

were collected using a Van Veen grab (1000 cm2). Zooplankton

were quantitatively sampled using a Type I plankton net,

supplemented qualitatively with a Type II plankton net.

Phytoplankton samples were collected using a Type III shallow-

water plankton net. The plankton net was trawled vertically from

the bottom to the surface, and the amount of filtered water was

recorded using a HYDRO-BIOS Multi-Limnos filtration system.

Both benthic and planktonic samples were preserved in a 5%

formalin solution in 500 mL polyethylene bottles and later

returned to the laboratory for species identification and biomass

analysis. Samples of marine organisms were collected from three to

five individuals of the same size per species for carbon and nitrogen

isotope analyses. The sampled specimens were dissected, and
Frontiers in Marine Science 03
approximately 3-5 g of muscle tissue was collected. Notably, the

dorsal muscle of fish, abdominal muscle of shrimp, muscle from the

first chelicerae of crustaceans, mantle muscle of cephalopods, and

adductor muscle of bivalves were collected, whereas from

echinoderms, the gonad tissue was collected. Sediment samples

were collected using a grab, as described above. Seawater samples

were filtered through Whatman GF/F membranes (47 mm

diameter, 0.7 μm pore size). Sediment and seawater samples were

analysed for dissolved organic carbon (DOC) and particulate

organic carbon (POC).
2.2 Model building

2.2.1 Model principles
2.2.1.1 Ecopath model

According to the principle of trophic dynamics (Lindeman,

1991), the Laizhou Bay ecosystem was divided into 22 functional

groups using the Ecopath model, where the energy output and input

of each functional group maintained balance in this ecosystem. The

basic equations are as follows:

Bi ·
P
B

� �
i
·EEi −ok

j=1Bj ·
Q
B

� �
j
·DCij − Ei = 0

In this equation, i represents the functional group, B represents

the biomass of the functional group i (t·km-2a-1), P represents the

production of the functional group, Q represents the consumption

of the functional group, EE is the ecotrophic efficiency, DCij

represents the diet matrix of the functional group ij, and E

represents the amount of migration. The Ecopath model requires

parameters DCij, B, P/B, and Q/B to be entered. The model was

constructed using Ecopath with Ecosim (v6.6.8) software. The

model assumed an intrinsic steady-state system in which biomass
FIGURE 1

Study area and sampling sites in the Laizhou Bay of northern China.
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did not change, and net migration (the difference between

emigration and immigration) was equal to zero or negligible on

an annual scale.

2.2.1.2 LIM-MCMC

The LIM-MCMC uses the MCMC algorithm to provide a more

accurate estimation of energy flow, where the energy output and

input of each functional group maintain a balance in the ecosystem

(Van den Meersche et al., 2009; Tecchio et al., 2016). The energy

balance equation was as follows: Production (P) = Consumption

(Q)–Excretion (U)–Respiration (R). Production was the total

production; Consumption was defined as all flows entering the

functional groups; Excretion was the flow from living functional

groups to detritus and included natural mortality; Respiration was

calculated as exported outside the model.

The energy input and output parameters were constrained by the

equality and inequality equations of mass balance in this model. These

equations can be expressed as matrix calculations (Chaalali et al.,

2015). The equalities equation is E (m × n) x = F, and the inequalities

equation is G (c × n) x ≥ h. In these equations, E (m× n) and G (c × n)

represent the matrices of the energy flow path coefficients, wherem is

the mass balance of the energy flow of each functional group, c is the

number of inequality equations, and n indicates the number of energy

flow paths (x1, x2,…, xn). Additionally, F is the equation value matrix

(m × 1), and h is the inequality value matrix (c × 1). The energy flow

paths are divided into four groups with their values ranging from the

smallest to the largest, including group a of 0.00 to 1.00, group b of

1.00 to 10.00, group c of 10.00 to 100.00, and group d of >100.00 (t·km-

2a-1). The LIM-MCMC was fitted using the “Lim” and “LimSolve”

packages in R software (v4.4.1).

2.2.2 Functional group classification
Functional groups in the Laizhou Bay ecosystem were divided into

22 groups based on the feeding habits, habitat types, economic value,

and growth characteristics of the marine organisms, whereas detritus

was classified into a separate group (Supplementary Table S1). Notably,

these 22 groups, as well as B, P, Q, U, and R, were used for the Ecopath

model and LIM-MCMC and were identical between these two models.

2.2.3 Data preprocessing
In the Ecopath model, the biomass (B) of phytoplankton is the

ratio of chlorophyll a content to the phytoplankton wet weight (1:400)

(Jones, 1979). The detritus biomass was calculated from the POC and

DOC values (Yang, 2018). The ratios of production to biomass (P/B)

and consumption to biomass (Q/B) of fish were calculated according

to the methods of Palomares and Pauly (1998) or obtained from the

Fishbase website (www.Fishbase.org). The P and Q values of other

species are cited from other studies in the ecosystems of areas

adjacent to Laizhou Bay. The ecotrophic efficiency (EE) value was

output using the Ecopath model and ranged from 0 to 1. The diet

composition (DC) represents predator-prey relationships among

functional groups, which were calculated through stomach content

analysis and d13C isotope values measurement (Lamb et al., 2019).

For the LIM-MCMC, values of the parameters B, P/B, Q/B, and

DC were identical to those in the Ecopath model. The ratios of
Frontiers in Marine Science 04
excretion to biomass (U/B) and respiration to biomass (R/B) were

obtained from other studies conducted in Laizhou Bay (Li et al.,

2024). Additionally, the values of B, P/B, Q/B, U/B, and R/B in these

two models were expressed in wet weight (t·km-2·a-1).

2.2.4 d13C and d15N measurements and trophic
level analysis

Trophic levels were typically assessed using stable nitrogen

isotopes, as predators are generally 3.4‰ more enriched in stable

nitrogen isotopes than their prey, which was used as the nitrogen

isotope enrichment. Phytoplankton, zooplankton, and benthos

served as baseline organisms, which presented throughout the

year and exhibited a simple diet with stable d15N enrichment.

Therefore, the stable nitrogen isotope of Scapharca broughtonii

was used as the baseline organism. The trophic level of each species

was determined by comparing its nitrogen isotope value with that of

the baseline organism. Sampled tissues were rinsed with distilled

water and freeze-dried (FD-1C-50+, BIOCOOL, China). After

freeze-drying, the samples were ground into fine powder, which

was then sieved through an 80-mesh filter. The resulting powder

samples were decarbonated by treatment with 1 mol·L-1 HCl,

followed by re-drying and storage in a desiccator. Finally, the

carbon and nitrogen stable isotopes were determined using an

elemental analyser (Flash EA1112 HT, Thermo Fisher Scientific,

USA) coupled with an isotope ratio mass spectrometer (DELTA V

Advantage, Thermo Fisher Scientific, USA) (Minagawa and Wada,

1984; Post, 2002):

Trophic level =
d15Nconsumer − d15Nbaseline

△ d15N
+ l

In this equation, d15Nconsumer refers to the nitrogen isotope ratio

of the consumer, d15Nbaseline is the nitrogen isotope ratio of the

baseline organism, Dd15N is the nitrogen isotope enrichment of

3.4‰, and l is the trophic level of the baseline organism. The

trophic levels of marine organisms selected in this study are shown

in Table 1 (Ju et al., 2020).
TABLE 1 Characteristic parameters of the Laizhou bay ecosystem after
the analysis of Ecopath and LIM-MCMC models, respectively.

Characteristic parameters
Values

Ecopath LIM-MCMC

Total consumption (t·km-2·a-1) 4407.67 4407.67

Total exports (t·km-2·a-1) 1527.03 956.94

Total respiration (t·km-2·a-1) 2568.60 4173.83

Total flows into detritus (t·km-2·a-1) 1582.82 1429.56

Total system throughput (t·km-2·a-1) 10086.11 10968.00

Total primary production (t·km-2·a-1) 3606.40 3606.40

Total primary production/Total respiration 1.40 0.86

Total primary production/Total biomass 23.88 23.88

Total biomass (excluding detritus, t·km-2·a-1) 151.04 151.04
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2.2.5 Model debugging and quality analysis
For the Ecopathmodel, the basic condition for debugging balance

was 0<EE ≤ 1. The parameters of the unbalanced functional groups

were repeatedly adjusted within the range of 5%. Notably, the food

transfer efficiency of GE (represented by the P/Q value) ranged from

0.05 to 0.3. Model quality was analysed using the pedigree index,

using the following equation (Christensen et al., 2005):

P =on
j=1

Iij
n

In this equation,where P is the pedigree index, n is the number

of functional groups, i is the ith functional group, j is the value of

parameters B, P/B, Q/B, and DC, and Iij is the pedigree index of the

functional group i.

For the LIM-MCMC, the equations and inequalities of each

functional group mentioned in section 2.2.1, were debugged by

adjusting all the values of parameters P/B, Q/B, U/B, and R/B in the

range of 5%. Then, the MCMC algorithm sampled all possible

results and calculated their average value, until the LIM-MCMC

generated at least one set of solutions which satisfied the balance of

this model (Gerber et al., 2023).

2.2.6 Characteristic parameter output
The characteristic parameter output by the Ecopathmodel and LIM-

MCMC can be used to assess the structural and functional characteristics

of the Laizhou Bay ecosystem. The total system throughput (TST)

represents the overall ecosystem scale, which is composed of four

components: total consumption (TC), total exports (TE), total

respiration (TR), and total flows into detritus. The ratio of total

primary production (TPP) to TR (TPP/TR) is an indicator of the

maturity and stability of the ecosystem, which is always >1 when the
Frontiers in Marine Science 05
ecosystem is in the early developmental stages, but <1 when the

ecosystem becomes mature and is affected by human activities

(Banerjee et al., 2017). Additionally, Finn’s cycle index represents the

proportion of the recirculation of the energy flows in the ecosystem, and

Finn’s mean path length (FML) represents the number of trophic levels

participating in each cycle of the energy flow. The connectance index

(CI), system omnivory index (SOI), and average path length (APL)

reflect the complexity of the ecosystem structure. When the CI and SOI

values are close to one, these parameters always indicate the ecosystem

structure is complex and stable (Christensen and Walters, 2004).
3 Results

3.1 Trophic levels of functional groups in
the Laizhou Bay ecosystem

The distribution of trophic levels among functional groups in the

Laizhou Bay ecosystem was established using the nitrogen isotope

ratio (2) of S. broughtonii as the basal organism, which was consistent

with other studies (Liénart et al., 2021). One-way analysis of variance

revealed no significant differences in the carbon isotope ratios among

species, while nitrogen isotope ratios exhibited significant variation (p

≤ 0.05). This result indicated that the functional groups shared

similar carbon sources but differed significantly in their nitrogen

utilisation (Supplementary Table S2). Variations in the carbon and

nitrogen isotope values were observed, with fish exhibiting relatively

high d13C and d15N levels, suggesting their higher trophic positions

within the food web (Figure 2). The characteristics of the trophic

levels in the Laizhou Bay ecosystem, derived from stable carbon and

nitrogen isotope analyses, ranged primarily from 1.00 to 3.48
FIGURE 2

Stable isotope biplots of d13C and d15N values in the Laizhou Bay ecosystem.
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(Supplementary Table S3) and were divided into trophic levels I, II,

and III. Trophic Level I is composed of detritus and phytoplankton,

which serve as primary producers and provide fundamental energy

sources for this ecosystem. Trophic levels II and III (45.5% each)

comprised predatory functional groups. The average trophic level of

the functional groups composed of fishery species was 3.30, with

notable variation among species within the group. The trophic levels

of the functional groups composed of fish ranged from 3.09 to 3.48,

with demersal fish exhibiting the highest trophic levels (III).

Crustaceans ranged from 2.89 to 3.35, and cephalopods ranged

from 2.75 to 3.17. The trophic levels within these functional groups

showed considerable variability, indicating a broad distribution

across trophic levels. Furthermore, the primary fishery species (P.

trituberculatus, C. japonica, O. oratoria, Loliolus sp., and F. chinensis)

in Laizhou Bay were primarily found at trophic levels II and III.
3.2 Comparative analysis of energy flow in
the Laizhou Bay ecosystem

Energy flow efficiency in the Laizhou Bay ecosystem displayed a

distinct hierarchical structure in the Ecopath model (Figure 3),

where energy was primarily circulated from trophic levels I to III.

Detritus and phytoplankton were assigned to trophic level I and

contributed biomass of 17.8 and 36.1 t·km-2a-1 respectively, which

accounted for 35.7% of the total biomass, respectively.

Phytoplankton contributed 3,606.4 t·km-2a-1 to the total energy

flow (35.8%), of which 96.2% (3,469.0 t·km-2a-1) was consumed and

the remaining energy of 137.6 t·km-2a-1 flowed into the detritus for
Frontiers in Marine Science 06
recycling. The total energy flowing into the detritus from all trophic

levels was 1149.0 t·km-2a-1, representing 11.4% of the total energy

flow, with 55.8 t·km-2a-1 recycled from trophic level II. The

remaining energy is mineralised into inorganic matter, which is

either deposited or reused within the ecosystem. Furthermore,

energy circulation predominantly occurred within trophic levels I

to III, which together contributed 99.6% of the TST, with minimal

energy transfer to higher trophic levels (e.g. trophic level IV: 0.05%)

(Table 2). The biomass at trophic level IV was decreased to 0.41

t·km-2a-1, indicating the energy loss during the transferring process.

The total energy transfer efficiency was 5.34%, with a proportion of

the total energy flow originating from the detritus of 0.23. The

energy transfer efficiency from detritus (2.61%) was higher than that

from primary producers (0.83%) at trophic level II, whereas the

opposite was true at trophic level III and higher levels.

The energy flow in the Laizhou Bay ecosystem contained 164

paths in the LIM-MCMCmodel that were divided into four groups:

a, b, c, and d (Supplementary Table S4; Figure 4). Group a

comprised 131 paths, including paths from respiratory

consumption and flow into the detritus to functional groups at

low trophic levels. Group b comprised six paths, including paths

from functional groups at trophic level I to high trophic levels.

Group c contained 10 paths, especially the paths from meiobenthos

to R. venosa (100.0 t·km-2a-1) and zooplankton to echinoderms

(100.0 t·km-2a-1). Group d included 17 paths, particularly the paths

from CO2 to phytoplankton (4,173.8 t·km-2a-1) and from

phytoplankton to zooplankton (1,848.9 t·km-2a-1). Respiratory

consumption and flow into detritus accounted for 35.5% of group

d, whereas the remaining energy flowed from phytoplankton,
FIGURE 3

Energy flow through trophic levels in the Laizhou Bay ecosystem based on the Ecopath model.
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zooplankton, and detritus to meiobenthos, R. venosa, and Loliolus

sp., accounting for 25.0% of the total energy flow. The total

respiratory consumption of all functional groups was 3,606.4

t·km-2a-1, with the highest respiratory consumption observed in

R. venosa (1,702.9 t·km-2a-1), followed by Loliolus sp. (1,202.2 t·km-

2a-1), zooplankton (826.1 t·km-2a-1), and phytoplankton (320.1

t·km-2a-1), but functional groups at high trophic levels exhibited

minimal respiratory consumption, such as benthivore fish of 0.30

t·km-2a-1. The paths of energy flows into detritus, with Loliolus sp.

contributing the highest value of 512.4 t·km-2a-1.
3.3 Comparative analysis of food web
structure in the Laizhou Bay ecosystem

In the Ecopath model, the energy flow in the food web of the

Laizhou Bay ecosystem was primarily driven by primary producers

and detritus. Thus, the food web included two food chains

(Figure 5). One food chain was the grazing food chain, where

energy flowed from phytoplankton to other 17 functional groups
Frontiers in Marine Science 07
with increasing trophic levels and was eventually transferred to

functional groups at trophic level III, including Gobiidae and O.

oratorias (Supplementary Table S2). The detrital food chain was

initiated from detritus, and the energy of detritus was directly

transferred to the functional groups of demersal fish,

benthivorous fish, Octopodidae, Loliolus sp., echinoderms,

molluscs, and meiobenthos, and eventually transferred to

Gobiidae, pelagic fish, omnivorous fish, cnidarians, P.

trituberculatus, C. japonica, O. oratoria, and F. chinensis. At the

end of these two food chains was the Sciaenidae functional group.

The parameters CI (0.30), SOI (0.33), FML (2.46), and FCL (8.18%)

indicated reduced food chain and web complexity.

Similar to the Ecopath model, the food web in the LIM-MCMC

model included two food chains initiated by phytoplankton and

detritus (Figure 6). Along the grazing food chain, energy is directly

transferred to zooplankton and then transferred to meiobenthos

through multiple paths, which are preyed upon by benthic

invertebrates; ultimately, energy is transferred from benthivorous

fish to demersal fish. Detrital food chains are further divided into

two paths. The shortest period was from detritus to phytoplankton,

invertebrates (molluscs and crustaceans), and pelagic fish. Another

path began from benthic producers (phytoplankton and detritus) to

meiobenthos, benthic invertebrates (molluscs and crustaceans),

benthivores, and demersal fish. Additionally, functional groups at

higher trophic levels had fewer energy flow paths than other

functional groups. The APL parameter (2.78) showed that these

food chains were relatively short, and the food web structure

was simplified.
3.4 Overall assessment of the Laizhou Bay
ecosystem

The characteristic parameter outputs from the balanced Ecopath

model and LIM-MCMC are listed in Table 1. In the balanced Ecopath

model, the EE values of all functional groups were <1, and the

pedigree index was 0.524, which is reasonable compared with the
FIGURE 4

Energy flows in the Laizhou Bay ecosystem based on the LIM-MCMC model. Energy flow paths corresponding to the flow numbers are shown in the
appendix: (a) 0.00-1.00 t·km-2a-1; (b) 1.00-10.00 t·km-2a-1; (c) 10.00-100.00 t·km-2a-1; (d) >100.00 t·km-2a-1.
TABLE 2 Transfer efficiency of different trophic levels in the Laizhou Bay
ecosystem (%).

Sources
Trophic levels

II III IV V

Producer 0.83 15.17 11.97 9.40

Detritus 2.61 13.56 8.618 8.47

All flows 0.86 15.09 11.82 9.37

Proportion of total flow originating from detritus: 0.23

Transfer efficiencies (calculated as geometric mean for TL II-IV)

From primary producers: 5.31%

From detritus: 6.73%

Total: 5.34%
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outcomes of other studies (Morissette, 2007). In the Ecopath model

and LIM-MCMC, TC, TPP, total biomass (TB), and TPP/TB were

4407.7 t·km-2a-1, 3606.4 t·km-2a-1, 151.0 t·km-2a-1, and 23.9,

respectively. The parameters of TST, TR, and flow into detritus
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were 10086.1 and 10968.0 t·km-2a-1, 2568.6 and 4173.8 t·km-2a-1, and

1582.8 and 1429.6 t·km-2a-1, in the Ecopath model and LIM-MCMC,

respectively. The ratio of TPP/TR in the Ecopath model (1.40)

suggested a relatively mature ecosystem in Laizhou Bay, whereas
FIGURE 6

Food web structure in the Laizhou Bay ecosystem based on the LIM-MCMC model (mg C/m-2/d-1).
FIGURE 5

Food web structure in the Laizhou Bay ecosystem based on the Ecopath model.
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that of the LIM-MCMC (0.86) indicated that it was in an unstable

developmental stage. Additionally, the average TR value in the LIM-

MCMC was 38.33% of that in the Ecopath model.
4 Discussion

4.1 Composition and structure of the
functional groups in the Laizhou Bay
ecosystem

The analysis of d13C and d15N is an essential tool for examining

trophic levels and food web structures (Post, 2002; Merquiol et al.,

2023). d15N reveals the trophic positions of marine organisms and

predator-prey relationships, and d13C provides insights into the

utilisation of carbon sources and habitat-specific feeding

preferences (Fry, 2006). The integration of isotope analysis and

ecosystem models offers deeper insights into energy flow paths and

food web structure. In the present study, similar d13C values among

marine organisms suggested a homogeneity in carbon source

utilisation, thus discrepant d13C values indicated different carbon

sources. For example, Sebastes schlegelii exhibited higher d13C
values, reflecting its reliance on carbon sources of a diet

dominated by teleosts, crabs, and echinoderms (Kang et al.,

2023), whereas Engraulis japonicus showed lower d13C values,

attributable to its reliance on carbon sources of a diet composed

of crustaceans and small fishes (Yu et al., 2020). Significant

differences in d15N values in the current study pointed to diverse

trophic paths that supported the growth requirements of different

species (Kobari et al., 2023). For example, Saurida elongata

displayed elevated d15N values, and it was mainly feeding on

Loliolus sp., Metapenaeopsis dalei, and Gobiidae, which also had

high d15N values (Du et al., 2011). However, R. venosa exhibited low

d15N values because of its benthic feeding habits (Hu et al., 2016).

Additionally, marine fishes displayed higher d13C and d15N values

than other species in the present study and played important roles

in trophic pathways as consumers at high trophic levels (Qu et al.,

2021; Shin et al., 2022).

The integration of the trophic level values of different functional

groups into several trophic positions (I-V) may represent the link

between certain functional groups in the energy flow within an

ecosystem (Lindeman, 1991). Trophic levels of 1.00 to 3.48 revealed

a moderately complex food web structure that mainly included

primary producers and consumers at intermediate and high trophic

levels. These results were consistent with the findings in Laizhou

Bay (Ju et al., 2020). Notably, economic fishery species at the

intermediate or high trophic levels represented a high proportion

of the trophic position, reflecting their ecological significance; thus,

effective management of their resources is crucial for preserving the

integrity of the food web structure. Although the observed trophic

levels were concentrated in levels I, II, and III, the energy estimated

by the Ecopath model could be transferred to trophic level V. This

discrepancy was due to the ability of the Ecopath model to simulate

the complexity and multilevel interactions of the ecosystem model,

especially the interactions of predation, prey consumption, and
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detritus recycling, ultimately producing a multilayered trophic

transfer structure (Christensen and Pauly, 1992).
4.2 Characteristics of the energy flow in
the Laizhou Bay ecosystem

Energy flow plays an important role in maintaining the stability

of an ecosystem’s structure and function by determining the

interactions between species (Cebrian, 2015). In the present

study, phytoplankton and detritus were recognised as the

initiators of the grazing and detrital food chains, respectively,

which was in agreement with other studies in Laizhou Bay (Ju

et al., 2020) and revealed their importance in accelerating energy

transfer. However, the Ecopath model revealed that phytoplankton

had a higher energy transfer efficiency than detritus. This

phenomenon may be due to the adequate nutrient supply and

suitable temperature in Laizhou Bay, which promoted the rapid

growth of phytoplankton (Seifert et al., 2023). However, the

interactions between functional groups at different trophic levels,

rather than the amount of energy in phytoplankton, are determined

by the energy transfer efficiency in the food chain. Detritus

originates from incompletely decomposed organic matter or other

organic matter from the recycling of carbon and nitrogen through

decomposition or transformation in the ecosystem (Parsons and

Strickland, 1962). In addition, the energy transfer efficiency of

detritus was lower than that reported in other studies (He et al.,

2021). By contrast, the energy flow from detritus is affected by

environmental factors such as temperature and salinity

(Kowalewska et al., 2003). Thus, the loss of energy in the energy

transfer process from detritus reveals an obvious environmental

disturbance to the energy flow in Laizhou Bay. However, owing to

the influence of diluted water from various rivers, the stratification

effect weakened the oxygen exchange of the bottom water and

slowed the decomposition of detritus by microorganisms (Zhang

et al., 2023a). Thus, the energy transfer efficiency of detritus

was repressed.

The LIM-MCMC showed that functional groups at trophic

levels I and II were important in the detrital formation process

(Smith et al., 2011). The functional groups of meiobenthos and R.

venosa live in areas with high levels of detritus, where detritus

formation can be accelerated through the bioturbation activities of

these functional groups, such as digging caves, and the

mineralisation and decomposition of organic matter (Davis, 1993;

Adámek and Marsá̌lek, 2013). Although the life stages of these

functional groups are short, their excretions during daily metabolic

processes and deceased individuals are rapidly decomposed and

form detritus, which improves the recycling and transfer efficiency

of energy initiated from the detritus (Moore et al., 2004).

Additionally, there were significant differences in respiration

consumption between Loliolus sp. and Octopodidae, because their

physiological structure and metabolic function are different,

especially Loliolus sp. exhibits active predation behaviour and a

higher metabolic rate (Pang et al., 2018). Because of their habitat

habit of living in rock crevices and coral reefs of Octopodidae, they
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need to adjust their predating strategies, eventually reducing their

respiration consumption (Pang et al., 2022). In comparison, the

Ecopath model focuses on the roles of phytoplankton and detritus

in the energy flow of the ecosystem, whereas the LIM-MCMC

focuses on the mediating role of detritus and the respiration

consumption of functional groups at trophic levels I and II.

Compared with other studies, the overall energy transfer

efficiency in the Laizhou Bay ecosystem (5.4%) was within a

reasonable range in the current study, reflecting the stability of

this ecosystem (Xu et al., 2019).
4.3 Characteristics of the food web
structure in the Laizhou Bay ecosystem

Analysis of the food web structure highlights the complex

correlation and predator-prey relationships between producers,

consumers, and detritus in the ecosystem (McDonald Madden

et al., 2016). In the present study, the dominant zooplankton

species were copepods, which mainly fed on nearshore diatoms

(Miralto et al., 1999). Although zooplankton and phytoplankton are

functional groups at low trophic levels, they play a vital role in

maintaining the stability and complexity of the food web structure

by accelerating the energy flow (Zhang et al., 2022b). In the food

web structure of the Ecopath model, the total values of the energy

flows were dominated by functional groups at high trophic levels

(e.g., pelagic fish), which had few paths of energy flow. For example,

there were six energy flow paths for the functional group of

Sciaenidae, indicating less dependence on other functional groups

in the food web structure. Although the energy flow values of the

functional groups at low trophic levels (e.g., zooplankton,

meiobenthos, and molluscs) were low, the number of their related

energy flow paths was high. Thus, these results revealed a decrease

in total energy transfer efficiency, which further increased the

vulnerability of the food web structure and even the stability of

the ecosystem. These patterns were also observed in the Bizerte Bay

ecosystem (Meddeb et al., 2019). Additionally, competitive

relationships between different functional groups for ecological

niches were observed. For example, in the Haizhou Bay

ecosystem, a high level of ecological niche overlap between

zooplankton and meiobenthos indicated competition for the same

space and food resources, which partly affects the energy transfer

efficiency (Bergman and Greenberg, 1994; Gao et al., 2022).

In the current study, the energy flow characteristics of the

detrital food chain determined by the LIM-MCMC were more

detailed than those determined by the Ecopath model based on

specific divisions of the energy flow paths in the LIM-MCMC,

which also reflected the utilisation efficiencies of detritus by

different functional groups. Meiobenthos, molluscs, and

crustaceans were the dominant functional groups in the detrital

food chain in the LIM-MCMC, most of which were r-selection

species in aquatic ecosystems (Akoglu, 2023). Owing to their life

stages and habitat characteristics, functional groups of r-selection
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species have commonly been used as indicators of unstable

developmental stages of an ecosystem (MacArthur and Wilson,

1967). These r-selection species have rapid reproductive ability and

a short life span; thus, they show less competition in the ecological

niche to adjust to unstable ecosystems (Bohn et al., 2014). However,

ecosystems become dominated by functional groups composed of

k-selection species as the ecosystem matures (MacArthur and

Wilson, 1967). These findings were also supported by the APL

and TPP/TR values in the LIM-MCMC, indicating that the Laizhou

Bay ecosystem was in an unstable developmental stage, which has

also been observed in the Biscay Bay ecosystem (Chaalali et al.,

2015). Additionally, the number of energy flow paths of Sciaenidae

was lower than that of other functional groups. This phenomenon

may be related to overfishing, marine pollution, and other human

activities, which have caused the population decline and even

extinction of many organisms. Thus, food chains in fragile

ecosystems are simple. Therefore, the food web of the Laizhou

Bay ecosystem was characterised by relatively short food chains in

the Ecopath model and LIM-MCMC. The simplicity and inherent

fragility of the food web render the ecosystem highly vulnerable to

external disturbances. Even small fluctuations in species abundance

or the loss of certain species can disturb the stability of the structure

and function of the ecosystem (Narwani et al., 2019).
4.4 Overall assessment of the structure
and function of the Laizhou Bay ecosystem

The characteristic parameters discussed above are recognised as

important indicators for assessing the structure and function of the

Laizhou Bay ecosystem (Banerjee et al., 2017), especially the energy

flow paths and efficiency. The values of the TC (4407.67 t·km-2·a-1)

were identical in the two models in the present study, but they were

higher than those recorded in the Laizhou Bay ecosystem in 2014–

2015 (Ju et al., 2020), which also caused higher levels of the TST

parameter. Moreover, the values of total flows into detritus were

similar in these two models because the weight of U data was divided

in detail in the conduction of these two models, which was included

in the energy flow of other mortalities in the Ecopath model, but was

divided into the energy flow of each functional group in the LIM-

MCMC. The parameters in these two models were generally higher

than those reported by Xu et al. (2019) and Ju et al. (2020), which

revealed that the Laizhou Bay ecosystem was in a period of rapid

development in recent years, compared with its state 10 years ago and

with the Bohai Sea in 2018 (Zhang et al., 2023b) and the Yellow Sea in

2022 (Zhang et al., 2022a). The predominant reasons causing this

phenomenon are closely related to climate change and frequent

human activities, such as the development of marine ranching,

enhancement, and release (Tang et al., 2025).

The TST value calculated by the LIM-MCMC was higher than

that calculated by the Ecopath model because of the high TR in the

LIM-MCMC. Respiration in the Ecopath model was used to balance

the energy flow between the different functional groups. In this
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model, the assimilated food is consumed either through production

or respiration. Specifically, respiration is the difference between the

part assimilated by consumption and the difference between the total

and primary production (Christensen et al., 2005). The Ecopath

model ignores the contribution for respiration consumption of the

functional groups of meiobenthos and zooplankton, resulting in low

TR values. By contrast, LIM-MCMC was conducted and assessed

based on a natural ecosystem, and the output results were more

comprehensive and realistic. Meanwhile, the TPP values in these two

models were identical; thus, the ratio of TPP/TR in the LIM-MCMC

was lower than that in the Ecopath model, which may indicate

inefficient energy transfer efficiency of primary productivity

(Banerjee et al., 2017). Moreover, the TPP/TR parameter has been

commonly used for the assessment of ecosystem ability (Zeng et al.,

2024), which revealed that the Laizhou Bay ecosystem was in an

unstable developmental stage during the current study and

vulnerable to disturbance by human activities. However, the TPP/

TR ratio in the present Ecopath model indicated that the Laizhou

Bay ecosystem was mature, which is consistent with the results of

Xihu Habor (He et al., 2021) and Changshan Archipelago (Zhang

et al., 2023b). However, Xu et al. (2019) found the opposite results in

Laizhou Bay. These contrasting results are attributed to the

drawback that the Ecopath model overlooks the authenticity of the

respiration input data, which directly affects the assessment of the

parameters of TR and TPP/TR (Christensen and Walters, 2004).

Compared with the uncertainty of assessment of the Ecopath model,

the advantage of the LIM-MCMC is reduced adverse effects of

uncertain data; however, the LIM-MCMC also has the

disadvantage of not considering predation between the same

species, particularly predators at high trophic levels, eventually

reducing the values of TST by influencing diet composition and

causing deviations in energy flow efficiency (Tecchio et al., 2016).

Therefore, the assessment accuracy of the ecosystem structure

and function can be improved by combining these two models.

Furthermore, comparative studies using these two models will help

corroborate ecological conclusions, which could be further

employed for sensitivity analysis by modifying the constraints on

specific biological compartments according to future climatic

projections, thereby supporting the optimisation of fishery

management strategies.
5 Conclusion

The Ecopath model and LIM-MCMC were used to analyse the

characteristics of the energy flow and food web structure,

respectively, in the Laizhou Bay ecosystem, which was divided

into 22 functional groups. The trophic levels of these functional

groups ranged from 1.00 to 3.48, and groups with medium and high

trophic levels were dominant. Notably, the Ecopath model indicated

an energy transfer efficiency of 5.34%, with primary producers
Frontiers in Marine Science
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playing a dominant role. In contrast, the LIM-MCMC showed that

the energy flow was primarily controlled by respiration and detritus

input within functional groups at lower trophic levels. These two

models revealed that the food chain in the Laizhou Bay ecosystem

was reduced and the food web structure was of low complexity.

Additionally, the Ecopath model suggested that this ecosystem was

relatively mature, whereas the LIM-MCMC suggested that this

ecosystem was in an unstable developmental stage with low

primary productivity and energy utilisation efficiency. These

results provide a scientific basis for the restoration and

sustainable management of the Laizhou Bay ecosystem.
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Chaalali, A., Saint-Béat, B., Lassalle, G., Le Loc’h, F., Tecchio, S., Safi, G., et al. (2015).
A newmodeling approach to definemarine ecosystems food-web status with uncertainty
assessment. Prog. Oceanography. 135, 37–47. doi: 10.1016/j.pocean.2015.03.012

Christensen, V., and Pauly, D. (1992). ECOPATH II-a software for balancing steady-
state ecosystem models and calculating network characteristics. Ecol. Modelling. 61,
169–185. doi: 10.1016/0304-3800(92)90016-8

Christensen, V., and Walters, C. J. (2004). Ecopath with Ecosim: methods,
capabilities and limitations. Ecol. Modelling. 172, 109–139. doi: 10.1016/
j.ecolmodel.2003.09.003

Christensen, V., Walters, C., and Pauly, D. (2005). Ecopath with Ecosim: A User’s
Guide (Canada: Fisheries Centre. University of British Columbia, Vancouver).

Davis, W. R. (1993). The role of bioturbation in sediment resuspension and its
interaction with physical shearing. J. Exp. Mar. Biol. Ecology. 171, 187–200.
doi: 10.1016/0022-0981(93)90003-7

Du, J. G., Lu, Z. B., Yang, S. Y., and Chen, M. R. (2011). Studies on ecological
characteristics variation and population dynamics of four lizardfishes in the southern
Taiwan Straits. Acta Oceanologica. Sinica. 30, 72–81. doi: 10.1007/s13131-011-0163-y

Feng, J., Tian, X. L., Dong, S. L., He, R. P., Zhang, K., Zhang, D. X., et al. (2018).
Comparative analysis of the energy fluxes and trophic structure of polyculture
ecosystems of Portunus trituberculatus based on Ecopath model. Aquaculture. 496,
185–196. doi: 10.1016/j.aquaculture.2018.07.020

Fry, B. (2006). Stable Isotope Ecology (New York, USA: Springer Science and Business
Media).

Gao, S. K., Chen, Z., Lu, Y. N., Li, Z., Zhang, S., and Yu,W.W. (2022). Comparison of
marine ecosystems of Haizhou Bay and Lvsi Fishing Ground in China based on the
Ecopath model. Water. 14, 1397. doi: 10.3390/w14091397

Gerber, G., Brooker, B., and Scharler, U. M. (2023). Automated workflow for
incorporation and evaluation of data uncertainty in ecological networks with
autoLIMR. Ecol. Informatics. 75, 102375. doi: 10.1016/j.ecoinf.2023.102375

Giralt Paradell, O., Methion, S., Rogan, E., and Dıáz López, B. (2021). Modelling
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