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The fatty acid composition in organisms can reflect the trophic level, feeding

habits, and utilization of local resources. In the present study, the living

resources of different functional areas (artificial reef area, shellfish area,

macroalgae area) in the Zhelin Bay Marine Ranch were investigated, and fatty

acid analysis was used to elucidate the trophic relations across the food web.

The results showed that 22:6w3 FA (docosahexaenoic acid, DHA), 20:5w3 FA

(eicosapentaenoic acid, EPA), 16:1w7 FA, and 16:0 FA are fatty acid biomarkers

that distinguish carnivorous, omnivorous, and herbivorous organisms. The

ratios of DHA/EPA, polyunsaturated fatty acids/saturated fatty acids (PUFA/

SFA), and sum of w3 fatty acids/sum of w6 fatty acids (Sw3/Sw6) can be used as

an important basis to assess the trophic level and feeding habits of organisms.

In the comparison of the food web structure of different functional areas, the

DHA/EPA ratio of carnivorous organisms in the Artificial Reef area was higher

than that in other functional areas due to the abundant living resources,

indicating that the food web of the Artificial Reef area presents lower stability

to cope with perturbations. Furthermore, MixSIAR was used to quantitatively

estimate the diet composition of consumers in the Zhelin Bay Marine Ranch

based on their fatty acids. The results of the present study are a valuable

contribution to understanding the trophic relationships in the Zhelin Bay

Marine Ranch and provide theoretical support for future planning and

construction of marine ranches.
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1 Introduction

The study of the marine food web has been a persistent topic in

the marine ecosystem, management, and spatial planning. Food

webs represent the trophic interactions (predator–prey) that occur

in an ecosystem, are the basis of material circulation and energy

flow in the ecosystem (Bascompte, 2009; Thompson et al., 2012),

and are key drivers of ecosystem structure, function, and stability

(Dunne, 2006). The study of food webs can help us understand the

interactions and energy flow process between organisms and

provide a quantifiable framework for biodiversity patterns and

energy flows in ecosystems. Furthermore, food web models can be

used as quantitative approaches to evaluate ecosystem performance

(Samhouri et al., 2009; Tam et al., 2017). Studies of marine

ecosystem stability through food webs have also been widely

reported. Rodriguez et al. (2022) compared the food web

structure and stability of marine ecosystems at different latitudes,

providing a management tool to evaluate marine ecosystem

modifications resulting from biological invasions and other

anthropogenic impacts as well as climate change. Li et al. (2022)

analyzed the seasonal variations, structure, stability, and function of

a typical artificial reef food web, providing useful information for

future restoration plans of the marine ecosystem.

Several techniques have been used to analyze food web ecology

to study food sources and trophic relationships, such as stomach

content analysis, stable isotope ratios, DNA-based methods, and

fatty acid biomarkers (Troedsson et al., 2009; Traugott et al., 2013;

Parzanini et al., 2019; Pan et al., 2021). Stomach content has been

the most widely used, the majority of the knowledge generated to

date derived from this method. However, stomach content analysis

presents several biases; only the transient feeding conditions of

organisms before collection can be determined, representing

snapshots of recent meals. On the other hand, most soft-bodied

prey are difficult to identify given their rapid digestion; analysis

results tend to the foods that are difficult to digest and may therefore

not be a reliable indicator of long-term diet estimates (Iverson,

2009). More recently, stable isotopes have been used to more

specifically identify food web relationships and the strength of

interactions among dominant taxa in the marine environment

(Alfaro et al., 2006; Connelly et al., 2014; Bergamino and

Richoux, 2015; Schoo et al., 2018). Stable isotope ratios of carbon

and nitrogen can accurately determine the trophic position and the

contribution of food source of organisms in a food web (Schoo et al.,

2018). Due to different metabolic rates of different tissues, isotope

fractionation will exist in tissues of marine organisms, such as fish

(Blanco et al., 2009), crustaceans (Day et al., 2023), mollusks

(Cabanellas-Reboredo et al., 2009; Deudero et al., 2009), and

macroalgae (Viana et al., 2015); the distribution of stable isotopes

may be different among organs, which will bias the results of the

survey. The promising new methods are DNA-based methods for

detecting prey DNA that is contained in the stomach/gut of

predator. Similar to stomach content analysis, DNA-based

methods require DNA information from soft-bodied prey are

difficult to identify and can only reflect the transient feeding

conditions of the predator before capture (Traugott et al., 2013).
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Fatty acid analysis has been extensively used in qualitative studies

on trophic relationships in food webs (Kelly and Scheibling, 2012;

Guerrero and Rogers, 2020; Guo et al., 2020). As higher trophic levels,

consumers are enriched in fatty acid through the food web; fatty acid

analysis is mainly based on the composition of biological fatty acids to

study nutritional relationships and can reflect the diet of consumers

(Iverson et al., 1997; Iverson et al., 2004). Non-essential fatty acid can

be synthesized by the consumer and show high fractionation in the

organism, but for essential fatty acid, this cannot be synthesized de novo

by the consumer but can only be obtained from diet. Furthermore,

these fatty acids are particularly important for the growth and

development of high trophic organisms, were more likely

accumulated in organisms (Dalsgaard et al., 2003; Závorka et al.,

2023), and can therefore be useful as dietary tracers in food web

analysis. As some fatty acids are often incorporated by their consumers

without being modified, the fatty acid markers commonly used in

trophic studies can be either single fatty acids associated with a

particular type of organism or a ratio of fatty acids. For example,

16:1w7 and 20:5w3 (eicosapentaenoic acid, EPA) are diatom fatty acid

markers (Budge and Parrish, 1998; Lee et al., 2006); 18:1w9 and 22:6w3
(docosahexaenoic acid, DHA) are zooplankton fatty acid markers. The

ratio of 22:6w3 (DHA) to 20:5w3 (EPA) is used to assess the proportion
of dinoflagellates to diatoms in the diet (El-Sabaawi et al., 2010). A high

ratio of DHA to EPA could also indicate a carnivorous diet (Stowasser

et al., 2009), whereas a high ratio of Sw3 to Sw6 indicates an

herbivorous diet (El-Karim et al., 2016).

Marine ranching consists of artificial ecosystems built using

modern marine technology and management, which have the

functions of environmental protection, resource restoration, and

fishery output (National Natural Science Foundation of China,

2019). Investigating fatty acid composition in marine ranching

will help in the artificial building and management of marine

ranch. Food-web indicators can be reflected from fatty acid

analysis and are useful to summarize complex information

concerning marine ecosystem status (Hayes et al., 2015;

Geijzendorffer et al., 2016). Fatty acid analysis can reflect the

average trophic level of organisms in the food web and can be

associated with the number of carnivorous organisms and trophic

species to evaluate the stability of the marine ecosystems (Rodriguez

et al., 2022). In addition, fatty acid analysis can be used to assess

basal food sources and quantify energy flows in food webs (Parrish,

2013) and has been correlated with changes in ecosystem function

(e.g., primary productivity; Pethybridge et al., 2012) and structure

(e.g., reorganization of fish communities or regime shifts; Litzow

et al., 2006) of marine ranching. Evaluations of ecosystems from

fatty acid analysis can provide theoretical support for the planning

and construction of marine ranching.

Zhelin Bay is an important fishing ground of the north South

China Sea. However, increased fishing effort in this area has led to a

substantial decline in its fishery resources (Wang et al., 2019). Thus,

to enhance fishery resources, the area was selected as a location for

constructing a marine ranching system. The Zhelin Bay Marine

Ranch is located in the coastal waters of the Zhelin Bay and Nanao

Island in eastern Guangdong Province. The total area is 206.7 km2.

It was established in 2011 and divided into five functional zones,
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including an artificial reef area, cage aquaculture area, stock

enhancement area, shellfish area, and macroalgae area (Ma et al.,

2019). Because the cage aquaculture area and stock enhancement

area have just been demarcated and did not exercise its function, we

just investigated three other functional areas. In the present study,

the fatty acid composition of organisms in different functional areas

of the Zhelin Bay Marine Ranch was investigated to explore

differences in the food webs among different functional areas,

analyze the trophic relationships in the food web in the Zhelin

Bay Marine Ranch, and provide theoretical support for the planning

and construction of marine ranches in the future.
2 Materials and methods

2.1 Study area

The study area is located in the coastal site of the Zhelin Bay,

Guangdong Province, China (116°55′E–117°14′E, 23°27′N–23°35′
N, Figure 1). The Zhelin Bay is characterized by a subtropical

climate with an annual average temperature of 21°C. Three

functional areas were investigated, the artificial reef area (AR),

shellfish area (SH), and macroalgae area (MA). Special artificial

reef structures were dropped in the artificial reef area to attract

organisms to settle and breed. In the shellfish area, cage rearing and

cone rearing are carried out, and high-quality shellfish seedlings are

cultivated for bottom-seeding multiplication. The macroalgae area

was created by raising macroalgae on the sea bed and on rafts to

repair the environment and improve marine primary productivity.
2.2 Sampling

The sampling stations in each functional area are shown in

Figure 1. Samples were collected in April, September, and November
Frontiers in Marine Science 03
2012. The samples were collected in the functional areas using trawls

and gill nets. A total of 66 species were collected in this study, including

25 Crustacea species, 24 Osteichthyes species, 11 Gastropoda species,

two Cephalopoda species, two Callobranchia species, and two algal

species. In the sampling results of different functional areas, 41 species

were collected from the artificial reef area, 31 from the shellfish area

and 12 from the macroalgae area (Supplementary Material). Samples

were frozen in liquid nitrogen and transported to the laboratory and

stored at -80°C until they could be analyzed, less than 3 months later.
2.3 Fatty acid analysis

For the analysis of the fatty acid composition, samples were

subjected to freeze drying at -60°C in a vacuum freeze dryer

(Scientz-10 N, China) and then ground into powder using a

tissue lyser (Tissuelyser-48, Shanghai Jingxin Industrial

Development Co., Ltd., China). Fatty acids were extracted with

chloroform–methanol (2:1, V/V) following the method of Folch

et al. (1957). Fatty acid methyl esters (FAMEs) were prepared by

transesterification with 0.4 M KOH in methanol and detected by gas

chromatography using the method of Meng et al. (2017). The fatty

acid content was measured by the normalization method. All

measurements were performed in triplicate.
2.4 MixSIAR modeling

MixSIAR was used to estimate the diet composition of

consumers in the Zhelin Bay Marine Ranch in different sampling

months (Guerrero and Rogers, 2020). 16.1w7, 18.1w9, 18.3w6,
18.3w3, 20.4w6, 20.5w3, and 22.6w3 were selected as qualitative

FA signatures to estimate the diet composition. The MixSIAR

mixing model is a Bayesian mixing model developed to analyze

uncertainty associated with variation in isotope or fatty acid values
FIGURE 1

Sampling stations in the Zhelin Bay Marine Ranch.
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of both sources and consumers, fractionation values, and

concentration dependence to determine the contribution of food

sources to consumers. The model uses a source file consisting of

mean ± SD fatty acid profiles of food sources and a file of consumer

fatty acid profiles. The organisms in the Zhelin Bay Marine Ranch

were divided into cephalopods, squillids, shrimp, crab, and fish as

consumers. Mollusks, crustaceans, sediment organic matter (SOM),

and particulate organic matter (POM, unpublished data) were

considered the potential food sources in the Zhelin Bay

Marine Ranch.
2.5 Statistical analysis

The fatty acid signature analysis was conducted using SPSS

Statistics 20.0 (IBM, Armonk, NY, USA). Principal component

analysis (PCA) was performed using the R package ggbiplot
Frontiers in Marine Science 04
(Version 0.55). Sampling station maps were created using

ArcGIS 10.0.
3 Results

3.1 Fatty acid compositions of organisms

A total of 84 fatty acid signatures were obtained (Supplementary

Material). The lipid contents are summarized in Table 1. The most

abundant fatty acids in consumers were 16:0, 18:0, and 18:1w9,
which accounted for more than 50% of the total fatty acids. In

macroalgae, the most abundant fatty acid was 16:0, accounting for

61.65% of the total fatty acids. In the artificial reef area, herbivorous

species had the highest total fatty acid (TFA) contents (mean =

20.88 mg g-1, n = 3), followed by carnivorous (mean = 15.58 mg g-1,

n = 27), and omnivorous (mean = 14.86 mg g-1, n = 36) species. In
TABLE 1 Fatty acid compositions of organisms with different feeding habits in the Zhelin Bay Marine Ranch (mean ± SD%).

Fatty
Acid

Artificial Reef area Shellfish area Macroalgae area

Carnivory
(n=27)

Omnivory
(n=36)

Herbivory
(n=3)

Carnivory
(n=18)

Omnivory
(n=20)

Herbivory
(n=3)

Carnivory
(n=4)

Omnivory
(n=6)

Macroalgae
(n=3)

14:0 4.64 ± 2.02 3.95 ± 1.69 4.29 ± 1.00 3.72 ± 1.96 3.86 ± 1.26 4.17 ± 1.54 4.22 ± 2.93 3.86 ± 2.21 4.97 ± 3.99

15:0 1.17 ± 0.62 1.59 ± 0.52 1.17 ± 0.12 1.19 ± 0.53 2.62 ± 4.08 1.29 ± 0.36 0.70 ± 0.27 1.39 ± 0.40 1.08 ± 0.43

16:0 34.35 ± 8.08 33.84 ± 3.99 38.29 ± 1.62 34.25 ± 5.08 36.27 ± 4.86 40.75 ± 5.59 25.11 ± 7.81 31.97 ± 4.62 61.65 ± 8.54

17:0 2.70 ± 2.11 3.31 ± 0.94 5.06 ± 3.84 2.26 ± 1.11 4.06 ± 2.01 4.50 ± 0.56 1.20 ± 0.30 2.39 ± 0.88 0.93 ± 0.37

18:0 15.42 ± 5.65 17.47 ± 4.65 17.67 ± 7.20 16.16 ± 4.78 18.1 ± 5.04 16.83 ± 2.15 10.65 ± 0.59 15.23 ± 3.96 4.96 ± 2.45

20:0 1.14 ± 0.64 1.76 ± 0.62 0.94 ± 0.09 1.37 ± 0.63 1.61 ± 0.62 1.63 ± 0.42 0.95 ± 0.28 1.28 ± 0.56 0.67 ± 0.49

21:0 0.35 ± 0.29 0.58 ± 0.25 0.23 ± 0.04 0.42 ± 0.34 0.50 ± 0.38 0.60 ± 0.38 0.25 ± 0.16 0.31 ± 0.16 0.44 ± 0.39

22:0 1.05 ± 0.63 1.90 ± 0.81 0.54 ± 0.10 1.60 ± 1.00 1.43 ± 0.85 0.62 ± 0.19 0.64 ± 0.39 0.90 ± 0.29 2.37 ± 2.97

23:0 0.32 ± 0.28 0.43 ± 0.28 0.18 ± 0.08 0.42 ± 0.36 0.35 ± 0.33 0.18 ± 0.16 0.03 ± 0.06 0.18 ± 0.10 0.50 ± 0.47

24:0 1.21 ± 0.89 0.88 ± 0.83 0.71 ± 0.39 1.56 ± 0.91 0.85 ± 0.39 0.37 ± 0.33 0.61 ± 0.37 0.52 ± 0.32 0.70 ± 0.44

16:1w7 4.92 ± 2.21 7.17 ± 3.51 8.02 ± 5.77 5.93 ± 2.97 5.82 ± 3.70 3.79 ± 3.13 6.84 ± 4.11 9.27 ± 1.39 4.06 ± 1.05

17:1w7 – – – – – – – – 0.32 ± 0.56

18:1w9 16.99 ± 9.32 17.57 ± 4 13.56 ± 4.77 15.67 ± 5.29 15.55 ± 5.07 14.67 ± 10.42 22.16 ± 4.60 20.38 ± 5.15 5.81 ± 2.41

22:1w9 0.67 ± 0.46 0.79 ± 0.82 0.53 ± 0.04 0.44 ± 0.26 0.57 ± 0.41 0.66 ± 0.09 0.60 ± 0.35 0.27 ± 0.09 0.57 ± 0.15

24:1w9 1.35 ± 1.15 1.25 ± 1.35 1.24 ± 1.4 1.84 ± 1.26 0.75 ± 0.73 0.15 ± 0.26 0.87 ± 0.66 0.5 ± 0.34 0.52 ± 0.36

18:3w3 0.17 ± 0.21 0.16 ± 0.26 0.20 ± 0.00 0.18 ± 0.18 0.24 ± 0.30 0.54 ± 0.48 0.35 ± 0.11 0.40 ± 0.10 2.13 ± 2.21

18:3w6 0.04 ± 0.06 0.07 ± 0.12 – 0.04 ± 0.07 0.03 ± 0.06 0.17 ± 0.29 0.14 ± 0.01 0.12 ± 0.10 0.41 ± 0.42

20:1w6 0.15 ± 0.16 0.14 ± 0.17 0.16 ± 0.16 0.20 ± 0.16 0.18 ± 0.51 0.16 ± 0.14 0.51 ± 0.17 0.24 ± 0.13 0.14 ± 0.24

20:2w6 0.18 ± 0.17 0.11 ± 0.10 0.16 ± 0.04 0.16 ± 0.18 0.10 ± 0.12 0.12 ± 0.21 0.42 ± 0.12 0.18 ± 0.11 0.29 ± 0.40

20:4w6 3.17 ± 2.22 2.23 ± 1.31 1.91 ± 1.06 3.08 ± 2.11 2.34 ± 1.71 2.00 ± 0.98 4.49 ± 1.65 2.81 ± 1.02 3.25 ± 4.13

20:5w3 3.03 ± 2.10 2.37 ± 1.15 1.84 ± 0.75 2.91 ± 2.26 2.18 ± 2.10 2.97 ± 3.38 5.29 ± 1.37 4.53 ± 2.21 4.06 ± 7.04

22:6w3 6.98 ± 7.05 2.43 ± 2.71 3.31 ± 3.68 6.59 ± 5.88 2.57 ± 3.92 3.83 ± 4.98 13.98 ± 7.03 3.26 ± 1.55 0.16 ± 0.27

TFA
(mg/g)

15.58 ± 5.40 14.86 ± 6.35 20.88 ± 11.4 16.61 ± 7.62 13.95 ± 7.36 15.02 ± 5.18 16.88 ± 9.65 12.82 ± 6.89 17.13 ± 6.74
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the shellfish area, the total fatty acid content of carnivorous species

was 16.61 mg g-1, which was higher than that of herbivorous (mean

= 15.02 mg g-1, n = 3) and omnivorous (mean = 13.95 mg g-1, n =

20) species. In the macroalgae area, the TFA contents showed the

following descending order: macroalgae (mean = 17.13 mg g-1, n =

3) > carnivorous species (mean = 16.88 mg g-1, n = 4) > omnivorous

species (mean = 12.88 mg g-1, n = 6).

The total saturated fatty acid (SFA), monounsaturated fatty acid

(MUFA), and polyunsaturated fatty acid (PUFA) proportions are

shown in Figure 2. The SFA content was the highest in all

consumers in all functional areas, followed by the MUFA content

and PUFA content. The total SFA content in macroalgae was higher

than that in consumers, but the total MUFA content in macroalgae

was lower than that in consumers. For the different functional areas,

the PUFA contents in carnivorous species were higher than those in

herbivorous and omnivorous species. The fatty acid signature of the

artificial reef area was similar to that of the shellfish area, and the

differences in the SFA, MUFA, and PUFA contents were all less

than 4.09% in these two functional areas. In the macroalgae area,

the SFA contents of carnivorous and omnivorous species were

lower than those in the other two functional areas, whereas the

MUFA and PUMA contents were higher than those in the other two

functional areas. The SFA content of algae (78.28%) was higher than

that of consumer species.
3.2 Principal component analysis

Eight representative fatty acids (16:0, 18:0, 16:1w7, 18:1w9,
c20.4w6 (arachidonic acid, ARA), 20:5w3 (EPA), 22:1w9, and
22:6w3 (DHA)) with high contents were selected for PCA. As
Frontiers in Marine Science 05
shown in Figure 3A, principal components 1 (PC1) and 2 (PC2)

resulting from the PCA of fatty acids in the artificial reef area

explained 37.3 and 27.3% of the variance, respectively. The fatty

acids with influential loadings on PC1 were 18:1w9 and 16:1w7 and
on PC2 were 16:0, EPA, and DHA. The PCA (Figure 3A) revealed a

positive correlation between 16:0 and DHA and carnivorous

organisms, a positive correlation between 18:0 and 18:1w9 and

omnivorous organisms, and a positive correlation between 18:0 and

DHA and herbivorous organisms.

PC1 and PC2 of fatty acids in the shellfish area explained 39.4

and 30.0% of the variance, respectively. The fatty acids with

influential loadings on PC1 were 18:0, ARA, and 22:1w9 and on

PC2 were 16:0, 16:1w7, and 18:1w9. EPA and DHA displayed

positive PC1 and PC2 values (Figure 3B). The fatty acids EPA

and DHA were positively correlated with carnivorous organisms,

18:0 and 18:1w9 were positively correlated with omnivorous

organisms, and 18:1w9 and DHA were positively correlated with

herbivorous organisms.

PC1 and PC2 of biological fatty acids in the macroalgae area

explained 81.6 and 9.6% of the variance, respectively. As shown in

Figure 3C, 16:0 was positively loaded on PC1, and 16:1w7, 18:0, and
18:1w9 were positively loaded on PC2. The fatty acids 18:1w9 and

DHA were positively correlated with carnivorous organisms,

16:1w7 and 18:0 were positively correlated with omnivorous

organisms, and 16:0 was positively correlated with macroalgae.
3.3 Analysis of fatty acid characteristics

The composition of 20:4w6 (ARA), 20:5w3 (EPA), 22:6w3 (DHA),
Sw3 fatty acids (the sum of 18:3w3, EPA, and DHA), and Sw6 fatty
FIGURE 2

Fatty acid compositions in the different functional areas.
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acids (the sum of 18:3w6, 20:1w6, 20:2w6, and ARA) of different

organisms are shown in Figure 4. As shown in Figure 4A, the

compositions of ARA and EPA in organisms with different feeding

habits were all less than 10%. As shown in Figure 4B, the DHA

composition of most carnivorous organisms was higher than that of

omnivorous organisms, and the organisms with DHA contents over

10%weremainly carnivorous. Figure 4C shows that the composition of

w3 fatty acids of most organisms was higher than that of w6 fatty acids,
and some of the organisms with higher w3 fatty acid compositions

were omnivorous and herbivorous.

The distributions of the ARA/EPA, DHA/EPA, and Sw3/Sw6
ratios of different organisms are shown in Figure 5. As shown in
Frontiers in Marine Science 06
Figure 5A, gastropod species had the highest ARA/EPA ratio (mean =

2.26, n = 14), followed by Crustacea (mean = 1.63, n = 59),

Lamellibranchia (mean = 1.45, n = 3), teleosts (mean = 0.84, n = 38),

and cephalopods (mean = 0.41, n = 3). For DHA/EPA, teleosts had the

highest DHA/EPA ratio (mean = 3.03), followed by cephalopods (mean

= 2.47), Palmibranchia (mean = 1.23), crustaceans (mean = 0.74), and

gastropods (mean = 0.61) (Figure 5B). The highest mean Sw3/Sw6
values were observed in Cephalopoda (mean = 3.38), followed by

Gastropoda (mean = 3.25), Teleost (mean = 2.97), Crustacea (mean =

2.57), and Lamellibranchia (mean = 2.25). The value distributions of

ARA/EPA, DHA/EPA, and Sw3/Sw6 in different functional areas and

organisms with different feeding habits are shown in Figures 5D–I.
B

C

A

FIGURE 3

Principal component analysis (PCA) of the fatty acid composition of three functional areas. (A) artificial reef area; (B) shellfish area; (C) macroalgae area.
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3.4 Diet estimation of consumers

We used the Bayesian mixing model MixSIAR to quantitatively

estimate the diet composition of consumers in the Zhelin Bay Marine

Ranch based on their fatty acids. As shown in Figure 6 and Table 2, we

selected POM, SOM, mollusks, and crustaceans as the most important

diet contributors of the consumers in the Zhelin Bay Marine Ranch.

MixSIAR estimated a contribution of 0.5%–3.8% SOM, 0.3%–10.1%

POM, 21.2%–96.9% crustaceans, and 3.0%–67.6%mollusks. The dietary

contribution of crustaceans to consumers increased in September,

especially that of cephalopods, squillids, and fish, and the contribution
Frontiers in Marine Science 07
of mollusks increased in April. The dietary contribution of POM was

higher than that of shrimp and crab in November and September, and

the contribution of SOM was higher than that of fish in November.
4 Discussion

Biological fatty acids are mainly composed of saturated fatty

acids (SFAs), monounsaturated fatty acids (MUFAs), and

polyunsaturated fatty acids (PUFAs). Among them, unsaturated

fatty acids (e.g., c20:4w6, c20:5w3, c22:6w3) play an important role
A B C

FIGURE 4

Fatty acid compositions of organisms with different feeding habits. (A) ARA and EPA of different feeding habit organisms; (B) DHA and EPA of
different feeding habit organisms; (C) Sw3 and Sw6 of different feeding habit organisms.
A B

D E F

G IH

C

FIGURE 5

Fatty acid ratio of different organisms. (A) ARA/EPA of different species organisms; (B) DHA/EPA of different species organisms; (C) Sw3/Sw6 of
different species organisms; (D) ARA/EPA of organisms in different functional areas; (E) DHA/EPA of organisms in different functional areas; (F) Sw3/
Sw6 of organisms in different functional areas; (G) ARA/EPA of different feeding habit organisms; (H) DHA/EPA of different feeding habit organisms;
(I) Sw3/Sw6 of different feeding habit organisms.
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in biological activities (Saito and Aono, 2014) and can be used as

biomarkers in trophic studies. The DHA/EPA value of organisms in

this investigation was compared with the results of stable-isotope-

derived trophic levels in the Zhelin Bay marine ranch (Lin et al.,

2018) (Figure 7).

As shown in Figure 7, the higher the trophic level, the higher the

DHA/EPA ratio in organisms. This pattern is more obvious in

osteichthyes and cephalopods, but in crustaceans, the increase of

the DHA/EPA ratio is not obvious with the increase of the trophic

level, indicating a more flexible diet of crustaceans. In a recent

study, crustaceans have been shown to feed benthic microalgae,

marine phytoplankton, bivalves, and benthos (Ji et al., 2019), which

are rich in EPA (El-Sabaawi et al., 2010), causing a low DHA/EPA

ratio in crustaceans. EPA, DHA, and other unsaturated fatty acids
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can be accumulated in organisms by food processing (Dalsgaard

et al., 2003). Although Solea ovata, Cynoglossus semilaevis,

Parachaeturichthys polynema, and Trypauchen vagina have high

trophic levels, they feed on a low DHA and EPA content diet, like

crustaceans and benthos (Hu et al., 2016), causing a low DHA/EPA

ratio. Trichiurus haumela and Argyrosomus argentatus are

carnivorous fish with higher trophic levels, and they feed on fish

and cephalopods (Zhang et al., 1981), which have a higher content

of EPA and DHA, so the DHA/EPA ratio was higher in T. haumela

and A. argentatus. In addition, omnivorous fish Leiognathus

brevirostris and Osteomugil ophuyseni (EPA content: 4.54% and

4.96%) feed on diatoms and copepods; the content of EPA was

higher than that in other organisms, causing a low DHA/EPA ratio.

In conclusion, the DHA/EPA ratio can not only reflect the trophic
TABLE 2 Average contribution of potential food sources to consumers’ diets in different.

Month Consumers SOM POM Crustacea Mollusk

November Cephalopods 2.5 3.1 55.4 39.0

Squillid 1.9 6.5 40.2 51.3

Shrimp 1.9 10.1 21.2 66.8

Crab 1.6 10.1 22.8 65.5

Fish 8.6 1.4 64.3 25.7

September Cephalopods 0.5 1.3 95.2 3.0

Squillid 0.5 3.8 89.6 6.2

Shrimp 2.3 7.8 36.8 53.1

Crab 2.0 7.2 46.3 44.5

Fish 1.5 0.3 96.9 1.4

April Cephalopods 1.1 3.2 37.8 57.9

Squillid 0.9 3.9 32.1 63.0

Shrimp 0.9 3.5 28.0 67.6

Crab 0.8 3.6 29.2 66.4

Fish 3.8 1.6 41.6 53.0
fro
FIGURE 6

Diet composition of species in the Zhelin Bay Marine Ranch.
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level of organisms but also assess the proportion of diatoms in the

diet. Organisms that feed on benthic organisms, diatoms, have a

lower DHA/EPA ratio, and organisms that feed on fish and

cephalopods generally have a higher DHA/EPA ratio. In addition,

when using the DHA/EPA ratio to reflect the trophic level, it is

necessary to combine other techniques, such as stable

isotope analysis.

Fatty acids can serve as biomarkers commonly used in diet

studies of predators. The 20:5w3 (EPA) and 22:6w3 (DHA) found in

aquatic organisms cannot be biosynthesized by the organisms;

rather, they are derived from dietary sources (Wang et al., 2022)

and therefore can be used as biomarkers to inform the source of a

diet (Strandberg et al., 2020). DHA is the characteristic fatty acid of

zooplankton, accumulating through the food chain so that

carnivorous organisms contain more DHA; a high DHA/EPA

ratio can indicate a carnivorous diet (El-Sabaawi et al., 2009;

Schoo et al., 2018). The osteichthyes and cephalopods in the

Zhelin Bay Marine Ranch showed a high DHA/EPA ratio,

indicating carnivorous diets. In addition, the PUFA/SFA ratio is

also an indicator of a carnivorous diet (Stevens et al., 2004; Rossi

et al., 2008; Schoo et al., 2018). In the present study, carnivorous

organisms had the highest PUFA/SFA ratio, followed by

omnivorous and herbivorous organisms. ARA (20:4w6) can serve

as a fatty acid biomarker of benthic diets (Stowasser et al., 2009). A

higher ARA content was found in lamellibranchians, gastropods,

and crustaceans (Figure 5A), indicating that these organisms are

benthic feeders. In addition, the ratios of ARA/EPA were higher

than the DHA/EPA ratios in benthic feeders (Figures 5A, B).

Benthic organisms are characterized by high ARA content and

low DHA/EPA ratio; this can be used as a basis for determining

whether an organism is a benthic organism. The Sw3/Sw6 ratio was
used to identify the degree of herbivory, and herbivores usually have

a higher Sw3/Sw6 ratio (El-Karim et al., 2016). In the present study,

there were some omnivorous organisms (Solenocera crassicornis

andMetapenaeus joyneri) with higher Sw3/Sw6 ratios; it seems that
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diatom diet might be the cause of this phenomenon (Huang, 2004).

When using Sw3/Sw6 ratios as the basis for judging whether the

organisms are herbivorous, it should be considered whether the

organisms are omnivorous.

The construction of functional areas in marine ranches is

mainly realized through ecosystem engineering, which will affect

the structure of the food web (Sanders et al., 2014). The artificial reef

area is rich in living resources compared with other areas because of

the large number of artificial reefs placed in this area. As shown in

Table 1 and Figure 5E, the DHA/EPA ratio of organisms in the

artificial reef area was higher than that in the other two functional

areas, indicating that the trophic level of organisms in the artificial

reef area was higher than that in the shellfish and macroalgae areas.

The number of species and trophic levels promote the complexity of

the food web in artificial reef areas (Kortsch et al., 2019). Previous

studies have suggested that the more complex the food web is, the

less stable and more sensitive it is to the loss of its most connected

species (Rodriguez et al., 2022). Consequently, the food web of the

artificial reef area presents lower stability to cope with

perturbations, and more efforts should be put into maintaining

the stability of the ecosystem in this functional area.

The Bayesian mixing model MixSIAR was used to

quantitatively estimate the diet composition of consumers in the

Zhelin Bay Marine Ranch based on their fatty acids. Previous

studies have demonstrated that MixSIAR with fatty acid data can

accurately identify the diet composition of consumers (Guerrero

and Rogers, 2020; Guerrero et al., 2021). In the present study, the

main dietary sources for consumers in Zhelin Bay Marine Ranch

were mollusks (3.0%–67.6%) and crustaceans (21.2%–95.2%). The

crustacean stock density increased after the establishment of the

Zhelin Bay Marine Ranch (Wang et al., 2018), becoming a major

food source for all kinds of predators and playing an important role

in the energy transfer from primary producers to higher trophic-

level predators in the Zhelin Bay Marine Ranch. The food

composition of fish and cephalopods changed significantly with
FIGURE 7

Trophic level and DHA/EPA ratios of organisms in the Zhelin Bay Marine Ranch.
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the seasons, especially in September, when their composition of

crustaceans was 96.9% and 95.2%, respectively. The feeding

selectivity of organisms is related to the composition and stock

density of their prey organisms. When the diet is abundant, the

feeding selectivity of swimming animals such as fish and

cephalopods will be low, and the diversity of food sources will be

reduced. It can be inferred that crustaceans provide sufficient food

resources for fish and cephalopods in November.
5 Conclusion

According to the comparison of fatty acids of organisms with

different feeding habits, DHA, EPA, 16:1w7, and 16:0 are fatty acid

biomarkers that can be used to distinguish carnivorous,

omnivorous, and herbivorous organisms. Feeding habits are a

major contributor to the fatty acid composition of organisms. In

addition, there were differences in food web structure among

different functional areas. The DHA/EPA ratio (trophic level) of

carnivorous organisms was higher in the artificial reef area due to its

higher diversity of species. The content of 18:3w3 in the fatty acid

composition of consumers was higher in the shellfish area because

the benthic shellfish-ingested seaweed. The contents of 16:1w7 and
EPA in the fatty acid composition of consumers in the macroalgae

area were higher because of the abundant algal resources. In the

comparison of food sources in each functional area, plankton was

the most important food source in the artificial reef and shellfish

areas, whereas algae was the most important food source in the

macroalgae area. Diet composition analysis showed that crustaceans

were an important food source for consumers in the Zhelin Bay

Marine Ranch. The present study helps us understand the

ecosystem differences among different functional areas of the

Zhelin Bay Marine Ranch and provides theoretical support for

the future planning and construction of marine ranches.
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