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Editorial on the Research Topic
Multiple stressors and ecological response in marine fishery ecosystems

In 2018, global capture fisheries production was over 96 million tonnes with marine
fisheries contributions of about 88% (FAO, 2020). Fisheries provided more than 3.3 billion
people with 20% of per capita animal protein intake and supported the livelihoods of 10% of
the world’s population in 2017 (FAO, 2020). However, over the past few decades, we have
witnessed continued and dramatic declines in global marine fish stocks, with 34% of stocks
currently considered unsustainable. (FAO, 2020, but see Zimmermann and Werne, 2019;
Juan-Jorda et al., 2022), highlighting the urgency to effectively develop sustainable marine
fisheries and ecosystems.Multiple stressors, including poor management measures,
unharmonious national fisheries policies, and the joint effect of biotic and abiotic factors
(e.g., overfishing, climate change) affect the recovery of fishery resources and sustainability of
the marine ecosystem functions (Breitburg & Riedel, 2005; Oguz, 2017; Barange et al., 2018).
However, how these stressors interact to affect ecosystems remains poorly understood.
Therefore, disentangling the impact of these stressors on marine fisheries and ecosystems will
help us better understand the synergies and dependencies of fishery resources, diversity,
nutrient cycles, ecosystem threats, and management practices. More importantly, it will
provide managers and decision-makers with a solid scientific basis for management to protect
marine biodiversity and restore fishery resourcesIn this Research Topic, we collected
seventeen research papers linked to this topic about marine fisheries and ecosystems.
These papers covered multiple marine biomes, as well as different ecosystem components,
such as fish, zooplankton, or invertebrates, and used various algorithms to analyze the
collected data, such as stable isotope, mass models, DNA-based analyses, etc. For instance, an
investigation study conducted by Xu et al. (2022) identified the species diversity and
distribution of crustacean larvae in the Zhongsha Islands waters, South China Sea by using
DNA barcoding and molecular species identification approach, revealing that the crustacean
diversity in the islands had been seriously underestimated before.

Fisheries management policies have received considerable critical attention for their
conservation effects on resource recoveries. Compared the carbon transfer efficiency of the
three large marine ecosystems around China to other ecosystems, Chen et al. (2022) revealed
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that without proper fisheries management, the fisheries in the
ecosystems were likely to collapse with an increasing carbon
transfer efficiency. Indeed, effective fisheries management
considering other relevant factors that may affect marine
ecosystems is imminent and worth exploring. Based on two mass
balance models, Xu et al. (2022) revealed that the implementation of
fisheries management policies, especially seasonal fishing
moratorium, had positive effects on fishery resources recovery,
especially commercial fish in the East China Sea. Thus, they
suggested that fishery management in the East China Sea needs
to be strengthened by extending the seasonal fishing moratorium
and reducing fishing pressure afterward.

Climate change is another factor significantly altering marine
fisheries and ecosystems over the world. Here, three studies were
conducted to explore the role of climate change in affecting specific
marine fishery species. Hou et al. (2022) analyzed the relationship
between climate variability and the Skipjack tuna fishery in the
Northwest Pacific region, suggesting managing the Skipjack tuna
fishery by incorporating the trans-basin climatic variation.
Zhang et al. (2022) revealed that climate change might have a
large influence on the distribution of small yellow croaker by
affecting sea surface temperature and salinity in the China Seas.
Meanwhile, Han et al. (2022) reported that the biomass-density
hotspots of small yellow croaker in both spring and summer
seasons had shrunk or disappeared over the past 40 years by
multiple pressures (e.g., climate change, human activity),
highlighting the importance of developing targeted spatial
conservation measures. These studies provide essential
implications and references for predicting and managing marine
fisheries by incorporating the climate index. In addition, under the
context of climate change, Zhao et al. (2022) underlined the need to
implement specific climate-adaptive functional diversity
conservation measures and sustainable fisheries management in
diverse marine ecosystems.

Moreover, investigating the trophic niches of particularly
important commercial fish is also critical to the conservation and
management of fishery resources. Stable isotope analysis has been
widely used in the past decades in the field. In this topic, Wang et al.
(2022) and Jiang et al. (2022) applied the stable isotope analysis to
disentangle the trophic interactions of key fisheries species
(Sciaenidae and Thunnus) in the Solomon Islands and Zhoushan
Islands, respectively. They both found that niche overlap existed to
some extent between the focal species reflecting the similarity of
resources used and prey competition between them. Nonetheless,
the differentiation in habitats, migration routes, or body size allows
their coexistence in an ecosystem in the same area.

Nearshore species, estuaries, and bay ecosystems are more
vulnerable to human disturbance than other marine species and
ecosystems. Zeng et al. (2022) investigated the impacts of human
disturbances on the species and functional dynamics of the demersal
fish community in the Pearl River Estuary, highlighting the
complicated interactions between the demersal fish community and
disturbances. Ke et al. (2022) revealed that high anthropogenic
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nutrient loading might reduce the difference in trophic niches
among zooplankton groups. They provided detailed information
on the distribution of zooplankton 8"°C and 8"°N in Jiaozhou Bay,
China, which would be useful for understanding the anthropogenic
influence on the ecosystem structure and functions. Du et al. (2022)
also found that long-term changes existed in zooplankton
composition in the Changjiang estuary due to human disturbance
and water temperature rise.

Besides focusing on the taxonomic species groups, two
studies assessed the functioning of marine ecosystems with
artificial reefs using Ecopath models. Wang et al. (2022)
provided a dynamic model framework to alternatively estimate
the ecological carrying capacity for stock enhancement practices
in the development of marine ranching ecosystems. In contrast,
Zhang et al. (2022) revealed that the current artificial system had
formed complicated interspecies relations and high-level
stability, which could be a way to alleviate the current natural
coral reef crisis. These two studies used a similar approach to
illustrate the functioning evolvement of established artificial
reefs and provide the scientific basis for the improvement of
marine fishery production and management.

Overall, this Research Topic has made a significant contribution
to improving our understanding of the impact of multiple stressors
on the marine ecosystems and the recovery of fishery resources and
sustainability. Papers on this topic either revealed the impact
mechanism of various stressors from different aspects, or
provided new insights for improving marine fishery management.
Nevertheless, research on this topic is still far from enough, further
actions should be made to develop sustainable fishery management
and mitigate the decline of fisheries resources.
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Using Ecopath Models to Explore
Differences in Ecosystem
Characteristics Between an
Artificial Reef and a Nearby
Natural Reef on the Coast of

the North Yellow Sea, China
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The comparison of trophic structure and energy flow between natural and artificial reefs is
imperative to evaluate whether these man-made structures work similarly to comparable
natural reefs. Here, to characterize the potential difference in functioning between two
types of reef ecosystems, two trophic models (Ecopath) at an artificial reef and an adjacent
natural reef on the coast of the north Yellow Sea, China, were established. Both Ecopath
models were divided into 18 functional groups from primary producers (algae and
phytoplankton) and detritus to predatory species (e.g., Sebastes schlegeli). Model
outputs showed that the ecosystem scale was smaller in the artificial reef (total system
throughput (TPP) = 6,455.47 t-km 2-year ") relative to its natural counterpart (TPP =
9,490.48 t-km-year"). At both reef types, a large proportion of energy occurred at
trophic levels | and Il, and most of the primary production was utilized through a detritus
pathway. This result implies a bottom-up energy flow control for both cases. However,
two types of reef systems were behaving in a reasonable manner, as mean transfer
efficiencies were similar to the Lindeman efficiency (10%). The ecosystem maturity of the
artificial reef is not comparable to that of the natural reef for its inferior value of total primary
production/total respiration (TPP/TR). Moreover, both the connectance index (Cl) and
system omnivory index (SOI) were slightly higher at the artificial reef relative to the natural
reef as well as other coastal systems with parallel latitudes, suggesting that the current
artificial system has formed complicated interspecies relations and high-level stability. This
work updates our knowledge about the functioning evolvement of established artificial
reefs and provides a baseline for the efficient management of coastal zones and
further investigations.

Keywords: artificial reefs, natural reefs, Ecopath, trophic structure, energy flow
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Ecopath Models Applied in Artificial Reefs

1 INTRODUCTION

As marine habitat loss and degradation become major threats to
biodiversity and fishery reduction, the establishment of artificial
reefs has become an effective way to alleviate habitat stressors
(McCauley et al., 2015; Lima et al., 2019). A small scale biosphere
reserve will arise in situ after the deployment of artificial reefs,
where various organisms can find shelters (e.g., fish) or
attachment bases (e.g., algae and filter feeders), leading to
gathering effects on marine organisms (Bohnsack, 1989;
Brickhill et al., 2005; Raj et al., 2020). Moreover, the upwelling
generated around the reef will promote nutrient recycling and
subsequently be conducive to primary production (Liu et al,
2013). As a result, these submerged structures facilitate
populations of living marine resources and enhance
biodiversity in situ with time extending.

Ecological succession around newly deployed reefs is not only
characterized by the change of biological community but also
accompanied by the evolvement of ecosystem functions
(Nicoletti et al., 2007; Toledo et al., 2020). As artificial reefs
have been deliberately constructed or placed to emulate some
functions of natural reefs (United Nations Environment
Programme, 2009), comparative biological surveys between
two types of reefs are essential and have been performed
worldwide (Paxton et al., 2020). Revealing similarities and
differences in terms of community composition and
biodiversity have brought insights into the performance of
newly deployed reefs. However, current knowledge has rarely
concerned the characteristics of trophic structure and energy
flow, which allows for the performance evaluation of artificial
reefs in ecosystem functioning. It has been widely accepted that
energy sources and pathways play crucial roles in the functions of
the artificial reef ecosystem (Brickhill et al., 2005). Thus,
uncovering the trophic characteristics will shed light on the
mechanism of these man-made structures involved in habitat
restoration and fishery conservation and facilitate ecosystem-
based approaches to fisheries finally.

As a common tool in depicting the characteristics of aquatic
ecosystems, Ecopath with Ecosim (EwE) is now generally applied
in assessing the sustainability, productivity, and resilience of an
ecosystem (Polovina, 1984; Colleter et al., 2015; Abdou et al.,
2020) and tracking the effects of anthropogenic and
environmental stressors on ecosystems (Shin and Shannon,
2010; Reed et al.,, 2017). This model considers both the fishing
impacts on target and non-target species and interactions
between ecosystem components, thus providing a better
understanding of implementing an ecosystem-based approach
to fisheries management. In China, the application of EWE has
extended to the artificial reef ecosystems over the years, such as
Lidao (Wu et al,, 2016), Laoshan Bay (Liu et al, 2019), and
Laizhou Bay (Xu et al,, 2019). Relevant studies analyzed trophic
interactions and energy transfer between different functional
groups and assessed the impact of artificial reefs on the
original ecosystem functions in detail, which supplies
important data and theories for the establishment of artificial
reefs subsequently. Nevertheless, comparative studies on
artificial reefs before and after deployments, and on ecosystems

between artificial reefs and natural reefs remain limited (Lee and
Zhang, 2018; Xu et al, 2019), which hinders our further
evaluation of how well an artificial reef system performs after
years’ development, especially when compared to its
natural counterpart.

Over the past dozen years, to cope with coastal pollution
(such as nutrition overloading) caused by anthropogenic
activities and prevent bottom trawling, along with supporting
habitat as well as marine aquatic resources rehabilitation,
artificial reefs were deployed extensively in the coastal Yellow
Sea, China. Accordingly, to assess the ecological and economic
values brought by these man-made reefs and check whether their
goals are achieved, a large amount of empirical data were
collected based on the community composition and
biodiversity (Wu et al,, 2019; Zhou et al, 2019; Yu et al,
2020). Relevant studies generally underlined the higher
biodiversity and fishery abundance after the reef was
constructed, and they have pointed out that the reef design,
submersion period, and environmental conditions also had an
impact on the biological communities. Yet whether these
artificial structures evolve to be identical to the natural reefs in
terms of ecosystems functions remains unclear and warrants
comparative research. In the current study, we characterized the
potential difference in trophic structure and energy flow between
an established artificial reef located on the coast of the Yellow
Sea, China, and an adjacent natural reef ecosystem based on the
Ecopath model. We aimed to illustrate how an artificial
ecosystem developed after years’ deployment by comparing the
trophic characteristics of two reef types. Our results are expected
to provide reference cases and data support for the artificial reef
establishment in the future.

2 MATERIAL AND METHODS
2.1 Study Area

This study was conducted on the coast of the Yellow Sea, China
(Figure 1). The artificial reef was constructed in 2009 and
distributed over an area of approximately 1,200 km? All the
reef modules were made of rocks or concrete cubes with holes
(3 m x 3 m x 3 m) and had a depth of 10-20 m on soft sediment
bottom. The natural reef, ca. 18 km west of the artificial reef,
situates close to Yangma Island and is composed mainly of rocky
stone. This natural rocky area is also interspersed with sediment
bottoms, extending toward the offshore and reaching a
maximum depth of 20 m.

2.2 Ecopath Models

EwE 6.5 software (Christensen and Walters, 2004; Christensen
et al., 2008) was used as the construction platform for the
Ecopath model here. The Ecopath model is composed of
multiple interrelated functional groups, which must be
qualified to represent the biological components in the
ecosystem. All functional groups need to cover the entire
process of energy flow in the ecosystem, and the oval
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FIGURE 1 | Study locations of artificial reefs and natural reefs on the coast of Yellow Sea, China.

operation process complies with the following equation:
P j Q
BiX(E)iXEEi:EBjX N xDCj +Y; + BA; +E,
=t J

where B; is the biomass (tkm™2) of functional group i, B; is the
biomass of the consumer group j, (P/B); is the production/
biomass ratio of group i, (Q/B); is the consumption to biomass
ratio for the group j, EE; is the ecotrophic efficiency (the utilized
proportion of the production in the ecosystem), DC; is the
proportion of prey i in the diet of predator j, Yi is the fishery
catch rate of group 7, BAi is the biomass accumulation of group 7,
and Ei is the net migration rate of group i. Here in the model, the
simulation duration at 1 year was set, and the ecosystem was
assumed in a stable state based on the literature suggestion
(Christensen et al., 2008; Heymans et al., 2016), that is, BA; =
0, E; = 0 for both artificial and natural cases.

2.2.1 Data Sources
Based on similarities in biological characteristics, feeding
strategies, and ecological functions, the species included were
clustered into 18 functional groups for both artificial and natural
models, respectively (Table 1). And considering dominant
species (measured from bottom fishery surveys) all year round
coupled with their ecological and economic values, each of
Korean Rockfish Sebastes schlegelii, Fat Greenlings
Hexagrammos otakii, Japanese swimming crab Charybdis
japonica, Pacific Oysters Crassostrea gigas, and Fang’s blenny
Enedrias fangi was divided into a functional group separately.
As for input parameters (B, P/B, Q/B, diet matrix DC, and
catches Y) required in the model, empirical data wherever possible
were used; otherwise, references and estimates from the model
equations were used. Field samplings were undertaken in
February, May, August, and November 2019, and the mean
value of corresponding parameters was included in the models.
For bottom fishery organisms, trap nets and trawl nets were used
in or around both reef types. Sessile organisms (i.e., bivalves and

macroalgae) were collected and measured by using 0.5 x 0.5 m
quadrats by scuba diving, with at least three replicates at each
station seasonally. The macrobenthos was sampled by box dredger
with a 0.1-m? area, and the zooplankton was obtained by plankton
net with 505-um mesh size. The biomass of phytoplankton was
measured by converting the average annual chlorophyll
concentration (mg/m3) to biomass (Sandu et al., 2003). For the
biomass of each functional group input in the Ecopath model at
both reef types, the details are shown in Table 2.

The P/B and Q/B ratios of fish and other functional groups, as
well as the production and biomass of heterotrophic bacteria and
detritus in water, were obtained from FishBase (www.fishbase.
org), and relevant publications were carried out in areas nearby
or with the same latitude worldwide (Okey et al., 2004; Ouyang
and Guo, 2010; Wu et al, 2016; Xu et al., 2019). The input B
value of each functional group was the sum of a weighted average
of its internal members’ biomass, and the weights of each
member were mainly based on their biomass ratio in the
functional group (Table 2). The diet composition matrix
(Table 3) was mainly from the result of our previous studies
(Zhang et al., 2021a; Zhang et al., 2021b), together with published
literature on feeding ecology in nearby areas (Yang, 2001a; Yang,
2001b; Zhang et al, 2012; Zhang, 2018) and FishBase. As
biomass and diet composition were usually the most uncertain
parameters among that input, they were slightly adjusted to
achieve mass balance of the model whenever necessary.

2.2.2 Model Balancing and Ecological Indicators

The Ecopath model was debugged according to Heymans et al.
(2016), until balanced. Before the model was run, it was checked
whether the parameter values had biological credibility. After the
model parameters were initialized, the 0 < EE < 1 and P/Q < 0.5
of each functional group were adjusted to ensure the model
balance. Considering the reliability and accuracy of model
parameters are the main factors affecting model quality, the
pedigree index (p-value) was calculated to reflect the sensitivity
of the model and quantify the uncertainty of the input
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TABLE 1 | Species composition of functional groups in the nearshore artificial and the natural reefs of Yellow Sea, China.

Area Functional Taxon
group
Artificial ~ Shellfish-killers  Asterias amurensis, Asteri pectinifera, Luidia quiria, Rapa venosa
reefs Hexagrammos  H. otakii
otakii
Benthivores Acanthopagrus schlegelii, Abogon lineatus, Argyrosomus argentatus, Chirolophis japonicus, Conger myriaster, Ernogrammus hexagrammus,
Eupleurogrammus muticus, Konosirus punctatus, Larimichthys polyactis, Liparis takae, Liza haematocheila, Paralichthys olivaceus,
Platycephalus indicus, Pseudopleuronectes yokohamae, Sebastes marmoratus, Sillago sihama
Enedrias fangi  E. fangi
Planktivores Ammodytes persotus, Engraulis japonicus, Sardinella zusi, Thryssa kammalensis
Crustacean Alpheus distinguendus, Alpheus japonicus, Carcinoplax vestitus, Crangon affinis, Eualus sinensis, Heptacarpus futilirostries, Litopenaeus
vannamei, Oratosquilla oratoria, Paguridae, Palaemon gravieri, Palaemon ortmanni, Portunus trituberculatus, Pugettia quadridens,
Trachysalambria curvirostris
Charybdis C. japonica
japonica
Gastropoda Tectonatica janthostomoides, Neverita didyma, Pleurobracheaea novaezealandiae
Cephalopoda  Loligo japonica, Octopus ocellatus, Octopus variabilis, Sepiola birostrata
Gobiidae Acanthogobius flavimanus, Acanthogobius ommaturus, Amblychaeturichthys hexanema, Chaemrichthys stigmatias, Myersi filifer, Pterogobius
zacalles, Tridentiger barbatus, Tridentiger trigonocephalus
Sebastes S. schlegelii
schlegelii
Piscivores Lateolabrax japonicus, Pneumatophorus japonicus, Saurida elongata, Scomberomorus niphonius
Natural ~ Shellfish-killers ~ A. amurensis, A. pectinifera, L. quiria, R. venosa
reefs H. otakii H. otakii
Benthivores A. schlegelii, A. lineatus, A. argentatus, Chelidonichthys spinosus, C. japonicus, C. myriaster, E. hexagrammus, E. muticus, K. punctatus, L.
polyactis, L. takae, L. haematocheila, P. olivaceus, P. indicus, P. yokohamae, S. marmoratus, S. sihama, Takifugu vermicularis, Takifugu
xanthopterus, Thamconus modestus
E. fangi E. fangi
Planktivores A. persotus, E. japonicus, S. zusi, Setipin tenuifilis, T. kammalensis
Crustacean A. distinguendus, A. japonicus, C. vestitus, C. affinis, H. futilirostries, O. oratoria, Paguridae, P. gravieri, P. ortmanni, Peeus monodon, P.
trituberculatus, P. quadridens, T. curvirostris
C. japonica C. japonica
Gastropoda N. didyma, P. novaezealandiae
Cephalopoda L. japonica, O. ocellatus, O. variabilis
Gobiidae A. ommaturus, A. hexanema, C. stigmatias, M. filifer, P. zacalles, T. barbatus, T. trigonocephalus
S. schlegelii S. schlegelii
Piscivores L. japonicus, P. japonicus, S. elongata, S. niphonius, Sphyrae pinguis

parameters (Christensen and Walters, 2004). The p-value of each
functional group was finally integrated and unified into the
overall P index, to evaluate the overall quality of the Ecopath
model. Besides, sensitivity analyses were performed on both
Ecopath models to test the effects of input parameter variation
(=50% to 50%) on the estimated parameters. A mixed trophic
impact (MTI) analysis was also conducted to assess the direct
and indirect trophic interactions among compartments,
including impacts of fishery practices throughout the system
(Ulanowicz and Puccia, 1990; Christensen et al., 2008). This
routine would evaluate the influence of small biomass increases
of one group on the biomass of other groups, thus providing a
manner of sensitivity analysis.

Ecological indicators were calculated based on network
analysis (Ulanowicz, 1986). Specifically, the total system
throughput (TST) was considered, which is consist of total
consumption (TC), total exports (TEX), total respiration (TR),
and total flows into detritus (TDET), to measure the ecological
size of a system (Finn, 1976) and its metabolism (Ortiz et al.,
2015). More descriptive indicators, such as total primary
production (TPP) and total biomass (TB), characterize the
overall activity and the size of the ecosystem (Latham, 2006;

Ortiz et al,, 2015). Net system production (NSP), the difference
value between TPP and TR, represents the sum of the
productivity of all producers. TPP/TR describes system
maturity (Odum, 1969; Christensen, 1995). Mean transfer
efficiency (MTE) within trophic levels (TLs), measures the
efficiency of energy utilization of each TL in the system
(Christensen et al., 2008). Connectance index (CI) and system
omnivory index (SOI) reflect the complexity of the system’s
internal connections (Christensen and Walters, 2004;
Libralato, 2013).

3 RESULT

3.1 Overall Characteristics of Ecosystem
Energy Flow

The P index in each model was 0.469, which sits in the middle of
those values obtained from more than 150 Ecopath models
worldwide (Morissete et al., 2006), indicating the input and
statistics data quality were of good reliability and credibility to
a certain degree. The sensitivity of the estimated parameters to
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TABLE 2 | Initial input and estimated parameters (in bold) in the Ecopath models of the artificial and natural reefs on the coast of Yellow Sea, China.

Area No. Functional group Trophic level

Artificial reefs 1 Planktivores 2.6
2 Piscivores 3.65
3 Sebastes schlegelii 3.94
4 Hexagrammos otakii 3.7
5 Benthivores 3.51
6 Enedrias fangi 2.97
7 Gobiidae 3.36
8 Cephalopoda 3.72
9 Charybdis japonica 3.19
10 Crustacean 2.77
11 Gastropoda 2.1
12 Shellfish-killers 3
13 Crassostrea gigas 2
14 Infauna 2.1
15 Zooplankton 2
16 Phytoplankton 1
17 Algae 1
18 Detritus 1

Natural reefs 1 Planktivores 2.61
2 Piscivores 3.66
3 S. schlegelii 3.96
4 H. otakii 3.74
5 Benthivores 3.5
6 E. fangi 2.98
7 Gobiidae 3.36
8 Cephalopoda 3.71
9 C. japonica 3.18
10 Crustacean 2.76
11 Gastropoda 2.1
12 Shellfish-killers 3
13 C. gigas 2
14 Infauna 2.1
15 Zooplankton 2
16 Phytoplankton
17 Algae 1
18 Detritus 1

Biomass (t/km?2) Production/biomass Q/B EE
0.18 2.37 8.98 0.143
0.03 0.8 4.5 0
0.73 1.01 5.3 0.002
0.33 0.92 4.95 0

1.2 2.6 4.95 0.743
1.36 2.79 9.97 0.685
2.06 1.98 5.7 0.924
0.59 3.3 1.2 0.318
1.69 1.5 9.6 0.915
3.22 5.6 15.9 0.996
1.58 4.43 17.2 0.8
1.56 0.8 2.82 0.166

28.59 6 10.5 0.045
17.08 1.67 8.35 0.96
13.98 25 122.1 0.107
16.7 106.2 0.861
63.13 9.88 0.08
24.87 0.345
0.21 2.37 8.98 0.154
0.05 0.8 4.5 0

0.46 1.01 5.3 0.004
0.41 0.92 4.95 0

1.54 2.6 4.95 0.921
2.28 2.79 9.97 0.358
5.3 1.59 5.7 0.602
0.65 3.3 1.2 0.589
1.98 1.5 9.6 0.872
4.45 7.6 26.9 0.981
247 4.43 17.2 0.8
1.58 1.3 4.7 0.334

65.19 6 27 0.029
35.33 1.67 8.35 0.96

11.8 25 1221 0.249

19.41 106.2 0.996
12117 9.88 0.086
52 0.567

changes in input parameters of different functional groups
depends on the degree of trophic linkages between these
functional groups. Results showed that the resulting change in
the estimated parameter ranged from —39.8% to 194.3%. The
first six most sensitive estimated parameters were extracted in
each model and visualized in Figure 2. Apart from two groups
exhibiting a remarkable change in the estimated parameters, i.e.,
effects of Gastropoda (P/B) on Gastropoda (B) and effects of
Infanna (EE) on Infauna (B), the other five groups of input
parameters in both artificial and natural Ecopath models had a
slight effect on the estimated parameters. The change in P/B
value for the Gastropoda group had a great influence on the
corresponding biomass estimation. When P/B decreased by 50%,
the estimated biomass of Gastropoda increased by 194.3%. When
EE of other benthic animals decreased by 50%, the estimation of
corresponding biomass changed by 100% (Figure 2). The
sensitivity analysis indicated that most estimated parameters
were insensitive to changes in input parameters in both
reef models.

The aggregated summary statistics and indicators of network
flow and ecosystem structure for each model are listed in
Table 4. For the artificial system, the TST was 9,490.48

t-km2.year™!, comprising percentage contributions of TC
(39.6%), TR (23.07%), TEX (11.28%), and TDET (26.05%). For
the natural system, TST was 6,455.47 tkm “year ', of which
35.53% was consumed, 19.24% was respired, 17.91% was
exported, and 27.32% flowed to detritus. TDET values
accounted for over 26% of the TST for both cases, indicating
that re-entering the ecosystem and recycling subsequently were
the main ways of energy utilization for both reef systems, and
energy underutilization occurred in each case. The TPP/TR and
CI values were higher in the artificial system relative to its natural
counterpart, while SOI values were similar for both
cases (Table 4).

3.2 Trophic Levels and Energy Distribution
In each balanced model, the highest TL emerged in S. schlegelii
(3.94 and 3.96 in the artificial and natural systems, respectively)
among fish groups, followed by H. otakii (3.70 and 3.74 in the
artificial and natural reef systems, respectively). Similarly,
Cephalopods displayed the highest TL among invertebrates,
with 3.72 and 3.71 in the artificial and natural models,
respectively. Overall, the biomass at both reef types complies
with the “pyramid” law, where low TL species accounted for a
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TABLE 3 | Diet matrix imported into the Ecopath models of the artificial and natural reefs on the coast of Yellow Sea, China.

Area No. Functional group 1 2 3 4
Avrtificial reefs 1 Planktivores 0.37
2 Piscivores
3 Sebastes schlegelii 0.01
4 Hexagrammos otakii
5 Benthivores 0.03
6 Enedrias fangi 0.22 0.36
7 Gobiidae 0.09 0.16 024
8 Cephalopoda 0 0 0
9 Charybdis japonica
10 Crustacean 0.06 005 047 0.5
1 Gastropoda 0
12 Shellfish-killers
13 Crassostrea gigas
14 Infauna 0.01 0.13
15 Zooplankton 0.5 0.24 0.1
16 Phytoplankton 0.2
17 Algae 0.03
18 Detritus 0.24
Natural reefs 1 Planktivores 0.37
2 Piscivores
3 S. schlegelii 0.01
4 H. otakii
5 Benthivores 0.038
6 E. fangi 022 0.33 0
7 Gobiidae 0.09 0.18 0.13
8 Cephalopoda 0 0.02 0.01
9 C. japonica
10 Crustacean 0.06 005 047 074
11 Gastropoda 0
12 Shellfish-killers
13 C. gigas
14 Infauna 0 0.08
15 Zooplankton 0.5 0.24
16 Phytoplankton 0.2
17 Algae 0.03
18 Detritus 0.24

5 6 7 8 9 10 1 12 13 14 15
0
0.03 003 003 006 001
0.09 0.05 002
0.15 003 005 004 001
0 0 0 001
0.03 0.32
026 011 029 002 016 0.12
0.05 014 003 005
0.04
0.2 1
016 02 046 006 023 027
007 057 019 026 0.14 005 0.1
0.03 0.2 05 004 08
017 02 0.25
01 013 015 024 05 05 06 02
0
0.03 003 003 006 001
0.09 0.05 0.02
0.15 003 005 004 001
0 0 0 001
0.03 0.32
026 011 029 002 016 0.12
0.05 0.14 003 005
0.04
02 1
016 02 046 006 023 027
007 057 019 026 014 005 0.11
0.03 0.2 05 004 08
017 02 0.25
01 013 015 024 05 05 06 02

large portion, and the biomass reduced gradually with increasing
TL (Figure 3).

Energy flows in both models were derived directly from
detritus or indirectly from primary production by detritus- or
grazing-based food chains, respectively (Figure 3). The majority
of energy flows converged between integrated TLs I, II, and III
for each reef system, collectively accounting for over 95% of TST
for both cases (Figure 4). The total energy flowing into the
detritus was 1,484 and 1,932 tkm *year ' in the artificial and
natural systems, respectively, to which principally contributed by
primary producers (55.25% and 57.03% in artificial and natural
models, respectively) and TL II taxa (43.7% and 41.46% in
artificial and natural models, respectively), mainly zooplankton
and benthic invertebrates. The TPP of artificial and natural
systems was 2,396.8 and 3,258.4 tkm *.year ', respectively, of
which 65.8% and 66.16% flow into TL II, respectively. Besides,
the consumption of detritus by TL II was also high in each
model (Figure 4).

Overall, the MTE in the artificial model (10.56%) was similar
to that in the natural system (10.21%), both of which were in
proximity to the desired Lindeman efficiency of 10% (Lindeman,
1991). In the natural system, the MTE from the detritus (10.36%)

was nearly the same as that of primary producers (10.11%), but
in the artificial system, the MTE from the detritus (9.86%) was
lower than that from the primary producers (12.03%). Moreover,
the highest transfer efficiency from primary producers (19.26%)
and detritus (19.64%) occurred in TL III in the artificial model,
while these two parameters (16.23% and 16.28%, respectively)
peaked at TL IV in the natural model.

3.3 Mixed Trophic Impact Analysis

Direct and indirect trophic interactions in both systems are
revealed based on MTI analysis (Figure 5). Overall, the bait
groups had positive effects on their predators, while the predator
groups posed a direct or indirect negative effect on other groups,
such as the planktonic group and piscivorous group, E. fangi and
S. schlegelii. The diagonal line indicating negative effects also
represents the interspecific competition in diet (Figure 5). No
significant correlation was detected between two top predators, S.
schlegelii and H. otakii, indicating that there is no fierce
predation or competition between them. Moreover, as basal
food sources, the algae, phytoplankton, and detritus displayed
positive impacts on most functional groups.
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FIGURE 2 | Partial sensitivity analysis of Ecopath model for artificial reef and natural reef ecosystems. (A) Effects of Gastropoda (P/B) on Gastropoda (B) of Ecopath
model for artificial reef and natural reef ecosystems. (B) Effects of Infauna (EE) on Infauna (B) of Ecopath model for artificial reef and natural reef ecosystems. (C)
Effects of Charybdis japonica (B) on Infauna (B) of Ecopath model for artificial reef ecosystem. (D) Effects of Gobiidae (B) on Infauna (B) of Ecopath model for artificial
reef ecosystem. (E) Effects of Crustacean (B) on Infauna (B) of Ecopath model for artificial reef ecosystem. (F) Effects of Crustacean (B) on Gastropoda (B) of
Ecopath model for artificial reef ecosystem. (G) Effects of C. japonica (B) on Gastropoda (B) of Ecopath model for artificial reef ecosystem. (H) Effects of C. japonica
(B) on Infauna (B) of Ecopath model for natural reef ecosystem. (l) Effects of Gobiidae (B) on Infauna (B) of Ecopath model for Natural Reef ecosystem. (J) Effects of
Crustacean (B) on Infauna (B) of Ecopath model for Natural Reef ecosystem. (K) Effects of Crustacean (B) on Gastropoda (B) of Ecopath model for natural reef
ecosystem. (L) Effects of C. japonica (B) on Gastropoda (B) of Ecopath model for natural reef ecosystem.

4 DISCUSSION
4.1 Model Quality Evaluation

The Ecopath model synthesizes existing knowledge into a
quantitative relationship that explains the overall ecosystem
functioning and allows comparisons of organic matter input and
transfer along with the food-web dynamics between the artificial

and natural systems. The p-values in each model were not at a very
high level, implying that our models may be not sufficiently time-
sensitive and that the applicability of the conclusions still needs the
supplement of new empirical data. Due to the limitations of
geographical conditions in situ and the restrictions on sampling
methods (for instance, the scattered fishing activities in the local
area made the fishery catches hard to estimate; the bottom trawling

TABLE 4 | Comparisons of ecosystem attributes estimated by balanced Ecopath model between the nearshore artificial reef (AR) and the natural reef (NR) in Yellow

Sea, China, and other costal reef areas.

Locations This study LZB
Reef types ARs NRs ARs
Total consumption, TC 2,293.68 3,758.46 1,675.48
Total export, TEX 1,155.9 1,070.26  309.68
Total respiration, TR 1,242.18 2,189.62 836.73
Total flows into detritus, TDET 1,763.71  2,472.15 1,102.61
Total system throughput, TST 6,455.47 9,490.48 3,924.49
Total production, TP 2,989.53 4,075.55 855.32
Net system production, NSP 1,154.58 1,068.78 556.2
Total biomass, TB (excluding detritus) 154.01 274.26 176.88
Mean transfer efficiency, MTE 10.56%  10.21%  15.09%
Total primary production/total respiration, TPP/TR 1.93 1.49 0.67
Connectance index, Cl 0.3 0.27 0.236
System omnivory index, SOI 0.2 0.19 0.188

LSB 2ZD LD SS ZW GQD GA
ARs ARs ARs ARs ARs Kelp bed NRs
5,928.58 13,768.62 —— 2,249.94 1,839.5 12,307.12 51600
400.77 7,962.42 —— 481.92 34.99 2,060.81  -5412
3,166.59  6,622.08 —— 1,249.06  991.91 7,126.78 27638
9,694.43 9,872.45 4,552.64 1,179.14 523.73 6,524.31 21024
14,256.51 18,939.09 11104 5160 3,390.13 28019 94850
3,657.35 14,546.27  4,990.3 2282 1,506.59 11604 17337
—— 1,865.2  480.89 34.99 8,883.74 13250
262.2 986.98 620.2 61.77 1,506.59 2620
10.80% 14.50% 11.70%  13.60%  12.80% 12.70% ——
1.13 2.2 1.84 1.39 1.04 1.25 0.48
0.293 0.2 0.32 0.444 0.331 0.16
0.333 0.12 0.14 0.36 0.222 0.25

LZB, Laizhou Bay (Xu et al., 2019); LSB, Laoshan Bay (Liu et al., 2019); ZZD, Zhangzidao (Xu et al., 2016); LD, Lidao (Wu et al., 2016); SS, Shengsi (Li et al., 2007); ZW, Zhuwang, Laizhou
Bay (Yang et al., 2016); GQD, Gougidao (Zhao et al., 2010); GA, Galapagos Archipelago (Okey et al., 2004).
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FIGURE 3 | Trophic structure of the artificial and natural reef ecosystems on the coast of Yellow Sea, China. Circle size represents the biomass proportion.

Natural reefs

Phytoplankton

could only be executed in an adjacent area other than in reef area),
the model precision is unguaranteed generally. Furthermore,
uncertainties in input parameters (e.g., dietary composition, P/B,
and Q/B) for some functional groups also increased the difficulties
in the model construction. To overcome the disadvantages, we kept
consistent the survey methods, sampling time, and post-data

processing procedures at both reef types during the model
construction to guarantee that the “distortion” degree in the two
models is comparable. As this study aimed to emphasize the
comparison of energy flow characteristics, detecting the “potential
gap” on the same parameters to reflect the difference in structure
and function between two types of reef systems was more

Artificial reefs
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FIGURE 4 | Lindeman spine diagram at the artificial and natural reef ecosystems on the coast of Yellow Sea, China.
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FIGURE 5 | Mix trophic impacts analysis for the artificial and natural reef ecosystems on the coast of Yellow Sea, China. Positive impacts are denoted in blue
rectangles while negative impacts in red rectangles, and the color concentration represents the impact strength.

underlined. Insufficiency or difficulties in quantifying the biological
resource also indicate new requirements for future research in reef
areas, where optimizing the experimental plan and improving
survey methods should be paid more attention.

4.2 Overall System Characteristics

Both types of reef ecosystems were characterized by high biomass
of algae, filter-feeding shellfish (C. gigas), and crustaceans
(Table 2). The dominance of consumers with lower TLs
probably results from the high productivity and standing crop
of benthic macroalgae in each area, which has also been
documented previously in other coastal systems (Okey et al.,
2004; Wu et al., 2016). As representing organisms in reef areas, S.
schlegelii and H. otakii occupied the top two positions in biomass
and TLs in both models, which once again confirms that the
artificial reefs could support the aggregation of reef fishes (Streich
et al., 2017; Cresson et al., 2019).

The TPP of the artificial reef system was lower relative to its
natural counterpart, generally indicating that there remains
plenty of scope for the artificial ecosystem in scale. Apart from
the disparity of the development duration, this can be explained
by the smaller area of the artificial reef, supporting less
colonization of sessile filter feeders (e.g., C. gigas) and benthic
micro- and macroalgae when compared to the natural reef.
Additionally, man-made modules were arranged in a regular
manner, leading to a more homogeneous habitat. This pattern
may only attract reef-associated species and will confine the
development of the biodiversity even if the whole ecosystem has
been formed for a long term. Previous studies have also implied
that other conservation actions could impact the development of
the artificial reef, such as establishing marine protected areas and
reducing overfishing and unsustainable fishing practices (Baine,
2001; Lima et al, 2019). Hence, long-term monitoring in

conjunction with conservation actions is advised to estimate
the scale of developing the artificial reef.

Compared with other identical reef ecosystems in China and
Galapagos, Ecuador (Table 4), the scales of both artificial and
natural reef systems in this study stay at a medium level, with the
TPPs merely higher than those of Laizhou Bay (Xu et al., 2019)
and Shengsi (Li et al., 2007) but lower than those of Laoshan Bay
(Liu et al., 2019), Zhangzidao (Xu et al., 2016), Zhuwang,
Laizhou Bay (Yang et al., 2016), Lidao (Wu et al, 2016),
Gougidao (Zhao et al, 2010), and Galapagos Archipelago
(Okey et al., 2004). The aforementioned differences can be
explained by the spatial heterogeneity of the ecological
environment in different study areas, where the nutrient
richness, current condition, and chlorophyll-a content would
directly affect the primary productivity, while differences in the
substrate environment may also cause geographical differences in
community structures (Mills et al., 2017). In addition, differences
in data collection and model debugging during the model
building could also be non-negligible factors.

4.3 Energy Flow and Transfer Efficiency
Between Trophic Levels

The overall energy flow distribution showed a gradual decrease
from low TL to high TL, which is in line with the energy
“pyramid” principle. Both the intake proportion of TL I and the
TPP proportion of TL I and II in the two models were high,
indicating that low TLs composed mainly of macroalgae,
phytoplankton, and detritus are the main energy sources in
both reef ecosystems. Based on the energy proportion of each
TL flowing into the detritus, both TL I and TL II were
underutilized, while those above were more utilized for each
case, which is in agreement with the conclusion that the
detritus-based pathway dominates in the temperate reef
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ecosystem (Pinkerton et al., 2008). Energy derived from TLs I
and II was blocked up to the classical food chain, which
probably is attributed to the insufficient biomass of
consumers. For example, grazing groups (such as sea urchins
and abalone) in both areas were nearly absent, which cannot
effectively transfer the amount of primary productivity to the
next TL directly.

Studies have found that a considerable part of macroalgae will
decay and settle on the seafloor, which will firstly be decomposed
by bacteria and then enter the debris channel to provide energy
for other TLs indirectly (Schaal et al., 2010). According to
Krumhansl and Scheibling (2012), the global average rate of
detritus derived from kelps accounts for ca. 82% of the annual
kelp productivity. As the energy of TL I flowing to the detritus is
lower in the artificial system than in the natural system here, this
is probably related to the spatial difference in algae provision.
Overall, the natural reef covers a larger area than the artificial reef
and may across multiple water columns, thus facilitating the
colonization and growth of more macroalgae. Alternatively, the
natural reef area is located near an island, where abundant algae
detritus in the intertidal zone would inevitably flow into the
natural system and provides significant energy subsidies for the
enhancement of benthos stock. Conversely, most of the reef
structures were deployed at a depth of no less than 15 m, where
sunshine penetration was lower, thus weakening the production
of algae. Furthermore, the surroundings of the artificial reef
featured sediment mixed with sand, and the external input of
detritus was lower.

Based on Figure 4, we observed that the highest transfer
efficiency occurred differently in both reef ecosystems. The
highest transfer efficiency in the artificial reef occurred in TL
III, above which the transfer efficiency went down dramatically.
This reflects the pivotal roles of invertebrates, especially
crustaceans and other functional groups with low TLs, in the
artificial reef food web. In contrast, the highest transfer efficiency
went to the TL IV in the natural reef, indicating that higher TLs
still had an obvious regulation on the food web. This difference is
probably related to the development time of the ecosystem. For a
newly established ecosystem, the ecosystem functioning depends
on the phase of community succession, which means the
network of energy, nutrients, and organic matter fluxes will be
incomplete prior to the community being mature, and this
process always undergoes long periods. Previous studies have
observed that artificial reefs with similar structural features
supported fish communities similar to those found on natural
reefs, after several years’ deployment (Perkol-Finkel et al., 2006;
Granneman and Steele, 2015; Paxton et al., 2020). However, the
recovery of the community metrics does not mean a function
recovery, since the latter will take more time than the former
(James et al., 2020). The geographical difference could be another
reason for the difference above. For instance, the hydrological
condition and the complexity of substrate structure would
impose on the habitat diversity, which will have an effect on
the biodiversity and the ecosystem functions at last. The average
transfer efficiency in both natural and artificial reef systems was

similar to the Lindeman efficiency (10%) (Lindeman, 1942) and
the average result from 48 global aquatic ecosystems (10.1%)
(Pauly and Christensen, 1995), and this result suggests not only
the characteristics of temperate coastal ecosystems but also the
overall health of both reef ecosystems in energy flow.

4.4 System Maturity and Stability

Usually, the TPP/TR ratio is used to indicate the maturity of an
ecosystem (Odum, 1969). As one of the principal features of
mature ecosystems, TPP/TR close to 1 implies that all primary
production is used for respiration with no residual production
left. In the early stage of an ecosystem, TPP/TR ratio tends to be
greater than 1, because the structure of the food web’s
incomplete, and the primary production cannot be fully
utilized. Later on, the ecosystem gets fully matured with the
development of the system when the TB tends to be the
maximum, and the corresponding TPP/TR ratio will get
smaller. In the current study, the TPP/TR ratio in natural and
artificial reef systems was slightly higher than that in Zhuwang,
Laizhou Bay (Yang et al., 2016), Shengsi (Li et al., 2007), and
Laoshan Bay (Liu et al., 2019) when compared to other similar
ecosystems with parallel latitudes, reflecting the maturity
difference caused by spatial and temporal variation. CI and
SOI are indices elucidating the ecosystem complexity, as their
higher values indicate more complex population interactions.
Here, the CI and SOI values in the artificial reef system were
slightly higher than those in the natural reef system and were not
significantly different from other ecosystems with identical
latitudes. Therefore, it can be concluded that excess production
can be reutilized in artificial systems than its natural counterpart.
This indicates that the artificial reef system is less mature than
the natural reef, even though it has formed a relatively complex
interspecific relationship and high stability. Using the Ecopath
model, Pitcher et al. (2002) proposed that it would take 10 to 25
years for artificial reefs to have a significant positive effect on
local biological resources, and they highlighted the necessity to
extend the fishing moratorium to magnify the post-reef effect. In
the present study, the artificial reef is less than 10 years old, and
the changes in ecological functions of which during the
developing time still need to be further tracked and monitored.
On the other hand, we notice that the natural reef system seemed
to be inadequate compared to other ecosystems with parallel
latitudes in terms of maturity (Table 4). This could be owing to
the marine aquaculture and other fishery activities around the
natural reefs, which would probably interfere with the normal
ecosystem functioning and weaken its maturity if the variation
was not caused by geographical heterogeneity. This also reminds
us to strengthen the restoration and protection of islands and
reefs in the future, by regulating the development and utilization
activities, to maintain or restore their original ecological
functions gradually.

Our work compares the system characteristics including
trophic structures and energy flow between the artificial and
natural reef ecosystems. However, regional-scale heterogeneity in
initial environment characteristics (e.g., currents, nutrients, and
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terrigenous inputs) was not included here due to inadequate data
recording, which may interfere with the comparison and weaken
the robustness of conclusions. Theoretically, comparisons
between two types of reefs should be performed in areas with
comparable environmental conditions initially, to underscore the
ecosystem changes in situ with the deployed ages of artificial
reefs. Yet areas with optimal conditions are hard to find
practically, which probably explains why studies of interest are
relatively few. With results of the present study as a base, future
work on artificial reefs could be directed toward a better data
recording prior to and after artificial reef projects, to provide
more information about not only the successional process of
biota communities but also more complete trajectories of the
ecosystem functioning development.

5 CONCLUSIONS

With the establishment of Ecopath models at two types of the
reef on the coast of the Yellow Sea, China, this study performed
comparisons of trophic structure and energy flow between
artificial and natural reef systems. The TPP was estimated to
be lower in the artificial system than in the natural reef system,
indicating that there is still development potential for the
artificial reef. A large proportion of energy was occupied by
medium and low TLs in each system, reflecting that the primary
production (macroalgae and phytoplankton) and detritus were
the main energy sources driving both systems, and the detritus-
based channel played a dominant role. Both systems were highly
consistent in terms of the energy transfer efficiency, which was
close to the Lindeman efficiency (10%), reflecting the good
operation of the energy flow for both reef systems. Moreover,
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Mass stock enhancement and release are excellent ways to recover Coilia nasus
resources. However, it is challenging to evaluate stock enhancement effectively, and it
is important to establish a method suitable for estimating C. nasus populations. We
explored the effectiveness of marking otoliths in these fish with strontium by immersing C.
nasus in hexahydrate strontium chloride solutions. We used laser ablation inductively
coupled plasma mass spectrometry to measure the strontium content of otoliths and fish
bodies. The larvae (40 d post hatch) were reared in five different concentrations of
strontium (0, 12, 24, 48, and 60 mg/L) for 7 d, followed by treatment in non-additive water
for 3 wk. The results showed that the cumulative mortality rate was not significantly
different between treatment and control groups (P>0.05), except in the group treated with
24 mg/L strontium. The swimming and feeding behaviors did not change significantly,
indicating that strontium did not negatively affect survival in this species. The strontium/
calcium ratios of otoliths in the control group were stable (1.78-2.32 mmol/mol), whereas
those of the experimental (marked) groups ranged widely (4.47-61.02 mmol/mol). The
strontium/calcium ratios increased with increasing strontium concentration, but gradually
returned to baseline values, resulting in a 100% success rate of marking with strontium.
Following immersion in 12 mg/L strontium, strontium levels in the body returned to normal
after 24 d. In summary, a treatment of 12 mg/L strontium for 4 d was identified as viable for
marking. We confirmed the feasibility of strontium marking for the mass marking and
release of C. nasus. This marking method does not affect the physiology of the fish and
may provide a new approach for reasonable and scientific stock assessment of C. nasus
post hatch.
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INTRODUCTION

Coilia nasus is an estuarine migratory fish belonging to the
family Engraulidae of the order Clupeiformes. Previously, it was
one of the most economically important fish species in China
and was widely distributed in the East China Sea. However, the
species is now threatened by overexploitation and loss of habitat
that has devastated its population. Accordingly, catch sizes have
decreased substantially, and it is difficult to establish a fishing
season (Figure 1). Moreover, the majority of fish are caught at a
younger age and reach sexual maturity earlier than they did
before the 1970s (Zhang et al., 2005).

Enhancement and release initiatives are an effective way of
restoring fishery resources (He et al., 2011; Yan et al., 2015), but
evaluating the results is essential for protecting and using fishery
resources. At present, there are several practical methods for
assessing stock conditions, including external (fin-clipping and
cold-branding) and internal (fluorescence marking) marking
techniques. However, these may cause issues such as high
mortality and difficult recognition (Nielsen, 1992; Yang et al,
2013). Therefore, there is an urgent need to explore a method of
stock assessment that is suitable for releasing C. nasus.

Some studies have reported that the strontium content of
otoliths is associated with seawater strontium content, and
strontium marking technology has been applied in several
released species (Pollard et al., 1999; Schroder et al., 2001). For
example, strontium has been used successfully to mark
Aristichthys nobilis, Cyprinus carpio, and Sparus macrocephalus
(Li et al,, 2017; Zhang et al,, 2018; Qiu et al., 2019b). Researchers
have reported the steady deposition of a given concentration of
strontium in otoliths through a complex metabolic process with
demonstrable reliability. Moreover, deposition is not assimilated
by the body. However, to our knowledge, no studies have reported
the application of this marking technique in Clupeiformes.
Therefore, we investigated the optimal strontium concentration
and treatment duration for marking in C. nasus. In this study, we
evaluated a marking technique and providing a theoretical basis
for its application in enhancement and release practices.

3000
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1500

annual catch (t)

0 T

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
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FIGURE 1 | Annual catch of Coilia nasus in the lower reaches of the Yangtze
River. The data for 1973-1984, 1993-2002, and 2010-2012 are from Yuan
(1988); Zhang et al. (2005), and Liu et al. (2012), respectively. The dashed
lines indicate where data was not available.

MATERIALS AND METHODS

Experimental Design
Larvae were cultivated by the Fisheries Research Institute, Shanghai,
China. We directly collected the samples at 40 d post hatch.
Hexahydrate strontium chloride was obtained from China,
Sinopharm Chemical Reagent Co., Ltd (batch number is
20210114). The reagent was dissolved in fresh water. Four
strontium concentrations (12, 24, 48, and 60 mg/L) were tested
according to the strontium content of seawater. A total of 15
containers (300 L) were installed with 150 samples per container.
There were three containers for each experimental group, and the
remaining containers were regarded as the control group. Fresh
water for cultures was obtained from the institute. All containers
were stored at 27.5-28°C and the water salinity was maintained at
1.3%0-1.4%o. Blackout fabric was installed to prevent exposure to
sun and light, as these impact water temperature and larval survival.
The tanks were cleaned, and half of the water was changed daily.
The experiment was divided into three phases. In the first
phase, all samples were kept for 1 d in containers equipped with
an oxygenation device composed of an aerator and an air-
transporting soft pipe. None of the groups were fed during this
period. In the second phase, cultivation with added strontium
lasted for 7 d. The fish larvae were fed Cladoceran prey twice per
day. In the third phase, the immersed groups were transferred to
water without added strontium for 3 wk and cultured as above.
The activity and number of larvae were monitored daily.

Sample Analysis

To evaluate the effect of strontium deposition in fish, 30 samples
were collected from each concentration group every 3 d during the
second phase, and 30 samples were collected from the
experimental (12 mg/L) group every 7 d during the third phase.
After the marking process, specimens from experimental and
control groups were collected for the analysis of body length
(accurate to 0.01 mm) and weight (accurate to 0.001 g) (Table 1).
Body length was defined as the distance from the rostral side to the
end of the tail fin. An electronic balance was used for weighing
(Mettler Toledo PL403). Before weighing, blotting paper was used
to remove water from the fish bodies to minimize error.

We attempted to collect three pairs of otoliths (sagittaes,
asteriscus, and lapillus) for the analyses; however, only sagittaes
could be used as experimental materials because of their size.
Laser ablation- inductively coupled plasma-mass spectrometry
(LA-ICP-MS) (Thermo X Series II, Thermo Fisher Scientific,
Bremen, Germany) was used to measure the strontium and
calcium concentrations in the otoliths and fish bodies

TABLE 1 | Parameter values of the equation (W = aL?) fitted to body length and
body weight in Coilia nasus larvae in the marked and control groups.

Group Sample size a b R
Marked group 149 0.3524x107° 2.8915 0.8756
Control group 141 1.1641x107° 2.5758 0.8638

W and L are the body weight and body length, respectively; a and b are the parameters of
the power function; R is the regression coefficient.
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(Zhang et al, 2013; Zhang et al, 2019). The LA system was
equipped with an excimer laser operating at 213 nm. The otoliths
were analyzed using a spot size of 32 wm and a laser repetition
rate of 2 um/s. The measurements were conducted under
conditions of pure helium (He) to minimize the re-deposition
of ablated material, and the samples were entrained into the
argon (Ar) carrier gas flow to the ICP-MS. We used Plasmalab
(Thermo Fisher Scientific, Bremen, Germany) to complete
sensor calibration to achieve the best performance indicators.
Based on Warren-Myers et al. (2014), making success was
determined with 100% accuracy when the mean in the
marking area was 3.3 times that of the control group.

Statistical Analysis
The power function was tested to examine the growth pattern of
C. nasus during its early life stages as follows (Zhan, 1995):

W= al®

where W (g) and L (mm) are the body weight and body length,
respectively; and a and b are the parameters of the power
function. Statistical analysis was performed using Excel 2019
(Microsoft Corp., Redmond, WA, USA) and IBM SPSS Statistics
v.24.0 (IBM Corp., Armonk, NY, USA).

RESULTS

Survival in Different

Strontium Concentrations

Mortality occurred in each group throughout the experiment but
was relatively low overall (Figure 2). During the second phase,
mortality was the highest at a strontium concentration of 24 mg/L.
A paired sample ¢-test showed a significant difference between the
control and 24 mg/L groups (P < 0.05); however, no significant

g
=

cumulative mortality rate
5

o
=)

differences were observed between the other experimental and
control groups groups (P > 0.05). Mortality was not significantly
different between groups in the third phase (P > 0.05).
Additionally, swimming and feeding behaviors were not
observed to be significantly different between groups, indicating
that the treatment was safe. The mortality rate was the highest
when the concentration was 24 mg/L; however, this may have been
due to improper suction of sewage. The cumulative mortality
increased with time, probably due to increasing ammonia and
nitrogen and human operational mistakes.

To analyze the growth patterns of fish cultivated in different
strontium concentrations, we used the body length and weight of 7
d-immersed larvae (Figure 3). The body length and weight were
43.19 + 6.89 mm and 0.02 + 0.08 g in the marked groups and 39.46
+9.39 mm and 0.17 £ 0.09 g in the control groups, respectively.

The parameters of power equation were estimated using the
linear least square method (Table 1). The b parameters of the
fitted function in the marked and control groups were below 3.
This indicates that populations showed allometric growth. One-
way analysis of variance (ANOVA) and Duncan’s test indicated
no differences in the growth parameters among groups (P >
0.05), indicating that strontium had little effect on the growth of
fish. These findings suggested that the results of strontium
marking in C. nasus were reliable.

Quantitative Analysis of Otolith Marking

Strontium-to-calcium (Sr/Ca) ratios were used for quantitative
analysis of the marking process. The ratio in otoliths in the
control group was stable (1.78-2.32 mmol/mol), and the range
did not fluctuate significantly during the experiment. However,
the Sr/Ca ratios varied widely in the experimental groups (4.47-
61.02 mmol/mol; Table 2) and were 3.3 times the value in the
control group.The Sr/Ca ratios from the core to the edge of the
otoliths (0.37-0.57 mm) increased after 1 d after marking and
stabilized after 3 d. The distances varied between samples

N0 B12 H24 B4 {60 (mg/L)

ARSI

FIGURE 2 | Cumulative mortality of Coilia nasus larvae in the second phase (cultivation with added strontium for 7 d) with different strontium concentrations.
Cumulative mortality refers to the sample death as a percentage of total sample size.
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FIGURE 3 | Body length and body weight of Coilia nasus larvae in the
marked and control groups.

because of the difference in the sizes of otoliths (Figure 4). In
areas with significant differences in Sr/Ca ratios, the ratios
increased with increased strontium concentration. There were
significant differences in Sr/Ca ratios between experimental and
control groups, as indicated by paired sample t-tests (P < 0.01).

During the third phase, the Sr/Ca ratio in the experimental
groups reflected crests with a width of approximately 0.11 mm
(0.42-0.54 mm from the edge of otoliths). For the groups
cultivated in 12 mg/L strontium for 14, 21, and 28 d, the Sr/Ca
ratios were 10.87 + 5.65, 11.86 * 6.15, and 12.32 + 5.44 (mmol/
mol), respectively. Subsequently, the ratios returned to baseline
levels. The marking rate was significantly higher than the of non-
marking rate (Figure 5), indicating a 100% success rate of
marking by exogenous strontium treatment.

Changes in the Strontium Content of Fish

The otolith samples were below the minimum weight required for
detection with LA-ICP-MS; therefore, we used the whole body as a
testing material. Paired sample f-tests revealed no significant
differences in strontium content in phase one (P > 0.05).
However, strontium levels increased significantly in the second
phase (P < 0.05), and then decreased gradually until the end of the
treatment period (Figure 6). The strontium content in the marking

TABLE 2 | Sr/Ca ratios in the strontium-marked otoliths of Coilia nasus larvae in
different treatment groups.

Sr/Ca ratios in otoliths (mmol/mol)

Sr?* concentration
1d 4d 7d

0 mg/L 1.78 £ 0.55 2.01 £ 0.47 2.32 £0.48

12 mg/L 4.47 +0.86 11.89 + 7.68 13.47 = 7.95
24 mg/L 7.78 + 3.36 20.36 + 12.54 23.59 + 13.97
48 mg/L 8.20 +5.27 39.11 + 26.97 61.02 + 24.02
60 mg/L 12.66 + 6.55 43.76 + 26.72 57.63 + 37.66

Mean + standard deviation of 150 samples is shown.
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and 60 mg/L) for 1, 4, and 7 d in the second phase (cultivation with added strontium for 7 d).
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group was approximately twice that of the control group. From 7-
28 d, the variation in strontium content fit the following formula:

Y = —0.1363x" + 2.2174x + 95.095

where x represents the experimental period and y axis represents
the Strontium levels in the body returned to baseline levels
similar to that of the control group at approximately 31 d.

DISCUSSION

Feasibility of Strontium Marking in C. nasus
Strontium commonly exists in natural water. A literature survey
reported that average Sr/Ca ratios (molar ratio) are 2.7 + 1.5 in
freshwater, 5.6 + 1.1 in estuarine water, and 8.3 + 4.5 in seawater
(Yang et al,, 2011). The Environmental Protection Agency (USA)
stipulates that the level of strontium ions in standard public
drinking water should have an upper limit of 4 mg/L (ATSDR,
2004); in China, the limit is 0.2-5 mg/L. As a necessary trace
element, strontium plays an important role in the growth and
development of organisms (Buehler et al., 2001; Dahl et al., 2001)
by promoting the growth and formation of bone cells and
enhancing bone strength (Caverzasio, 2008). Strontium strongly
inhibits calcium absorption in the early life stages of fish
(Chowdhury and Blust, 2002), and high levels of strontium can

cause larval and juvenile mortality in rainbow trout (Birge et al.,
1981). Pyle et al. (2002) found that Sr** ions in the fresh water did
not cause substantial mortality in larvae but caused a decline in egg
hatching rates. A study on chum salmon showed that Ca**-ATPase
activity and growth indices were the highest at a strontium mass
concentration of 10 mg/L, and that mortality increased with an
increase in Sr** concentration (Song, 2013). At a strontium mass
concentration of 50 mg/L, sedimentation values of an experimental
group were 50 times that of the control group (accompanied by a
strong marking effect), although the growth and feeding statuses
remained unchanged (Wang et al., 2015). These findings indicate
that an appropriate concentration of Sr** can promote the
development of fish, whereas outlier values are not conducive to
growth. Thus, when exogenous strontium exceeds optimal levels, it
affects the enrichment of otolith elements. Different populations
exhibit differing ranges of adaptation to strontium. Strontium
marks in otoliths were confirmed to exist for at least 20 mo in
C. carpio (Qiu et al,, 2021). In the current study, we evaluated the
effects of immersion in concentrations of 0, 12, 24, 48, and 60 mg/L
of strontium, nearly 2-10 times the levels found in natural
seawater. These concentrations were used because it is usually
difficult to distinguish between conditions at release and in the
wild. However, the concentrations had no negative effect on the
development of fish, indicating that they would not cause a toxic
response and were safe and reliable.

Frontiers in Marine Science | www.frontiersin.org

25

June 2022 | Volume 9 | Article 890219


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Liu et al.

Strontium Marking in Coilia nasus

Strontium Marking of Otoliths
To recover from a decline in fishery resources, it is important to
develop strategies for stock enhancement and release. Accurately
distinguishing between release and catches and evaluating the
associated responses have become urgent scientific problems. To
this end, several methods have been employed, including marking
techniques such as fin-clipping and scutcheon-tagging (Pan et al,
2010). However, these traditional methods often involve a heavy
workload, and the markers may fall off or make identification
difficult; therefore, these methods are unsuitable for large-scale use.
Coilia nasus exhibit high sensitivity and die immediately in
the absence of water (Wang, 2015), because of which some
common marking methods are inapplicable in this species.
Otoliths are used as a natural indicator of the ontogeny of fish,
and strontium is a biomarker used to track and reconstruct
habitat events (Melancon et al., 2009). Combining these factors
provides a new approach for mark-release technologies. Owing
to anthropogenic factors that increase the strontium content in
water bodies, strontium is expected to be deposited in otoliths. In
this study, most of the Sr/Ca ratios measured in the experimental
group were 3.3 times the values in the control group. The results
of otolith marking with strontium showed that specific peaks
were formed under different strontium concentration and
immersion duration conditions, with a 100% success rate. A
slight curve was detected in Sr/Ca ratios when the concentration
was 24 mg/L or after immersion for 1 d. The Sr/Ca ratios were
higher on day four than on day one and higher on day seven than
on day four. This is because the marking process operated at near
capacity for the first 4 d. The fitted function indicates that 4 d is
an appropriate duration for marking. Of the various
concentrations at which the Sr/Ca ratio could be measured, 12
mg/L strontium was chosen based on economic feasibility.
Strontium is a long-lasting trace element that is not lost over
time (even during the third phase of this experiment).
Accordingly, its persistence is positively correlated with
immersion time and concentration. Remarkably, there was no
time lag for marking in C. nasus, contrary to the results of Qiu
et al. (2019a), which can be explained by the different detection
principles of the two instruments. However, further studies are
needed to test whether its deposition has any lingering effects.

Effects of Strontium-Enriched Water on

Strontium Content in the Body of C. nasus
Experimental samples are occasionally caught by fishermen after
the large-scale release of marked individuals. Although
strontium has low toxicity (Qin and Pan, 2001), it may still
cause food safety issues. If the strontium content in the fish body
is not fully absorbed and metabolized over time, excessive
consumption of strontium may have adverse effects on the
physical health of consumers, including nausea, digestive
upsets, and other phenomena (Wu, 2012). Therefore, we
analyzed the metabolic rate of strontium to avert potential
side-effects of marking practices. The levels of Sr** increased
considerably after immersion in 12 mg/L strontium for 7 d, and
decreased gradually thereafter (Figure 5). Statistical analysis
revealed that the strontium levels of marked groups decreased
to baseline levels after 24 d. Therefore, we recommend that after

large-scale marking, fish should be cultured in natural water to
ensure the removal of excess strontium and avoid its side effects.

CONCLUSION

The paper reported that strontium has little impact on Coilia
nasus larvae in different marked groups, and strontium can
deposit on otoliths stably. Moreover, the level of strontium also
toward lower with body’s metabolism. Strontium can be used as
a natural biomarker to evaluate the effect of stock enhancement.
According to the strontium marking of otoliths in the early
stages, the released populations can be identified through mark-
recapture, and the length of released fish can be determined
according to the growth equation. The ratio of strontium and
calcium can be used to distinguish wild fish from the released
population. The effect of the release can be analyzed according to
the recapture rate; for rapidly declining fish species, this method
can be used to artificially increase stock.
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Fisheries management policies (FMPs) have been implemented in coastal countries to
ensure a sustainable supply of seafood and the recovery of species diversity. Because of
the depletion of fishery stocks, China has introduced a series of FMPs since 1995,
including a seasonal fishing moratorium (SFM), a zero-growth strategy, and a minimum
mesh size for fishing nets. Here, we built two mass balance models for 1997-2000
(M1997) and 2018-2019 (M2018) using Ecopath with Ecosim 6.6 to illustrate the
interannual changes over the past two decades in the East China Sea (ECS). We then
simulated two dynamic scenarios from 1997 to 2018, SFM (M2018gry) and no SFM
(M2018,,0-srm), to test the role of the SFM under fishing pressure in the ECS. Ecopath
showed that the ECS ecosystem is becoming more mature, although it is still unstable,
featuring lower total primary production/total respiration, longer cycles, faster organic
material circulation speed, and a higher omnivorous degree. This suggests a slow
recovery for the ECS ecosystem in the past two decades. The biomass of fish in the
ECS—especially the planktivores, dominated by small-sized Benthosema pterotum—
significantly increased in M2018 versus M1997, but there were fewer medium- and large-
sized fish. The keystone species switched from the planktivores/piscivores dominated by
Decapterus maruadsi in M1997 to planktivores in M2018. Ecosim illustrated that the SFM
has positive effects on fishery resources recovery, especially for commercial fishes (i.e.,
large yellow croakers and hairtails), as reflected by the significantly higher predicted
biomass of fish in M2018gry compared to M2018,,.sem and M1997, although the
bioaccumulation was consumed by the intense fishing pressure after the SFM.
However, the M2018gg\ prediction for nektons was still lower than the actual value,
especially for planktivores, which display a sharp increase in biomass. This should be
partly attributable to the policy of the minimum mesh size (<5 cm was banned), which
benefits B. pterotum due to its 3.5 crn maximum body size. Therefore, a series of FMPs,
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rather than only the SFM, functioned together in the ECS ecosystem. However, the mixed
trophic impact indicated a negative impact if the fisheries were further developed. Fishery
management in the ECS needs to be strengthened by extending the SFM and reducing
fishing pressure after the SFM.

Keywords: Ecopath with Ecosim, East China Sea, seasonal fishing moratorium, commercial fish, fisheries

management policies

1 INTRODUCTION

Aquatic products are a primary protein source for humans (Lira
et al., 2021). As such, global marine capture production had
reached 92.51 million tons by 2017, with an average increase of
10-fold relative to 1950, resulting in the catch per unit effort
declining by 50% to 80% (Zhou et al., 2015; Link and Watson,
2019). Therefore, to ensure a sustainable supply of seafood and
the recovery of species diversity, fisheries management policies
(FMPs) such as total allowable catches, individual transferable
quotas, seasonal and area closures, and stock assessments have
been widely implemented by coastal countries (Bromley, 2005;
Fulton et al., 2014). Similarly, China has introduced a series of
FMPs since 1995 that include zero and minus growth targets, a
seasonal fishing moratorium (SFM), a minimum mesh size for
fishing nets, and a minimum catch size for fishing targets (Cao
et al., 2017). There has also been a ban on destructive fishing
methods, the construction of artificial fish reefs, and the release
of some commercial fish (i.e., Larimichthys crocea) to restore the
disturbed marine ecosystem (Han, 2018; Xin et al., 2020).

Fisheries management policies (FMPs) have received
considerable critical attention for their protective effect on
resource recoveries. Many studies have reported the positive
effects of FMPs. For example, Yue et al. (2015) found that after
the SFM, the catch increased in the East China Sea (ECS) and the
South China Sea. Wang et al. (2020) found that the reduction of
fishermen, fishing vessels, and catches all had a positive effect on
the recovery of fishery stocks in the Pearl River Delta. Lee and
Midani (2014) also showed that the catch per unit effort of
sandfish nearly doubled from 2005 to 2011 in the East Sea of
Korea after the implementation of a fishing stock-rebuild plan.
However, some studies have found that the effectiveness of these
fishery strategies had a spatiotemporal limit. Yan et al. (2019a)
concluded that in the ECS, the accumulation of biomass during
the SFM was rapidly removed by the subsequent intense fishing
pressure. In addition, the Fujian fishery statistical yearbook
shows that the landing of large yellow croaker (L. crocea) has
been maintained at a low level since 2000, although millions of L.
crocea larvae have been released (Wu et al., 2021). Di Franco
et al. (2009) also reported no differences in the fish assemblages
between partially protected areas and a location outside the
marine protected area in northeast Sardinia (Italy).

The ECS is one of the most important fishing areas, providing
about 40% of the total catch in China (Zhang et al., 2018). In the
1990s, the number of fishing vessels in this region exceeded 100,000
and accounted for nearly half of the total fishing vessels in the
China Sea (Shi, 1995). Under such intense fishing pressure, the ECS

ecosystem had already been overloaded. Many traditional
commercial fish stocks such as the large yellow croaker were
exhausted, and the length of the fishing season has declined in
some fishing grounds (Liu et al., 2012; Mei, 2019; Xu et al,, 2021).
Similarly, much uncertainty remains about whether the FMPs in
the ECS work in the long term. For the ECS ecosystem, FMPs such
as the minimum mesh size (Tokai et al., 2019), zero and minus
growth targets (Ye and Rosenberg, 1991), SEM (Cheng et al., 2004),
and release enhancement (Lii et al., 2008) have been recognized to
be the major drivers rebuilding the fishery resources (Shih et al,
2009; Shen and Heino, 2014; Zhou et al., 2019). However, the
previous evaluations of FMPs in the ECS have been focused at the
short-term (Yan et al., 2019b), single-policy (Liu and Cheng, 2015;
Yue et al,, 2015), or species level (Xu and Liu, 2007) rather than at
the long-term, multiple-policy, or ecosystem level. Therefore,
whether or not FMPs, especially the SFM and reduced fishing
pressure, drove the variances in the structure and function of the
ECS ecosystem over the last 20 years needs to be further verified.
Ecopath with Ecosim (EwE), a widely used tool to support
ecosystem-based fisheries management, prioritizes the ecosystem
rather than a single species population (Pikitch et al., 2004;
Halpern et al., 2008; Surma et al., 2019; Reum et al,, 2021), and it
can explore the long-term performances of multiple FMPs under
different scenarios (Li, 2009; Russo et al., 2017; Papapanagiotou
etal., 2020; Wang et al., 2020; Paradell et al., 2021). Therefore, to
verify the hypothesis on FMPs’ effects, this work attempted to
estimate the interannual variation of the ECS ecosystem from
1997 to 2018 with EwE and explored the long-term effects of the
SEM under the actual fishing pressures present during the two
decades. We constructed two mass balance models for 1997-
2000 (referred to as M1997) and 2018-2019 (referred to as
M2018) in the ECS, to depict the variation in the ecosystem’s
structure and function over the past two decades. We further
conducted scenario simulations based on the M1997 model to
evaluate the contribution of the SFM under fishing pressure to
the variations of the ECS ecosystem during the two decades.
These results reveal the combined effects of the SEM and fishing
pressures on the rehabilitation of the structure and function of
the ECS ecosystem and offer advice on the management of
fishery resources in the ECS for governmental policymakers.

2 MATERIALS AND METHODS
2.1 Study Area

The ECS is located in the western Pacific Ocean and is connected
with the Sea of Japan through the Tsushima Strait and with the
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South China Sea through the Taiwan Strait (Figure 1; Li and
Zhang, 2012). It is influenced by the Kuroshio Current and dilute
water from the Yangtze River. The ECS is one of the most
productive regions globally, leading to many important fishing
grounds such as the Zhoushan and Minzhong (Liu, 2013). The
ECS has experienced three periods associated with dramatically
increased fishing equipment and changes in fishing methods:
slow growth (1951 to the 1990s), rapid growth (1991 to the
2000s), and high yield (after the 2000s; Chen et al., 1997; Mei,
2019). High-intensity fishing pressure has brought immense
economic benefits, but it has also driven a great change in the
catch composition from the ECS (Chen et al., 2004).

The SFM, which can offer a suitable time for adult spawning
and larvae growth, is considered the utmost protection to rebuild
fish stocks (Su et al., 2019). Initially, it was implemented in the
northern ECS (27°N to 35°N) from 1 June to 31 August in 1995.
During this period, only the trawl and sailing nets were banned.
In 2017, all fishing gear with the exception of hooks and lines was
banned in the ECS from noon on 1 May to noon on 16
September (Yan et al, 2019a). A minimum mesh size for nets
was implemented in 2004 to protect recruitment. In 2017, the
Ministry of Agriculture and Rural Affairs announced a minimum
allowable size for 15 marine economic fish species. A series of
FMPs were also introduced to reduce the fishing pressure,
including zero and minus growth targets, a licensing system, a
vessel buyback program, dual control, and a fishermen relocation
program. The Ministry of Agriculture designed the zero and
minus growth system in 1999 and the fishing quota management

system based on the maximum sustainable yield in 2000. In 2017,
species quota fishing was implemented in the Zhejiang and
Shandong provinces (Mei, 2019). The licensing system, vessel
buyback program, dual control, and fishermen relocation
program were also implemented after 2002 (Cao et al., 2017).

2.2 Ecopath Model Construction
and Parameterization
Ecopath offers a static snapshot that reflects the structure and
function of the ecosystem at a specific time. The Ecopath model
is based on a set of linear equations for each function group in
the system. It is formed by the food consumption equation and
energy theory (Polovina, 1984; Ulanowicz, 1986). Ecopath needs
the following input parameters: biomass (B), the production/
biomass ratio (P/B), the consumption/biomass ratio (Q/B), diet
composition (DC), and ecotrophic efficiency (EE). Usually, only
three of the four groups of parameters need to be entered, and
the model can then automatically obtain the fourth parameter.
The EE is difficult to obtain, and thus, the other three parameters
are usually entered (Christensen et al., 2005).

The basic equation is

.(P/B)=31.B

+ E; + BA,;,

-(Q/B);DC;; + (P/B);-B; - (1 - EE;) + Y,

where (P/B); and B; are the production/biomass ratio and
biomass of group i, respectively; (Q/B); is the consumption/
biomass ratio of group j, DC;; is the proportion of the diet that
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FIGURE 1 | The study area in the East China Sea.
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predator group i obtains from prey group j, EE; is the ecotrophic
efficiency, B; (1 - EE;) is other mortality, Y; is the catch of group i,
E; is the net migration of group i, and BA; is the biomass
accumulation rate for i.

To simplify the trophic structure of the ecosystem, species
with a similar ecological niche were aggregated in one function
group (Christensen et al., 2005). The function group can also be
composed of a single species or the different age structures of a
species (Zheng et al, 2020; Lin et al, 2021). There were 24
function groups in the ECS ecosystem, including phytoplankton,
zooplankton, polychaetes, mollusks, benthic crustaceans,
echinoderms, other invertebrates, crabs, shrimps, cephalopods,
planktivores, benthivores, piscivores, planktivores/piscivores,
planktivores/benthivores, benthivores/piscivores, omnivores,
sharks, marine mammals, and detritus (Table S1). In addition,
large yellow croakers, small yellow croakers, hairtails, and
Bombay duck were treated as separate function groups due to
their high economic values and resources.

The biomass data were collected from field surveys and
published literature. Data for the first model was from a 1997-
2000 marine living resources supplementary survey and resource
evaluation. The second model data were from a joint survey in
the ECS in the autumn of 2018 and the spring of 2019. The P/B
and Q/B values were obtained using empirical equations and
from published literature (Palomares and Pauly, 1989; Pauly
et al., 1990; Christensen et al., 2005; Cheng et al., 2009; OuYang
and Guo, 2010; Li and Zhang, 2012). The diet data were
estimated based on stomach content analyses in the published
literature (Tables S2, S3). The food matrix of the function groups
was calculated based on the biomass weight of each species in the
function group. We used similar diet matrices in the M1997 and
M2018 models but made slight changes in several groups, e.g.,
hairtails, piscivores, and planktivores. Information on catch was
obtained from the China Fishery Statistical Yearbook (CFSY),
but there was no discard data in the two models due to a lack
of data.

2.2.1 Ecological Indicators

Ecological indicators, which can be used as measures to assess
ecosystem status, are included and presented along with other
Chinese models and models at similar latitudes. The Finn’s
cycling index indicates the speed of organic material circulation
in the ecosystem, and the mean path length represents the total
number of trophic links divided by the number of pathways
(Finn, 1976; Christensen et al., 2005). The connectivity index
reveals the interaction between species in terms of predation, and
the system omnivory index (SOI) is defined as the average
omnivorous degree of the consumers (Nee, 1990; Pauly and
Christensen, 1993). These indicators are linked with the
maturity of the ecosystem (Ulanowicz, 2012). Total system
throughput (TST) sums all flows in this model according to
Ulanowicz (2012). Mixed trophic impact (MTI) can reveal a
direct or indirect influence of one function group on another
function group, which can explain the relationship between
groups in the ecosystem (Ulanowicz and Puccia, 1990). The
keystone index can identify the key species of the ecosystem by
selecting indexes greater than zero. The keystones play a primary

role in maintaining stability and complexity and have a
disproportionate impact on biomass (Libralato et al., 2006).

2.2.2 Model Balance and Sensitivity Analysis

After all data were input, the EE should be below 1, and most of
the gross efficiency values should be between 0.1 and 0.3, with the
exception of some fast-growing organisms (Christensen et al.,
2005). Pedigree and a sensitivity analysis were used to verify the
reliability of the model. The pedigree can mark the source and
calculate the credibility of the input data (Majkowski, 1982;
Funtowicz and Ravetz, 1990). It is also the reference used to
adjust the parameters of the model. The parameter with the
lowest confidence would thus be adjusted when the model is
unbalanced (Funtowicz and Ravetz, 1990). The sensitivity analysis
can evaluate the uncertainty of the output data of the model when
the input data fluctuate. The sensitive analysis routine was set to
+20% uncertainty for all input parameters (Han et al., 2017).

2.3 Dynamic Simulation

The Ecosim model conducts a temporal dynamic analysis with
key original parameters from the Ecopath model, which is used
as a reference to estimate changes in the biomass of function
groups driven by time series data (Christensen et al., 2005). In
the modeling framework, a series of differential equations that
consider predator-prey interactions and foraging behaviors
inherent to Ecopath can be expressed as follows (Christensen
et al., 2005):

dB;/dt = (P/Q);>\Q;i = 2Q; + I; = (M; + F; + ¢;)B;,
j j

where dB;/dt is the change in the biomass of group i over time,
(P/Q); is the net growth efficiency, M; is the non-predation
mortality rate, F; is the fishing mortality rate, e; is the
emigration rate, I; is the immigration rate, B; is the biomass of
group i, X; Q;; is the total consumption rate by group i, and Z,Q;
is the predation by all predators on the same group i.

The Ecosim incorporated historical data, including biomass,
catches, and fishing mortalities for different function groups to
facilitate accurate model predictions. The partial biomass time
series calculated for hairtails, small yellow croakers, and
piscivores were derived from the SAU database (http://www.
seaaroundus.org/). For most nektonic groups, the time series on
absolute biomass, catch, and fishing mortalities were obtained
from the CFSY and China’s offshore marine comprehensive
survey and evaluation project. The time series Chl-a was from
the dataset of Aqua MODIS and SeaWiFS and was used to
calibrate primary production anomalies. Once the time series
data (Table S4) were included in the model, the fit model with
the lowest Akaike information criterion value was selected
(Burnham and Anderson, 2004). The vulnerabilities (v), which
represent the impacts of predator biomass for a given prey, are an
important parameter in the process of model fitting to time series
data (Christensen et al., 2005). To reduce human error and
obtain actual v in the calibrating process, the automated
“stepwise fitting” procedure was used (Scott et al., 2016).

As mentioned, a series of FMPs have been implemented in the
ECS since the 1990s (Cao et al., 2017). However, in this study, we
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only evaluated the impacts of the SFM under actual fishing
pressure (Figure S1) on the recovery of fishery resources. Then,
two Ecosim models that did or did not integrate the SFM under the
actual fishing pressures were built, which are expressed by
M2018sgy and M2018,,, spn- Because the annual landing in
Zhoushan (Zhejiang province) can account for 20~40% of the
total landing in the ECS (http://zstj.zhoushan.gov.cn/)—there was
significant correlation for landing between the ECS and Zhoushan
(r = 0.628, p < 0.05)—the relative fishing effort of every month in
the ECS was assumed to be consistent with that in the Zhoushan in
M2018sps. In addition, we also employed the fleet data in Global
Fishing Watch (https://globalfishingwatch.org/data-download/
datasets/public-fishing-effort) to fit the actual fishing effort in the
ECS (Table S5), whereas the fishing effort of every month in a year
was assumed to be the same in the M2018,,, spp model. Although a
minimum mesh size could be beneficial to the juveniles of nektonic
groups by selecting suitable lengths for the species (Heikinheimo
et al,, 2006; Nguyen et al., 2021), the model cannot load this policy
due to the lack of body length distribution data for the kinds of
function groups. Climate change was considered to affect the
physiology, distribution, and biomass of the marine species and
alter the community composition of the marine ecosystems
(Cheung et al, 2013; Kroeker et al, 2013; Zeng et al, 2019).
However, it was negligible from 2000 to 2018 in this study, as
shown by Zeng et al. (2019) in the Pearl River estuary, where the
non-producer biomass decreased by only 5% from 2000 to 2060.
Therefore, the variants for climate change (seawater surface
temperature, pH, and dissolved oxygen) were not included in the
two Ecosim models.

3 RESULTS

3.1 Quality of the Ecopath Model and the
Sensitivity Analysis

The basic data and output results for M1997 and M2018 are
shown in Table 1. Except for the plankton and high-trophic
groups, the EE of most function groups was close to 1, suggesting
that there was a high utilization rate of most groups in the ECS.
The gross efficiency was almost in the 0.1-0.3 range. Finally, the
pedigrees of the two Ecopath models were both 0.497, which is a
reasonable interval; 0.16-0.68 is the range of pedigrees for most
EwE models (Morissette, 2007), indicating that the quality of our
Ecopath models was acceptable.

A sensitivity analysis was used to evaluate the influence of the
variation in input data on the output results. A similar pattern was
observed in the two models (Figure 2). The biomass of the function
groups appeared to be the most influential parameter, with a range
of +30%. The diet appeared to be the least influential parameter on
the two balanced models, which is consistent with observations by
Han et al. (2017). This further indicated that adjusting the food
matrix had the lowest impact on the overall model output.

3.2 The 20-Year Change in the East China
Sea Ecosystem

The flow diagram for the ECS showed similar trophic levels (TLs)
during the two periods, from 1.00-4.05 and 1.00-4.24 in M1997
and M2018, respectively (Table 1 and Figure S2). The mean TLs
of caught fishes showed a slight increase, from 3.11 in M1997 to
3.33 in M2018. Transfer efficiency was 10.56% in the M2018

TABLE 1 | Input and output (bold) parameters for the East China Sea ecosystem mass balance models M1997 (1997-2000) and M2018 (2018-2019).

Groups TL B (t/km?/year) P/B (/year) Q/B (/year) EE

M1997 M2018 M1997 M2018 M1997 M2018 M1997 M2018 M1997 M2018
1. Phytoplankton 1.000 1.000 16.52 43.20 170.7 82.75 - - 0.205 0.411
2. Zooplankton 2.000 2.000 4.703 12.82 40.00 40.00 160.0 160.0 0.308 0.274
3. Polychaetes 2.000 2.000 3.130 1.841 6.700 6.700 24.20 24.20 0.541 0.462
4. Mollusks 2.169 2.169 9.510 0.343 3.000 3.000 7.000 7.000 0.300 0.957
5. Benthic Crustaceans 2.161 2151 1.600 1.630 6.560 6.560 26.90 26.90 0.748 0.955
6. Echinoderms 2.220 2.212 3.460 6.427 1.200 1.200 3.700 3.700 0.182 0.232
7. Other invertebrates 2.000 2.000 3.160 1.359 1.000 2.000 9.000 9.000 0.616 0.795
8. Crabs 2.322 2.334 0.143 0.0534 4.500 4.500 12.00 12.00 0.916 0.996
9. Shrimps 2.314 2.314 0.161 0.288 5.100 5.100 19.20 19.20 0.999 0.998
10. Cephalopods 2.818 2.955 0.549 0.894 3.000 3.000 10.00 10.00 0.984 0.946
11. Planktivores 2,953 2919 0.710 4.701 3.588 4.762 14.74 22.30 0.998 0.979
12. Benthivores 2.848 2.876 0.0397 0.278 2.116 2.156 7176 8.497 0.995 0.965
13. Piscivores 3.571 3.940 0.348 0.275 2.130 1.643 6.868 6.160 0.804 0.324
14. Hairtails 3.169 3.369 1.336 3.369 1.104 2.900 6.467 5.600 0.998 0.338
15. Bombay duck 2.905 3.420 0.110 1.497 2.120 2120 8.964 6.190 0.956 0.953
16. Planktivores/Benthivores 2,958 2.964 0.609 2.103 1.176 1.048 10.68 11.40 0.916 0.667
17. Planktivores/piscivores 3.116 3.522 2.588 1.294 0.885 1.287 11.72 12.23 0.353 0.695
18. Benthivores/piscivores 3.139 3.459 0.534 0.349 3.910 1.451 9.327 9.921 0.985 0.952
19. Omnivores 3.136 3.433 0.136 0.439 3.279 3.279 7.992 7.992 0.999 0.826
20. Large yellow croakers 3.379 3.498 0.00107 0.0339 2.130 1.441 4.913 3.767 0.997 0.307
21. Small yellow croakers 3.085 3.206 0.356 0.0832 4.300 2.410 8.997 6.074 0.226 0.990
22. Sharks 4.035 4.236 0.00889 0.00935 0.500 0.500 3.200 3.200 0.000 0.000
283. Marine mammals 3.809 3.939 0.00404 0.00404 0.050 0.050 30.00 30.00 0.000 0.000
24. Detritus 1.000 1.000 100 100 - - - - 0.147 0.241
TL, trophic level; B, biomass; P/B, production/biomass; Q/B, consumption/biomass; EE, ecotrophic efficiency.
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FIGURE 2 | The sensitivity analysis results for the 20% uncertainty of the Ecopath input parameters. TPP, total primary production; TR, total respiration; EE, ecotrophic
efficiency; B, biomass; P/B, production/biomass; Q/B, consumption/biomass; DC, diet composition. The sensitivity analysis results for the 20% uncertainty of the Ecopath
input parameters. TPP, total primary production; TR, total respiration; EE, ecotrophic efficiency; B, biomass; P/B, production/biomass; Q/B, consumption/biomass; DC,
diet composition. (A) represents the impact of the input parameters (B, P/B, Q/B, DC) with 20% uncertainty on the EE of the phytoplankton (M1997); (B) represents the
impact of the input parameters (B, P/B, Q/B, DC) with 20% uncertainty on the TPP/TR (M1997); (C) represents the impact of the input parameters (B, P/B, Q/B, DC) with
20% uncertainty on the EE of the phytoplankton (M2018); (D) represents the impact of the input parameters (B, P/B, Q/B, DC) with 20% uncertainty on the TPP/TR
(M2018).

model, which was less than the M1997 model (12.01%) but close
to the theoretical ranges (10%; Christensen and Pauly, 1992). The
TST developed further, from 6503.85 t/km?/year to 8925.33 t/km?/
year in the two decades, with detritus flow accounting for 33.33%
in M2018 and 40.36% in M1997 (Table 2). The consumption and
respiration in the TST significantly increased by 14.33% and 5.77%
in M2018, respectively, compared to M1997 (Table 2).

Total biomass increased considerably, from a value of
49.72 t/km’/year in M1997 to 83.19 t/km’/year in M2018
(Figure 3). The biomass of the plankton and fish in M2018 was
nearly doubled relative to M1997, especially the planktivores,
whose biomass in M2018 increased nearly seven times that in
M1997. However, obvious and significant downtrends were noted
in the benthic organisms, especially mollusks.

There was a major shift in the keystone indexes of the
function groups in the two models (Figure 4). Several groups
increased, including the benthic crustaceans, Bombay duck, large
yellow croakers, sharks, and planktivores. The keystone species
in the ECS changed from planktivores/piscivores to planktivores.
Zooplankton and planktivores/piscivores (e.g., Decapterus
maruadsi and Trachurus japonicus) were the keystone species
revealed by the keystone indexes close to zero in M1997 (-0.0355
and -0.0711, respectively), and they had the largest influence on
the ecosystem structure. However, piscivores, hairtails, and small
yellow croakers decreased in importance during the study period.

The MTI showed the increasingly negative impact of fisheries
in the ECS between M1997 and M2008 (Figure 5). In M1997,
36% of the function groups such as large yellow croakers,
piscivores, and benthivores/piscivores were negatively affected
by the fisheries. The positive impacts on the planktivores and
benthivores (around 24%) were ascribed to the indirect effect of
removing predators. In M2018, the negative impact of the
fisheries further extended to small yellow croakers and
omnivores. In addition, the MTT of the fisheries on important
fish species such as hairtails and large yellow croakers slightly
increased in M2018 relative to M1997, from —0.295 to —0.034 for
hairtails and from —0.729 to -0.516 for large yellow croakers.
Small yellow croakers had opposite values, 0.0635 in 1997 and
-0.395 in 2018. However, the impact of the fisheries on Bombay
duck appeared neutral over the two periods due to the limited
and poor fishery data.

Ecosystem indicators were used to evaluate the status and
variation of the structure and function of the ecosystem
(Table 2). The ECS ecosystem was more mature and stable in
M2018, as reflected by the higher total primary production/total
respiration (TPP/TR) and SOI as well as by the lower Finn’s
cycling index and mean path length (Table 2). The TPP/TR
declined from 4.89 to 2.74 between M1997 and M2018. The Flow
to Detritus/TST was 33.33% in M2018 and 40.36% in M1997,
indicating that more energy flowed into production rather than
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TABLE 2 | Comparison of ecosystem indicators for the East China Sea Ecopath mass balance models M1997 (1997-2000) and M2018 (2018-2019) with other
available Ecopath models in adjacent waters (Bohai, Northern South China, and Southwestern Yellow Seas) and in other seas at similar latitudes (Northern Oman Sea

and Northern Gulf of Mexico).

Parameters The Northern The Northern Gulf of The Bohai The Northern South The Southwestern This Study
Oman Sea Mexico Sea China Sea Yellow Sea

M1997 M2018
Sum of all consumption (t/km?/year) 6,591.37 1,908 1,213.72 7,951.491 1,031.03 1,0568.40 2,374.89
Sum of all exports (t/km?/year) 8,736.78 7,530 3,922.88 3,613.73 991.67 2,243.97 2,268.27
Sum of respiration flows (t/km?/ 3,398.37 1,046 894.61 4,137.55 643.73 576.02 1,306.51
year)
Sum of all flows into detritus (t/km?/ 8,855.18 8,078 4,467.43 3,588.56 1,330.83 2,624.96 2,975.58
year)
Total system throughput (t/km?/ 2,7581.7 18,563 10,499.00 15,698.05 2,825.00 6,503.35  8,929.
year) (TST) 63
Flows to Detritus/TST (FD/TST) 32.11% 43.52% 42.55% 22.86% 4711% 40.36% 33.37%1
Total primary production/total 3.57 8 5.38 1.005 8.68 4.89 2.741
respiration (TPP/TR)
Transfer efficiency (%) (TE) 10.60 16.93 11.35 21.94 13.22 12.03 11.52
Connectance index (Cl) 0.44 0.396 0.33 0.31 0.280 0.35 0.35
System omnivory index (SOI) 0.42 0.410 0.14 0.33 0.217 0.12 0.17¢
Finn’s cycling index (FCI) 5.70 - - 13.68 3.983 2.832 51751
Mean path length (MPL) 2.27 - - 3.78 2.444 2.306 2.4971
Ascendency (%) (A) 45.50 - - - - 4054  35.65¢%
Overhead (%) (O) 54.60 - - - - 59.46 64.351

Bold arrows represent the greater maturity and complexity in the M2018 model.

detritus. Ascendency decreased from 40.54% to 35.65% from
1997 to 2018, and overhead increased from 59.46% to 64.26%,
suggesting that the ECS ecosystem was more robust to resist
external disturbance. In addition, the Finn’s cycling index values

approximately doubled from 1997 to 2018, and there was a slight
increase in mean path length (from 2.31 in M1997 to 2.50 in
M2018). This further implied an increase in the proportion of
material recycling. The same performance was also observed in
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FIGURE 3 | Biomass of the function groups in the East China Sea ecosystem in the M1997 (1997-2000) and M2018 (2018-2019) mass balance models and the
M2018,,0-skm (N0 seasonal fishing moratorium) and M2018ggy, (with a seasonal fishing moratorium) dynamic simulations (1997-2018).
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FIGURE 4 | Keystoneness index and overall effects of each function group from the East China Sea ecosystem in the (A) M1997 (1997-2000) and (B) M2018 (2018—
2019) mass balance models. 1, Phytoplankton; 2, Zooplankton; 3, Polychaetes; 4, Mollusks; 5, Benthic crustaceans; 6, Echinoderms; 7, Other invertebrates; 8, Crabs; 9,
Shrimps; 10, Cephalopods; 11, Planktivores; 12, Benthivores; 13, Piscivores; 14, Hairtail; 15, Bombay duck; 16, Planktivores/Benthivores; 17, Planktivores/Piscivores; 18,
Benthivores/Piscivores; 19, Omnivores; 20, Large yellow croakers; 21, Small yellow croakers; 22, Sharks; 23, Marine mammals; 24, Detritus.

the SOIL. Compared with M1997, the SOI increased from 0.13 to
0.18, whereas the connectivity index remained constant between
M1997 and M2018. In summary, a series of ecosystem indicators
showed that the maturity and stability of the ECS ecosystem in
2018 had further developed. However, the ECS is still a
developing ecosystem with a mass of unused energy.

3.3 Effect of the Seasonal

Fishing Moratorium

The optimal model for the stepwise fitting process based on time
series data was selected by the lowest Akaike information
criterion for important economic species, in which the v values
were caught (Table S6 and Figure S3). There were significant
differences in the biomasses of the kinds of function groups for
the four models. There was a higher biomass of low-TL function
groups in M2018,, spm than in M2018gry and M2018, ie.,
polychaetes, mollusks, and shrimps; conversely, the higher
biomass in the high-TL function groups was in M2018ggy, i.e.,
piscivores and benthivores/piscivores. By linearly fitting the

actual biomass in M2018 with the one in M1997 and the
predicted biomasses in M2018,,.spp and M2018spy
(Figure 6), we found that the slope for M2018spy was the
highest, followed by M2018,,, spp and M1997. The M2018sgym
and M2018,,,_spp models could explain 69.87% and 45.39% of
the biomass change, respectively. Note that the linear fit excluded
planktivores, planktivores/piscivores, and planktivores/
benthivores due to the poor prediction quality for plankton
organisms in the two Ecosim models.

Increased biomasses were observed for most function groups
during the SFM, but they sharply decreased after the SFM due to
the intense fishing intensity (Figure 7). The predicted biomass
for most function groups was higher compared to M1997,
suggesting reduced fishing pressure has a positive influence on
resource recovery. However, discrepancies in the biomasses
between function groups were found in the two simulated
scenarios. Similar patterns emerged in hairtails, benthivores/
piscivores, omnivores, and large yellow croakers (Figures 7G,
H, J, L, respectively). In M2018,, sp\, the biomass of these
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groups declined substantially from that in M1997 but increased
dramatically in M2018gpy. This suggests that the SFM facilitates
the recovery of these function groups. There were no differences
in crabs; shrimps; benthivores, piscivores, and Bombay duck;
planktivores/benthivores; and small yellow croakers in the two
Ecosim models (Figures 7A, B, D-F, I, K, respectively). The
landing of benthivores and Bombay duck was not recorded in the
CESY, so the change in fishing effort provided a limited effect on
these groups. The excessive exploitation of piscivores after the
SFM led to a similar trend in the two Ecosim models. As to crabs
and shrimps, the combined effect of fishing and trophic
interaction rapidly removed the bioaccumulation from the
SFM and brought similar results in the two scenarios.
Although the SFM facilitated the recovery of large yellow
croakers and benthivores/piscivores, the small yellow croakers

and planktivores/benthivores did not increase in the M2018sgp
model. The biomass of the cephalopods was lower in M2018sgp
than in M2018,,, sy (Figure 7C), which was mainly due to the
stronger feeding pressure from higher TL organisms.

4 DISCUSSION

4.1 Analysis of the Variations in the East
China Sea Ecosystem Structure

The widely used EwE software provides for the easy
implementation of different network indices that can describe
the developing status of an ecosystem structure. Our results
indicated a 20-year increase in the ecosystem’s maturity and
stability after a series of FMPs featuring a higher TST, a lower
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TPP/TR, longer cycles, faster organic material circulation speed,
a higher degree of omnivory in the consumers, and less energy
flowing into detritus. Although TST is not necessarily linked with
ecosystem status, i.e., degradation or recovery, increased TST
means an increase in the “size” of the entire system after a 20-
year recovery. The expectation is that there are changes in TST
consistent with changes in productivity (Coll et al., 2008b).
However, the TPP/TR value indicative of the maturity of the
ecosystem in M2018 still reached 2.76. Despite being far less than
those of two adjacent seas—the southwest Yellow Sea (Wang
et al., 2019) and the Bohai Sea (Lin et al., 2018)—as well as two
seas at a comparable latitude, the northern Oman Sea
(Tajzadehnamin et al., 2020) and northern Gulf of Mexico
(Sagarese et al., 2017), this value was far higher than the 1 that
represents a mature status (Christensen et al., 2005) (Table 2).
This value was also lower than that for the northern South China
Sea (Ma et al.,, 2020). These data suggest that the ECS ecosystem
is still immature and unstable, with much energy that still cannot
be utilized directly.

The Ecopath results showed a substantial increase in fish
biomass, especially for the planktivores in M2018. These
findings are consistent with other studies, where an increase in
low-TL fish resulted from implementing FMPs after intensive
exploitation (Pitcher, 2001; Vijverberg et al., 2012; Gebremedhin
et al., 2021). In particular, the biomass of the planktivores
increased from 11.06% of the total fish biomass in M1997 to
34.5% in M2018. This has led to an obvious variation in the species
composition and a keystone species change from planktivores/
piscivores to planktivores (Figure 4). This variation in keystone
species is consistent with findings in the Bohai Sea and the
northern South China Sea, where the dominant species were
also low-TL organisms such as cephalopods and mollusks
(Chen, 2017; Li, 2020). This might be ascribed to the policy on
the minimum mesh size. Since 2004, the minimum mesh size of
fishing nets in the China Sea has been 5 cm, but B. pterotum, the
dominant planktivore species, has only a 3.5-cm maximum body
length (Fishbase); thus, this species can benefit from this policy.
These low-TL fishes have a short growth period and high
reproductive rate that allows them to adapt to intense fishing
pressure (Reum et al.,, 2021). Jiang et al. (2009) also showed that
after a fishing moratorium, the community tends to be dominated
by fast-growing small groups, which facilitates the expansion of
fish in the community. Small fishes also play a considerable role in
bridging the low and high TLs (Lira et al., 2021).

The MTT showed the increasingly negative impacts of fishery
on the function groups in M2018 versus M1997. The negative
effect of fishing activity on large/medium-sized species such as
benthivores/piscivores (Pennahia argentatus and Nemipterus
virgatus) and piscivores (Scomberomorus niphonius) was
obvious in M1997. This negative impact had further developed
in M2018. The negative impact of harvesting on piscivores
increased due to increased fishing efforts (MTI values declined
from —5.30 to —5.81). Moreover, the negative impacts expanded
to other groups that had a positive or neutral impact in M1997,
including planktivores and small yellow croakers. At this point,
the direct harvest effect from fishing exceeds the predator
removal effect.

The MTT and keystone index of important commercial fish
showed different performances during these two decades. The
MTI results showed that the fishery still had a negative impact on
hairtails and large yellow croakers over the two periods, but there
was a slight increase in the MTI of the fishery. This is also
reflected in the keystone index, which had a more important role
in the ecosystem. The increase in biomass is responsible for this
pattern. Compared with M1997, the biomass of hairtails was
tripled and that of large yellow croakers was doubled in M2018.
Conversely, the fishing effort for these two commercial fish
decreased. Many fish larvae, especially large yellow croakers,
have been released into the ECS ecosystem to rebuild the fish
stocks (Zhang et al., 2010). However, a significant decrease in the
MTT index of small yellow croakers was observed. Fishery
landings (according to the SAU database) show that the
harvest of small yellow croakers has exceeded the fishing
maximum sustainable yield since 2007. Therefore, its keystone
index decreased versus that in M1997. In addition, Bombay duck
had significant increases in its MTI and keystone index versus
other groups, indicating that its ecological roles broadened.
Consistent with Liu et al. (2021) and Zhang et al. (2021),
Bombay duck has been the dominant species in the ECS, but
no catch data were recorded in the CFSY.

4.2 Impact of Fisheries Management
Policies on Fishery Stocks in

the East China Sea

The SFM simulations illustrated that the SFM in the ECS could
increase the short-term fish biomass during the period and play a
positive role in the long-term bioaccumulation of fish biomass.
Compared with M2018,,,.spp> the biomass for most function
groups increased in M2018ggys. Consistent with the observations
of Yan et al. (2019a), a significant increase in fish biomass was
found in 2017, when there was a longer moratorium and fewer
fishery landings (Figure 7). However, these efforts were
weakened by the intense fishing pressure after the SFM, with
the species with high exploitation rates influenced more than
others (Chagaris et al., 2020). This result has also been reported
in the Western Mediterranean Sea by Samy-Kamal et al. (2015)
and in the Visayan Sea (Philippines) by Napata et al. (2020). The
fishing effort after the SFM accounted for half of the annual
fishing effort, so the effect revealed by the SEM implementation
was not significant in the annual biomass survey (Chen et al,
1997; Lu and Zhao, 2015; Yan et al., 2019a).

The SFM led to about a 70% change in biomass, suggesting
that there were other factors that promoted the biomass increase
in the ECS in M2018. Increased primary production facilitated
the biomass of fish communities, which is revealed by a strong
linkage between the higher primary production and secondary
production of higher-TL organisms or fishery resources (Chassot
et al,, 2007; Friedland et al., 2012). Compared with M1997, the
biomass of the phytoplankton increased approximately three-
fold in M2018. Phytoplankton is a basic compartment in an
ecosystem to provide food sources for low-TL species and fish
larvae (Sun and Liang, 2016). We suspect that the increase in
primary production might be due to the high concentrations of
dissolved inorganic nitrogen and dissolved inorganic
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phosphorus and the high rate of N/P from the nearshore
(Ehrnsten et al., 2019; Yang et al., 2020). However, nutrient
load was not included in the time series data to verify this
pattern, and the predicted plankton biomass in the two
simulations was lower than the actual in M2018. In addition,
increased biomasses for planktivores and large yellow croakers
were also observed by Zhai et al. (2020). However, the change in
the fishing net mesh size and the release enhancement were not
considered in the Ecosim models, perhaps resulting in the low
planktivore and large yellow croaker biomasses in the two
dynamic simulations. The seven-fold increase in planktivores
(Figure 3) also confirmed the role of the policy on minimum
mesh size. Release enhancement is also considered a means of
restoring recruitment (Moore et al., 2007). For example, from
2001 to 2006, 2~6 million juvenile large yellow croakers were
released annually in Zhejiang Province, and tagged adults were
recaptured in a fishery survey (Lii et al., 2008). Unfortunately,
there was no integrity database to offer reliable and detailed
release data, including the release numbers and efforts (Yang
et al., 2013). Therefore, it was very difficult to evaluate the effect
of the release enhancement in the Ecosim model.

The FMPs in the ECS increased the fish biomass, but the effect
was to some extent limited to the recovery of commercial fishes
(Figure 7). In the 1990s, the total number of landings in the ECS
have become quite intense and destructive, e.g., bottom trawling is
still widely used (Han et al,, 2017), which can destroy benthic
communities (Olsgard et al, 2008; Van Denderen et al., 2015;
Hiddink et al., 2019). The biomass of the zoobenthos, especially
mollusks and polychaetes, sharply declined in M2018 (Table S1).
This, in turn, influences the transfer of material and energy from
primary producers or detritus to higher TLs. Therefore, the
government should strengthen the implementation of the FMPs
by limiting the depth of trawling and the number of catches as well
as by prolonging the duration of the rest period. This would
reduce the pressure from overfishing (Dimarchopoulou et al,
2019; Russo et al,, 2019) and protect vulnerable benthic habitats
(Clark et al., 2019). These measures were simulated in the Gulf of
Gabes (Tunisia) by Halouani et al. (2016), who found that limiting
the trawling depth and lengthening the rest period duration can
both increase the TL of the catch. In addition, lessons can be
drawn from successful programs implemented around the world
and applied to the FMP system in China. Enhancing the selectivity
of species, selecting an optimal body length for species, and
evaluating the total allowable catch via historical data would also
be beneficial to the recovery of fisheries (Coll et al., 2008a; Colloca
et al., 2013).

5 CONCLUSION

The ECS ecosystem is becoming more mature, although it is still
unstable. The high biomass of plankton stimulated an increase in
other groups, especially planktivores. FMPs such as the SFM and
minimum-mesh size also play positive roles in fish recovery.
Despite this, fishing management still requires further
development due to the decrease in high-TL groups and the
change in keystone species. The commercial fish are still in an

unrecovered state. A SFM could promote the fishery recovery,
but extending the SFM and reducing fishing pressure after it
would play a greater role in rehabilitating the depleted fisheries
resources in the ECS.

It must be said that the dynamic simulation in Ecosim in this
study only included the SFM and fishing pressure. We cannot
evaluate the impacts of the minimum-mesh size and release
enhancement due to the difficulty in obtaining precise estimates
for fishing effort. The aquatic product and fleet can only represent
the tendency of the fishing effort. Therefore, in the future long-
term monitoring of keystone species and commercial fish, data on
bycatch as well as climate and oceanographic variables are critical
to evaluating and predicting future changes in the ECS ecosystem.
Reliable and detailed fishery data are also missing, especially the
discard data for non-commercial species, which contributes at
least 8% to the entire fish yield (Cao et al., 2017). Therefore, it is
critical to developing an integrity database for better stock
assessment and fishery management.
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Sciaenid fishes are usually associated with large freshwater inputs and are the most
important economic fish on the coastal shelf off mainland China. To compare the
differences in ecological niche and resource sharing among different populations of
Sciaenidae species, we collected samples of Larimichthys polyactis, Collichthys
lucidus, Johnius belangerii, Nibea albiflora, and Miichthys miiuy from Zhoushan
Archipelago waters from 2019 to 2021 and investigated the carbon and nitrogen
isotopic values in muscle tissues, the contribution of each food resource, and trophic
niche widths and overlaps. Significant differences were observed in both isotopes in the
muscles of the five Sciaenid species. Zooplankton was a key food resource for all Sciaenid
species. In addition to zooplankton, J. belangerii, N. albiflora, and M. miiuy also fed on
benthos organisms. C. lucidus presented a wide trophic niche width and had extensive
habitat use. The trophic niche occupied by N. albiflora and M. miiuy was narrow; they
presented a high trophic level, with a high degree of trophic niche overlap. This study
showed that sciaenid fishes have overlapping trophic niches due to their common feeding
on zooplankton, and differences in body size, migration, habitat, and feeding choices led
to the reasonable sharing of resources among the five sciaenid fishes, allowing the
coexistence of these species.

Keywords: sciaenid fish, isotope analysis, trophic niche, niche overlap, food source

INTRODUCTION

Marine sciaenid fishes are cosmopolitan, and they are important for fisheries worldwide. These
fishes are usually associated with large freshwater inputs, and are mainly distributed in the Atlantic,
Indian, and Pacific oceans (Longhurst and Pauly, 1987; McConnell and Lowemcconnell, 1987). In
Asia, sciaenid fishes are mainly distributed in the northeast, including the west coast of South Korea,
the Bohai Sea, and the East China Sea. Larimichthys polyactis (Sciaenidae: Perciformes), is one of the
most commercially important fish in South Korea and China, where it has long been used as a
source of food and medicine (Choi and Kim, 2020). In China, L. polyactis and other sciaenid fishes
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are prized because of their delicious meat and high trophic value.
Thus, this is an economically important fish species on the
coastal shelf of mainland China (Chen et al., 1997).

As one of the four major marine products in China, 400,000
tonnes of L. polyactis were harvested in 2010 (Ministry of
Agriculture and Rural Affairs of the People’s Republic of
China, 2009-2018). In recent years, due to overexploitation and
overfishing of marine resources, the L. polyactis population has
severely declined (Lin, 2004). Since the 1990s, China has
implemented fishery revitalisation policies, such as fishing bans
in summer as well as the proliferation and release of commercial
fishes; despite these efforts, the yield of L. polyactis continues to
decline every year, and individual size miniaturisation is
prevalent among the populations in Zhoushan fishing farm
(Wang et al,, 2021). Furthermore, populations of a comparable
species Larimichthys crocea, have not rebounded after
overfishing, and wild L.crocea has almost disappeared (Zhao
et al., 2002).

Fishing pressure can lead to different indirect impacts,
depending on the species. One of these processes is the
competition release process (Walker and Hislop, 1998; Dulvy
et al., 2000). For example, large species become locally extinct
due to overfishing, whereas the populations of small species
increase abundantly (Jin, 2000). According to the China Fishery
Statistics Yearbook, during a 10-year survey from 2008 to 2017,
the number of Nibea albiflora caught in China’s offshore fisheries
decreased by 22.81% while that of C. lucidus increased by 21.9%
(Ministry of Agriculture and Rural Affairs of the People’s
Republic of China, 2009-2018). Moreover, overfishing causes
changes in the trophic structure of food webs and trophic niches
of species; for example, the food source of the hairtail can change,
diversity of nutrient sources can decrease, and trophic niches can
become smaller (He et al., 2021).

Niche overlap among species defines species exclusion or
coexistence when competition takes place (De Roos et al., 2008).
Thus, niche overlap can cause adjustments in habitat use and diet
(Oelze et al., 2014; Lush et al., 2017; Merkle et al., 2017) as well as
species marginalisation and disappearance (Simon and
Townsend, 2003; Beaudrot et al., 2013). In contrast, niche
diversification, in which competing species focus on different
resources or exploit the same resource with spatial or temporal
variation (i.e., spatial or temporal niche partitioning), favours
species coexistence (Tilman, 1982; Chesson, 2000).

L. polyactis, Collichthys lucidus, Johnius belangerii, N.
albiflora, and Miichthys miiuy are sciaenid fishes with similar
body sizes and ecological habits. Most are medium-sized, and
can prey on small fishes (Deng and Yang, 1997). However, these
fishes can also serve as potential prey for bigger predators.
Among these five species of Sciaenidae, C. lucidus is a
euryhaline fish that is distributed in estuaries and near islands
(Zhuang et al., 2006); the other four species winter in the open
sea, and approach the Zhoushan offshore in spring and summer
to feed and spawn (Lin et al., 2013; Wang et al., 2012a; Xu and
Chen, 2009; Zhong et al., 2010). The morphological similarity of
these fishes and interactions resulting from the presence of such
similar species in the same community can lead to competition

for limited resources (Pianka, 1981). In general, the more
ecologically similar two species are, the more likely intense
competition is. Intense interspecific competition may lead to
exclusion of one species (Wisheu, 1998). However, it is common
to find ecologically similar species living together in the same
community, indicating that different strategies allow coexistence.
Resource partitioning, such as foraging on different food items or
at diverse locations or times, minimises interspecific competition
and facilitates sympatric coexistence (Schoener, 1974).

Stable isotope analysis, which was first used in diet studies over
40 years ago (DeNiro and Epstein, 1987; Matthews and Bier, 1983),
has become a frequently used tool in ecology. Through stable
isotopes of carbon (8"°C) and nitrogen (§'°N), we can determine
food resources and trophic positions (Crawford et al., 2008). This
approach is powerful in its application to communities; for example,
for the analysis of resource partitioning and trophic niche
dimensions (Polis, 1984; Sheppard et al.,, 2018; Balciauskas et al,,
2019; Costa et al., 2020; Manlick and Pauli, 2020; De Camargo et al.,
2021). Stable isotope ratios facilitate the identification of dietary
changes (Koike et al., 2016) and the influence of habitat conditions
(Hopkins III and Kurle, 2016). Though isotopic niche is not
completely analogous to trophic niche (Hette-Tronquart, 2019),
stable isotopes can provide a quantitative indicator of trophic niches
as long as all the contributing factors are fully considered in the
interpretation of isotope values (Marshall et al., 2019).

In this study we used stable isotope analysis to determine the
status of five sciaenid fishes, L. polyactis, C. lucidus, ]. belangerii,
N. albiflora, and M. miiuy in the Zhoushan Archipelago. The
archipelago is located southeast of the mouth of the Yangtze
River and east of Hangzhou Bay. The waters which connect the
Yangtze River and the ocean are scattered with thousands of
islands, with strong habitat heterogeneity. The river’s diluting
water brings rich nutrients, and the island can block the ocean
current, forming turbulence and whirlpools. In addition, the
coastal cold current from the north and the Taiwan warm
current from the south are in confluence near the islands (Hou
et al.,, 2013). This accelerates the circulation of nutrients, thus,
the waters of the Zhoushan Archipelago have high primary
productivity, abundant bait organisms, and are feeding and
spawning grounds for many offshore fish (Yu et al,, 2010). In
this study, based on stable isotopes analysis, we investigated the
trophic niche width of five types of sciaenid fishes in the
Zhoushan Archipelago waters, the differences in resource
sharing, and interspecific competition to determine the status
of those species in the area. Our results provide some basic
parameters for the study of the structure, function, and stability
of the Zhoushan fishing ground fish community.

MATERIALS AND METHODS

Research Area

The study was conducted in the east of Hangzhou Bay, southeast
of the Yangtze River Estuary, and northeast of Zhejiang Province
(29°00* - 31° 00’ N and 121° 30’ - 124° 00’ E; Figure 1). Due to
the convergence of Taiwan warm and coastal cold currents,
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FIGURE 1 | Area of Zhoushan Archipelago where sciaenid fish species were collected between 2019 and 2021 for assessment of §'C and §'°N values.

Zhoushan Archipelago waters is rich in prey, and it provides a
suitable environment for local aquatic animals.

Sampling

Samples of sciaenid species and their potential prey species were
collected from a trawl survey of fishery resources in Zhoushan
Archipelago during spring and autumn of 2019-2021. A total of
199 sciaenid fish, including 59 L. polyactis, 51 C. lucidus, 40 J.
belangerii, 31 N. albiflora, and 18 M. miiuy, were collected. A
total of 89 prey samples of 13 species were collected. Referring to
the results of the stomach content analysis (Wang et al., 2012b;
Lin et al, 2013; Wang, 2015; Wang et al,, 2020; Zhang et al,,
2020), we classified the potential prey of five sciaenid fishes into
three main ecological groups: nekton, zoobenthos and
zooplankton. Nekton include small fishes such as
Amblychaeturichthys hexanema and Benthosema pterotums;
zoobenthos mainly include small shrimps and crabs such as
Palaemon gravieri and Charybdis bimaculata; zooplankton
include copepods and krill. All of these prey organisms are
widely distributed in Zhoushan Archipelago waters and are
easily ingested by other predators. Nekton and zoobenthos
were collected by trawl surveys, and the zooplankton such as
copepods and krill were collected using a shallow water I-type
plankton net (505 um). The collected samples were refrigerated
on a fishing boat and transported to the laboratory via cold chain
logistics after the fishing boat landed. The samples were then
thawed in the laboratory, and biological parameters such as body
length (mm), total length (mm), body weight (g), pure weight
(g), and stomach fullness were measured (General
Administration of Quality Supervision, Inspection and
Quarantine of the People’s Republic of China, Standardization
Administration, 2008).

We collected muscles of fishes, abdominal muscles of
shrimps, and the whole body of small planktonic crustaceans,
such as copepods. To prevent the C isotopes in crustacean shells
from affecting experimental results, small planktonic crustaceans

were acidified with 1 mol-L™" HCI until no bubbles were
generated. The muscle samples were wrapped in tin foil, dried
in an Alpha 1-2LDPLUS freeze dryer (Beijing BMH Instruments
Co. Ltd., Shanghai, China) for 24 h, and fully ground into
powder. The powder was placed in a 2 mL centrifuge tube and
stored under dry conditions until further analysis.

Stable Isotope Analysis

All samples were analysed for stable carbon and nitrogen isotope
ratios using an EA-HT Elemental Analyser (Thermo Fisher
Scientific, Inc., Bremen, Germany) and DELTA V Advantage
Isotope Ratio Mass Spectrometer (Thermo Fisher Scientific). The
samples were combusted in an elemental analyser to generate
CO, and N,. The mass spectrometer detected the ratio of 3C to
'>C of CO, and compared it with an international standard (Pee
Dee Belemnite or PDB) to calculate the §°C value of each
sample. The ratio of N to '*N was compared with the
international standard (atmospheric N,) to calculate the 8N
value of a sample.

Calculation method of isotope abundance:

8X = [(Ry/Ry) — 1] x 1000,

where X is >C or '°N and R, and R, are "*C/"*C or >N/"*N of the
unknown and standard samples, respectively. To ensure the
precision and accuracy of the test results, 3 international
standard samples were put in after every ten samples to calibrate
the carbon and nitrogen stable isotopes. 10 replicate tests were
performed on the same sample, the accuracy of §"°C and §"°N
values was less than +0.1%o and less than +0.2%o, respectively.

Data Processing

One-way analysis of variance (ANOVA) was used to test
significant differences in the stable carbon and nitrogen isotope
values among the five sciaenid fishes (o0 = 0.05). First, the data
were tested for normality and homogeneity of variance. If any of
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the above requirements were not met, a non-parametric test
(Kruskal-Wallis H test) was performed. Pearson correlation
analysis was used to test the correlation between §°C and
8N values of individuals of the five sciaenid fishes and their
body length. Statistical analysis was performed using SPSS
version 10.0 (SPSS Inc., Chicago, IL, USA).

Trophic level was calculated according to the following
formula (Jake Vander Zanden and Fetzer, 2007):

TL =[(6"N,-68"N,)/TEF + 4],

where TL represents the trophic level estimated using stable
isotope; 8'°N_ is the §"°N ratio of consumers, and §'°Ny, is the
8N ratio of the baseline organism. The baseline organism
selected in this study was Calanus sinicus, which is present
year-round in the Zhoushan Archipelago waters and has a
monotonous diet (§'°N value is 5.65%o) (Yang, 1997; Xu et al,,
2005); TEF is the nitrogen enrichment at a trophic level; we used
TEF = 3.4%o based on Minagawa and Wada (Minagawa and
Wada, 1984); and A represents the trophic level of the selected
baseline organism, which is 2.

To assess the contribution of different food sources to the
isotopic signature of each target fish, separate Bayesian stable
isotope mixing models (Moore and Semmens, 2008) with a
specified number of putative sources were run for the sections
of sea area using the R software package SIAR (R CoreTeam,
2015; Stock and Semmens, 2016). SIAR model fitting was via
Markov chain Monte Carlo (MCMC) to estimate parameters
from observed data and user-specified prior distributions
(Parnell et al., 2010). We ran the model for 200,000 iterations,
and checked whether the estimated 95% credibility intervals for
each proportion contained the original generated proportions
(Parnell et al., 2010).

To quantify differences in isotopic niche use among the five
species, the probability of a group appearing within the niche
region (space) of another group was estimated by using the R
package nicheROVER with 95% credible intervals based on
10,000 iterations (Swanson et al., 2015).

To describe the trophic niche ellipses and estimate the trophic
niche widths and overlaps of different species, we calculated the
standard ellipse area (Yeakel et al.) and corrected for small
sample size (SEAc) with the Stable Isotope Bayesian Ellipses
(SIBER) package in R (Jackson et al., 2011). The SEAc was set to
contain 40% of isotopic observations of each group. The overlap
between SEAc was used to quantify the overlapping area of stable
isotope niches between fish species (Jackson et al., 2011).

An overlap ratio greater than 1 indicates high overlap, and
below 0.30 indicates low overlap (Yeakel et al., 2015).

RESULTS

Stable Isotopes in Sciaenidae

The highest average value of both §"°C and §'°N were found in
M. miiuy, and the lowest average value of both §"°C and §'"°N
were found in C. lucidus. N. albiflora had a broader range of §'°C
and 8'°N than other fishes, while M. miiuy had the narrowest
range of 8'°C and 8'°N compared with other fishes (Table 1).
Stable isotopes of the five sciaenid species communities were
significantly different (Kruskal-Wallis H, P = 0.000 < 0.050),
which may be due to differences in low trophic-level species (L.
polyactis and C. lucidus) and high trophic-level species (J.
belangerii, N. albiflora, and M. miiuy) (Table 2).

Stable Isotopes in Other Groups

One-way ANOVA showed that there were significant differences
in the stable isotopes of the three prey groups (P < 0.01). Among
them, zoobenthos had the highest 8'°C value, nekton had the
highest 8'°N value, and zooplankton had the lowest 8'°C and
8'°N values (Table 3).

Stable Isotopes vs. Length

Pearson correlation analysis showed a significant positive
correlation between the body length and §“C values of N.
albiflora (R? = 0.500, P < 0.01), and a positive correlation
between the body length and §'°N values of J. belangerii (R* =
0.436, P < 0.01). No significant correlations were observed
between the body length and §°C and &N values of the
other three fishes (Figure 2).

SIAR Model

The SIAR model showed that the five sciaenid fishes relied on
zooplankton and zoobenthos as their food source, with fishes as
the least preferred option. L. polyactis and C. lucidus were at a
lower trophic level, zooplankton contributed more than 80% as
their food source, and C. lucidus relied more on zooplankton
than L. polyactis. In addition to zooplankton, J. belangerii, N.
albiflora and M. miiuy also fed on zoobenthos. Among these
three species, M. miiuy fed the most on zoobenthos, followed by
J. belangerii, and N. albiflora the least (Figure 3).

TABLE 1 | §'°C and §'°N values observed for five sciaenid fish species in Zhoushan Archipelago waters collected between 2019 and 2021.

species Samples (n) Body length (mm) 813C (%o0) 615N (%o)

Mean + SD Range Mean = SD Range Mean = SD
Larimichthys polyactis 59 143.47 + 22.13 -19.49~-15.58 -17.86 + 0.82 9.03~12.02 10.57 + 0.53
Collichthys lucidus 51 108.76 + 16.55 -22.85~-16.20 -18.34 + 1.56 7.22~12.28 9.46 + 1.21
Johnius belangerii 40 99.38 + 31.99 -19.10~-15.30 -16.80 + 0.82 8.47~12.95 11.37 £ 0.89
Nibea albiflora 31 252.29 + 45.66 -22.71~-15.00 -17.18 £ 1.62 8.01~14.09 11.51 £ 0.95
Miichthys miiuy 18 241.83 + 43.71 -18.30~-15.19 -16.30 £ 0.92 10.54~12.57 11.67 £ 0.53
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TABLE 2 | Comparison of §'°C and 6'°N values of five sciaenid fish species
collected from the Zhoushan Archipelago between 2019 and 2021 based on the
Kruskal-Wallis H test.

Nibea

Larimichthys Collichthys  Johnius

polyactis lucidus belangerii albiflora

§'3C  Collichthys lucidus 1

Johnius belangerii 0.000** 0.000**

Nibea albiflora 0.005** 0.001* 1

Miichthys miiuy 0.000** 0.000** 1 0.376
8'°N  Collichthys lucidus 0.024*

Johnius belangerii 0.000** 0.000*

Nibea albiflora 0.000* 0.000** 1

Miichthys miiuy 0.000** 0.000** 1 1

*P < 0.05; P < 0.01.

Trophic Niches

For each species of fish and every pair of isotopes, 10 random
elliptical projections of the trophic niche regions were created
(Figure 4). Smoothed histograms (density plots) and scatterplots
indicate no violation of the assumption of normality. Ratios of
8"°C and 8"°N varied more widely in C. lucidus and N. albiflora
than in the other three species, which would obviously contribute
to a larger overall (Figure 4).

The posterior distributions of the overlap metric were also
assessed (Figure 5). The nicheROVER analysis revealed the
probability of sciaenid individuals to be found in the same
niche region of different sciaenid species. The isotope niche of
L. polyactis showed a high probability to be found in the niche
regions of C. lucidus, ]. belangerii and N. albiflora. The isotope

niche of C. lucidus was low in the niche regions of the other four
species. The isotope niche of J. belangerii was high in the niche
regions of the other four species and showed an extremely high
probability to be found in the niche regions of N. albiflora. the
isotope niche of M. miiuy was low in the niche regions of L.
polyactis and C. lucidus, but high in J. belangerii and N. albiflora.

The isotopic niche width of five sciaenid indicated that C.
lucidus had the largest isotopic niche area, followed by N.
albiflora, ]. belangerii, M. miiuy, and L. polyactis had the
smallest isotopic niche area (Figure 6). Though J. belangerii
showed some isotope niche overlap with N. albiflora and M.
miiuy, overall, we found little isotope niche overlap between the
five sciaenid fishes.

DISCUSSION

In this study, the analysis of stable C and N isotopes provided
insights into the trophic ecology of five co-occurring and highly
abundant sciaenid species in the Zhoushan Archipelago waters.
Our results suggest that the coexistence of five sciaenid species in
the Zhoushan Archipelago waters may be enabled by spatial and
food diversification, as indicated by the diversification of isotopic
niches between the sciaenid species.

Generally, during the growth of organisms, carbon and
nitrogen stable isotopes are continuously enriched in the body.
According to the “optimal feeding theory”, as individuals grow,
the food organisms ingested by consumers gradually become
larger (Xue et al., 2004). A large number of studies have shown

TABLE 3 | §'3C and §'°N values of the major prey groups of five sciaenid fish species collected from the Zhoushan Archipelago between 2019 and 2021.

Category Samples (n) 813C (%o) 815N (%o)
Range Mean + SD Range Mean = SD
Nekton 25 -19.90~-15.93 -17.81 £ 1.51 8.62~14.01 10.99 + 1.32
Zoobenthos a7 -20.01~-13.32 -16.91 £ 1.48 6.79~11.92 9.90 + 1.18
Zooplankton 10 -20.14~-19.16 -19.61 + 0.41 5.51~9.33 7.80 +1.33
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FIGURE 2 | Correlation of body length with §'C and §'°N values of five sciaenid fish species collected form the Zhoushan Archipelago between 2019 and 2021.
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FIGURE 3 | Contributions of different food sources to five sciaenid fishes collected from the Zhoushan Archipelago between 2019 and 2021. Group 1 is Larimichthys
polyactis; Group 2 is Collichthys lucidus; Group 3 is Johnius belangerii; Group 4 is Nibea albifiora; Group 5 is Miichthys miiuy.

3"°N

576
16 14 12

-18

T
-20

T
22

0’ * onn n||mm£ ﬂﬁ‘ - ;ll':'lrl
I T T I I T T
12 14 22 20 18 -16 -14 -12
Isotope Ratio (%)

FIGURE 4 | Ten random elliptical projections of the trophic niche region (NR) for each species of sciaenid fish collected from the Zhoushan Archipelago between
2019 and 2020, as well as a pair of isotopes (elliptical plots). Also displayed are one-dimensional density plots (lines) and two-dimensional scatterplots.
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