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Single-species fisheries management (SSFM) is applied to many fisheries ecosystems
around the world. The associated ecological impacts are usually not well understood
due to the lack of considering trophic interactions among species in the ecosystem. This
impedes the implementation of SSFM in an ecosystem context and reduces our ability
to understand the possible ecological impacts of fishing activities. This study focuses
on two economically important species in the Jiaozhou Bay, China: the short-lived, fast-
growing, and relatively abundant Japanese mantis shrimp (Oratosquilla oratoria) and the
long-lived, slow-growing, and less abundant Korean rockfish (Sebastes schlegelii). We
evaluated how varying trophic interactions influenced O. oratoria and S. schlegelii (i.e.,
target-species) who were managed under constant fishing pressure. The increase of
fishing pressure to other species (i.e., non-target species) was beneficial to O. oratoria
and S. schlegelii. O. oratoria was more sensitive to the decrease of fishing pressure to
other species. The predation mortality of age-0 O. oratoria increased with the increased
fishing pressure to other species. The predation mortality of age-1 O. oratoria and age-
0 S. schlegelii had negative relationships with the fishing pressure to other species.
Age-1 S. schlegelii seemed not to be sensitive to the changes in trophic interactions.
The predation mortality of O. oratoria and S. schlegelii had bigger changes than the
starvation mortality after fishing changed. It suggested the prey-predator relationship
had a bigger impact than the food competition. The increase of high-trophic-level
fish Johnius belangerii fishery positively impacted O. oratoria, but negatively impacted
S. schlegelii. S. schlegelii was more sensitive to the changes of the low-trophic-level fish
Pholis fangi fishery. Given the complex dynamics of ecosystems, this study highlights
the importance of species-specific responses of fishes to shifting trophic interactions in
fisheries management.

Keywords: OSMOSE, single-species fisheries management, prey-predator process, food competition, Jiaozhou
Bay
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INTRODUCTION

Ecosystem-based fisheries management (EBFM) is considered
essential for achieving commercial growth and conserving
fragile ecosystems in a changing marine environment (Trochta
et al., 2018). Theories regarding holistic fishing patterns are
increasingly put forward on managing marine ecosystems at
an ecosystem level. For example, “balanced harvesting” calls
for proportionally fishing all ecological components according
to their productivity (Zhou et al., 2010; Garcia et al., 2012),
while “protection of forage fish” aims at preserving the stability
of food webs (Essington and Munch, 2014; Hilborn et al.,
2017). With the increasing computational power over recent
decades, various ecosystem models have been developed to
help us understand ecosystem dynamics beneficial to optimizing
decision-making processes (Travers et al., 2007). Ecosystem
models are increasingly recognized as a helpful tool to facilitate
the implementation of EBFM.

Although the benefits of EBFM have been demonstrated in
research, few marine ecosystem currently employ any ecosystem-
level management schemes. The applications of ecosystem
models are often restricted by inadequate data, especially in
developing countries (Costello et al., 2012; Hamel and Bryant,
2017). The high expense cost and requirement of complex
trade-offs impede tactical applications of EBFM (Hilborn, 2011).
Globally, single-species approaches are by far the most common
tool used to inform fisheries management. Most traditional
single-species approaches fail to account for trophic interactions
(Skern-Mauritzen et al., 2016). It may increase the bias
associated with model-based decision-making. Implementing
single-species fisheries management (SSFM) with integrated
trophic interactions is increasingly encouraged as an important
step toward EBFM (Zhang et al., 2016).

While the total capture fishery production remains stable
in China, many species of high commercial value have been
replaced by species from lower trophic levels (Szuwalski et al.,
2017). Such “fishing down the food webs” phenomena indicate
the unsustainable exploitation (Pauly et al., 1998). Fisheries
management agencies in China have installed a series of
management measures to mitigate the impact of overfishing (Su
et al., 2020). However, fishermen may change harvest strategies
to catch non-target species as a way to offset the loss of landings
from their primary managed stocks. Current regulations, such as
marine protected areas (MPAs), a summer fishing moratorium,
and “double control” system, are less efficient in restricting
species-specific catches (Shen and Heino, 2014). Shifts in fishing
effort can influence interspecies interactions (KC et al., 2017).
We hypothesized that SSFM can be more efficient if trophic
interactions were incorporated.

Jiaozhou Bay is a temperate bay located in the southeast
Shandong Peninsula, China. The ecosystem structure of Jiaozhou
Bay has altered over the last two decades due to human activities
such as fishing, shoreline modifications, and water pollution.
There is a decreasing trend of top predator biomass in recent
years (Ma et al., 2018b). Controlling marine fishing vessels and
their total engine power has been implemented to relieve fishing
pressure on fisheries resources since 1987 in Chinese coastal

waters (Huang and He, 2019). We focus on the management
strategy that controls fishing effort on target species. Based on
a developed end-to-end model OSMOSE-JZB (Object-oriented
Simulator of Marine ecOSystEms; OSMOSE) (Xing et al.,
2017), we evaluated the impacts of trophic interactions on the
effectiveness of managing two commercial species (Oratosquilla
oratoria and Sebastes schlegelii) characterized by different growth
traits in the Jiaozhou Bay, China. Our analysis can improve our
understanding of how varying trophic interaction influences the
effectiveness of managing target species.

MATERIALS AND METHODS

The Operational Model: OSMOSE-JZB
OSMOSE-JZB is a multispecies individual-based model
developed to advise fisheries management in Jiaozhou Bay,
China (Figure 1). The model simulates regional food webs from
plankton to top predators, containing five low trophic level (LTL)
groups and fourteen high trophic level (HTL) groups (Table 1).
The two main trophic functional groups are modeled by the
Finite Volume Coastal Ocean Model-North Pacific Ecosystem
Model Used for Regional Oceanography (FVCOM-NEMURO;
Chen et al., 2003; Aita et al., 2007) and OSMOSE model (Shin
and Cury, 2001), respectively. In the FVCOM-NEMURO
model, the hydrological characteristics are simulated by the
FVCOM model. Coupling to the FVCOM model, the NEMURO
model simulates the major chemical processes and dynamics of
planktons in the Jiaozhou Bay. The OSMOSE model couples
to the biogeochemical model based on a one-way coupling
approach. The LTL groups are only available to HTL groups
in predation processes. Detailed description of the FVCOM-
NEMURO model can be found in Xing et al. (2017). Here, we
briefly introduced the major processes and parameterization of
the OSMOSE model and focused on variations of HTL groups.

The OSMOSE model simulates dynamics of trophic
interactions and full life cycle of HTL groups on a two-
dimensional gridded map of Jiaozhou Bay which is divided into
1,435 cells (0.01◦ × 0.01◦). The fish school (super-individual)
is the basic modeling unit for carrying out biological processes.
There are six processes occurring at each time step (half month),
including foraging movement, predation processes, somatic
growth, various mortalities, species-specific reproduction,
and species migration. Foraging movement is mimicked by
a random-walk that fish schools can move into the adjacent
grid or stay in the current grid. The range of random-walk for
each HTL group is set based on their swimming ability. As the
water area of Jiaozhou Bay is small, fish schools are assumed
to distribute over all the modeled water area. The predation
process occurs on the condition that (1) the size of prey is within
a suitable predator-prey size ratio and (2) prey and predator
are in the same cell at a given time step. The individual growth
is related to the prey biomass they obtain in the predation
processes. If the ingested food is not enough to maintain the
metabolic rate, individuals will stop growing or starve. The
somatic growth is described by the von Bertalanffy growth model
and weight-length relationship.
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FIGURE 1 | Study area and SSFM in Jiaozhou Bay, China.

Except for mortalities derived from predation (Mpredation)
and starvation (Mstarvation), there are three mortality sources
considered in the OSMOSE-JZB model, including fishing
mortality (Mfishing), additional natural mortality (Mnatural), and
larval mortality (Mlarval). Fishing mortality is used to describe
fishing impacts. The fishing mortality rate of each HTL group
is assumed to be “knife-edge” that only individuals larger than
minimum catch size can be harvested during the fishing season.
Fishing mortality rates of all species evenly allocated during the
fishing season (Xing et al., 2017). Additional natural mortality
represents mortality sources which are not explicitly presented
in the model. Larval mortality describes high mortality of non-
fertilization and export of eggs and first feeding larvae. All
mortalities are calculated based on the stochastic algorithm to
ensure that mortality estimates are not biased. The HTL groups
are categorized into resident species whose entire life cycle within
the Jiaozhou Bay and migratory species that migrate into/out
of simulated area at a given time step. The species-specific
migration is characterized by age class, biomass, and migratory
timing. The number of eggs spawned by individuals during
the spawning season depends on matured female biomass and
relative fecundity (Shin and Cury, 2004).

The OSMOSE-JZB was built based on the stratified random
bottom trawl surveys conducted during February, May, August,
and November of 2011 in Jiaozhou Bay. The maximum ingestion
rate (r), which defines the superior limit of food intake, is
set to 3.5 g of food per gram of body weight per year (Shin
and Cury, 2001). The critical predation efficiency (ξ crit), which
determines whether obtained food can support the growth of
individuals, is set to 0.57. The minimum catch size of each
HTL group is set at 5 cm in the model. The 3-month seasonal
closure is considered in the model. The fishing mortality rate
of each HTL group is set to zero when individuals migrate out
of the simulated area or during the seasonal closure, and is
averaged over other time periods. Some of the parameters for

modeling processes are summarized in Supplementary Tables 1–
3. Further details on the model parameterization and calibration
are described in Xing et al. (2017).

Simulation Design
We simulated the SSFM that regulates fishing effort to managed
species (i.e., target species). The HTL groups were further divided
into two categories: (1) target species that were managed under
stationary fishing mortality and (2) non-target species that were
managed under different harvest strategies. Two economically
important species in Jiaozhou Bay, China (the short-lived, fast-
growing, and relatively abundant O. oratoria and the long-lived,
slow-growing, and less abundant S. schlegeli) were selected as
target species. A range of fishing mortality rates for each non-
target species simulated the efficacy of managing target species
when the fishing pressure to non-target species changed. The
fishing mortality rate of target species was kept the same as
the default OSMOSE-JZB configuration (i.e., the reference state).
Harvest strategies implemented for the non-target species were
imitated by changing their annual fishing mortality rates.

We considered five scenarios (i.e., S1 to S5) to simulate how
changes in non-target species fisheries influence the efficacy
of managing O. oratoria and S. schlegelii as target species,
respectively (Figure 2):

(1) The scenario S1 described the response of O. oratoria (i.e.,
target species) to changes of fishing other species (i.e.,
non-target species). O. oratoria was managed under the
stationary fishing mortality. The fishing mortality (F) of
each non-target species changed by the same F-multiplier.
Their fishing mortality rates were set from 0.7 to 1.3 times
the initial value of the reference state with an incremental
step of 0.05. The initial values of fishing mortality rate
(Initial Fannual) were shown in Table 1;
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TABLE 1 | High trophic level (HTL) and low trophic level (LTL) groups modeled in
the initial OSMOSE-JZB built by Xing et al. (2017).

Functional
group

Category Symbol Species (common
name)

Initial Fannual

(year−1)

High trophic
level (HTL)
groups

Mantis shrimp SP0 Oratosquilla oratoria
(Japanese mantis

shrimp)

0.420

Small shrimp SP1 Palaemon gravieri
(Chinese ditch

prawn);
Parapenaeopsis

tenella (Smoothshell
shrimp); Alpheus

japonicus (Japanese
snapping shrimp)

0.365

Small crab SP2* Charybdis bimaculata
(Two-spot swimming

crab)

0.313

Large crab SP3* Charybdis japonica
(Japanese swimming

crab)

0.246

Loligo SP4* Loligo sp. (Squid) 0.419

Octopus SP5* Octopus sp.
(Octopus)

0.350

Large fish SP6 Sebastes schlegelii
(Korean rockfish)

0.482

Small fish SP7* Pholis fangi (Gunnel) 0.426

Small fish SP8 Amblychaeturichthys
hexanema (Pinkgray

gody)

0.229

Small fish SP9* Thryssa kammalensis
(Kammal thryssa)

0.467

Large fish SP10* Liparis tanakae
(Tanaka’s snailfish)

0.488

Large fish SP11 Johnius belangerii
(Belanger’s croaker)

0.411

Medium-sized
shrimp

SP12* Trachypenaeus
curvirostris (Southern

rough shrimp)

0.426

Medium-sized
fish

SP13 Cynoglossus joyneri
(Red tonguesole)

0.365

Low trophic
level (LTL)
groups

Phytoplankton PS Small phytoplankton

PL Large phytoplankton

Zooplankton ZS Small zooplankton

ZL Large zooplankton

ZP Predatory
zooplankton

Migratory species, which migrate into/out of Jiaozhou Bay at a given time step,
were marked with *.

(2) The scenario S2 described the response of S. schlegelii (i.e.,
target species) to changes of fishing other species (i.e., non-
target species). The fishing mortality of S. schlegelii was
unchanged. Similar to S1, the fishing mortality (F) of each
non-target species was set from 0.7 to 1.3 times the initial
value of the reference state with an incremental step of 0.05;

(3) In reality, the changes of fishing mortality are difficult
to characterize after fishing effort changes. The scenario

S3 investigated the consequences of uncertainty in non-
target species fishing mortality. O. oratoria was managed as
the target species under stationary fishing mortality. There
were four sub-scenarios: fishing mortality rate of each non-
target species was set randomly between 1 and 1.15 times
the initial value (S3a), fishing mortality rate of each non-
target species was set randomly between 0.85 and 1 times
the initial value (S3b), fishing mortality rate of each non-
target species was set randomly between 1.15 and 1.3 times
the initial value (S3c), and fishing mortality rate of each
non-target species was set randomly between 0.7 and 0.85
times the initial value (S3d);

(4) The fishing mortality of S. schlegelii was unchanged in
the scenario S4. Similar to S3, the fishing mortality rates
of other species changed at four levels: setting randomly
between 1 and 1.15 times the initial value (S4a), setting
randomly between 0.85 and 1 times the initial value (S4b),
setting randomly between 1.15 and 1.3 times the initial
value (S4c), and setting randomly between 0.7 and 0.85
times the initial value (S4d);

(5) The scenario S5 investigated the responses of O. oratoria
and S. schlegelii to only changing fishing pressure to one
of the other 12 HTL groups (i.e., “selected” species). There
were 12 sub-scenarios that the mortality rate of each HTL
group except for O. oratoria and S. schlegelii was set from
0.7 to 1.3 times the initial value with a step equal to 0.05,
respectively.

To stabilize the model, all simulations had an 80 years burn-in
period under the same configuration of the initial OSMOSE-
JZB model built in Xing et al. (2017). The following 40 years of
each configuration were used for analysis. Every simulated sub-
scenario in S1, S2, and S5 was repeated 100 times to account
for model stochasticity. The scenario outputs were averaged
over the simulation runs. In the scenarios S3 and S4, a Monte
Carlo simulation approach was employed to randomly generate
fishing mortality rates for each non-target species from uniform
distributions with the given bounds. There were a total of
1000 simulations in each sub-scenario in S3 and S4. The initial
OSMOSE-JZB model built by Xing et al. (2017) ran 120 years with
100 simulation runs. The reference state was represented by the
predicted data of the initial OSMOSE-JZB model averaged over
the last 40 years and 100 repetitions.

Measurement of Fisheries Status
For S1 and S2, the predicted species biomass was used to indicate
annual variations of the fish population. In terms of predator
pressure and food competition, the predation and starvation
mortality of two age groups, which were below 1 year old (age-0)
and between 1 and 2 years old (age-1), were used to explore how
altered trophic interactions influenced different fish individuals.
Interannual probability frequency distribution of species biomass
was used for displaying results in scenarios S3 and S4.

In S5, we conducted the linear regression analysis. The linear
regression model was calculated as:

Bio = a ∗Multiplier+ b
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FIGURE 2 | Flow chart of the processes in scenarios S1 to S5.

where the response variable Bio denoted O. oratoria biomass
or S. schlegelii biomass; the explanatory variable Multiplier
corresponded the multipliers for the “selected” species fishing
mortality rate; a and b were the slope and intercept in every linear
regression model.

The slopes showed the increasing rate for the impact of fishing
the “selected” species on O. oratoria and S. schlegelii (Halouani
et al., 2019). The indicators used in S1 to S5 were summarized in
Table 2.

RESULTS

Changes at Population Level
O. oratoria and S. schlegelii had different responses to the changes
in fishing pressure on other species (Figure 3). For scenario S1,
the O. oratoria biomass had a downward trend when other species
fishing mortality declined especially for fishing mortality rates
below eighty percent of initial values. Alternatively, there were
small variations in O. oratoria biomass when the fishing pressure
to other species increased. In contrast to the performance of
O. oratoria shown in the scenario S1, S. schlegelii had a marked
upward trend along with imposing heavy fishing pressure to non-
target species, and slightly declined under low fishing pressure
to other species.

Changes at Individual Level
The predation mortality of O. oratoria had bigger changes than
S. schlegelii (Figure 4). When the fishing pressure to other
species increased, age-0 O. oratoria predation mortality increased
(Figure 4A) while age-1 O. oratoria predation mortality declined

(Figure 4C). By contrast, age-0 S. schlegelii predation mortality
had a decrease trend with the increased fishing pressure to other
species (Figure 4B). The age-1 S. schlegelii predation mortality
seemed not to change under different fishing pressure levels
(Figure 4D). It suggested S. schlegelii had a strong resistibility
to changes in trophic interactions. There were smaller changes
in the starvation mortality compared to the predation mortality
(Figure 5). Both two age groups of O. oratoria experienced a
lower starvation mortality after the fishing pressure to other
species increased. The starvation mortality of age-1 O. oratoria
had a bigger change than age-0 O. oratoria (Figures 5A,C).
The changes in trophic interactions seemed not to influence the
S. schlegelii starvation mortality (Figures 5B,D).

Uncertainty Analysis
Similar to S1 and S2 (Figure 4), the biomass of O. oratoria and
S. schlegelii had positive relationships with the fishing pressure
on other species (Figure 6). The biomass of O. oratoria and
S. schlegelii had small variations when the fishing pressure to
other species changed between 0.85 and 1.15 times the initial
fishing mortality. The fluctuations of O. oratoria and S. schlegelii
biomass were large when there were big changes in the fishing
pressure on other species. The O. oratoria biomass markedly
declined when the fishing pressure on other species changed
between 0.7 and 0.85 times the initial fishing mortality.

Linear Regression Analysis
There were overall positive relationships between O. oratoria
biomass and “selected” species fishing mortality rates except for
the Charybdis bimaculata (SP2) and Octopus sp. (SP5). Small
shrimp (SP1), Pholis fangi (SP7), Thryssa kammalensis (SP9), and
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TABLE 2 | Definitions of indicators in scenarios S1 to S5.

Scenario Indicator
(symbol)

Description Source

S1 and S2 Species
biomass (Bio)

Species biomass were averaged
over the 100 simulation runs.

Model
outputs

Predation
mortality
(Mpredation)

The predation mortality rates were
averaged over 100 simulation runs
and last 40 years.

Starvation
mortality
(Mstarvation)

The starvation mortality rates were
averaged over 100 simulation runs
and last 40 years.

Relative
mortality
(Relative M)

relativeM = Ms −Mref

where Ms and Mref denote the
mortality rates predicted in the
scenario s and reference state,
respectively.

S3 and S4 Species
biomass (Bio)

Species biomass were predicted in
each simulation run.

Model
outputs

S5 Slope (a) The linear regression model was
calculated as below:

Linear
regression
analysis

P-value (P)

Bio = a ∗Multiplier + b

where Bio is O. oratoria biomass or
S. schlegelii biomass in each
scenario; Multiplier is
corresponding multipliers for fishing
mortality rate in each sub-scenario;
a and b represent slope and
intercept in the linear regression
model, respectively.

Johnius belangerii (SP11) had significant linear relationships with
O. oratoria (P-value < 0.05). The slope of O. oratoria was higher
when the J. belangerii fishing mortality rates changed compared
to other species. The increase of fishing pressure to J. belangerii
was more beneficial to O. oratoria (Figure 7A). The S. schlegelii
biomass had an upward trend with increasing the fishing pressure
to small shrimp, Octopus sp., P. fangi, Amblychaeturichthys
hexanema (SP8), T. kammalensis, and Cynoglossus joyneri (SP13).
There were significant linear relationships between S. schlegelii
biomass and P. fangi fishing mortality (P-value< 0.05). The slope
of S. schlegelii was highest when the P. fangi fishing mortality rates
changed. In contrast to O. oratoria, the decline of fishing pressure
to J. belangerii was beneficial to S. schlegelii (Figure 7B).

DISCUSSION

Trophic interactions play an important role in influencing the
fish population (Fu et al., 2020; Xing et al., 2020a). The impacts
of fishing other species on the low-trophic-level mantis shrimp
O. oratoria were complex. On the one hand, the proportion
of large fishes in fish community would increase with the
reduced fishing effort (Xing et al., 2021). The increase of large
fish biomass was beneficial to age-0 O. oratoria via influencing
small fishes who fed on age-0 O. oratoria (Figure 4A). On

the other hand, the increased biomass of predators resulted
in the decline of age-1 O. oratoria biomass (Figure 4C). As
the top predator in the Jiaozhou Bay (Han et al., 2017), age-
1 S. schlegelii had a strong resistibility to changes of trophic
interactions (Figure 4D). The changes of other species fisheries
were more likely to influence age-0 S. schlegelii (Figure 4B). The
food condition influences the growth of fish population especially
for low-trophic-level species (Fu et al., 2020). There was a
positive relationship between O. oratoria biomass and starvation
mortality. The starvation mortality of S. schlegelii seemed not to
change when the S. schlegelii biomass increased (Figure 5). It
was mainly attributed to (1) S. schlegelii population was much
smaller than O. oratoria population and (2) S. schlegelii fed on
more species in the Jiaozhou Bay (Ma et al., 2018a). The changes
in predation mortality of O. oratoria and S. schlegelii were bigger
than starvation mortality. It implied the impacts of prey-predator
processes on O. oratoria and S. schlegelii were bigger than the
food competition.

Han et al. (2017) reported the negative relationship between
demersal fishes (e.g., J. belangerii) and O. oratoria. The linear
regression analysis showed the increase of J. belangerii fishing
mortality had a bigger positive impact on O. oratoria compared
to other species fisheries (Figure 7A). Small fishes can influence
large juvenile fish via trophic interactions (Vergnon et al., 2008).
S. schlegelii was more sensitive to the change of P. fangi fishery
(Figure 7B). The modeled spawning season of S. schlegelii was
set from May to June based on the study of Lin (2013). The
P. fangi biomass markedly increased since March and peaked
in June (Xing et al., 2017). A large number of P. fangi in May
and June certainly had a negative impact on the recruitment of
S. schlegelii stock. There was an overlap of trophic niches between
S. schlegelii and J. belangerii (Ma et al., 2015). Interestingly,
S. schlegelii gained benefits from the decline of fishing pressure to
J. belangerii. The low-trophic-level species have been dominant
in the Jiaozhou Bay as a long-term overfishing. The food
competition between S. schlegelii and J. belangerii was low as
abundant prey biomass and their small population size (Xing
et al., 2017). Moreover, the increase of J. belangerii biomass
could reduce the impact of small fish on age-0 S. schlegelii via
predator-controlled processes.

It is a consensus of implementing fisheries management in
an ecosystem context (Herrón et al., 2019). Successful SSFM
is built on the understanding of ecological dynamics as well
as fishing (Hilborn, 2011). Stock assessment may be biased
without considering possible ecological processes (Fu et al.,
2018). Our study highlighted identifying fisheries management
strategies should incorporate a broader consideration of species-
specific characteristics. The “fishing less” and “fishing more” are
potential adaptive harvest strategies in response to the decline of
natural resources (Cinner et al., 2011). Catch reduction and high
labor cost will result in the decline of fishing effort. Han et al.
(2018) reported the high-trophic-level species biomass increased
and low-trophic-level species declined with removing fishing.
The fast growth and high reproduction supported O. oratoria
to recover quickly from heavy fishing. However, O. oratoria
would be at a disadvantage with competing with other species
when the fishing effort on other species is reduced. This might
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FIGURE 3 | Interannual changes of target species biomass under different fishing scenarios. Scenarios S1 and S2 considered O. oratoria and S. schlegelii as target
species, respectively. The fishing mortality rate of each non-target species was set from 0.7 (Fx0.7) to 1.3 (Fx1.3) times the initial value with a step equal to 0.05.

FIGURE 4 | Relative changes of predation mortality rate for two age groups of target species under different fishing scenarios. The relative changes were the
difference between scenarios S1–2 and reference state. Scenarios S1 and S2 considered O. oratoria and S. schlegelii as target species, respectively. The fishing
mortality multipliers of each non-target species were set from 0.7 (Fx0.7) to 1.3 (Fx1.3) with a step equal to 0.05. (A) Relative predation mortality of age-0 O. oratoria
in S1, (B) relative predation mortality of age-0 S. schlegelii in S2, (C) relative predation mortality of age-1 O. oratoria in S1, and (D) relative predation mortality of
age-1 S. schlegelii in S2.

result in the further decline of O. oratoria stock. Thus, the
fishery management may be less effective in the case of simply
emphasizing the direct fishing impact on O. oratoria. S. schlegelii
have a stronger resistibility to the increase of other species
biomass. S. schlegelii fishery management should pay more
attention to the direct fishing impact. Growing market demand
and subsidy policy encourage fishermen to catch more high-
trophic-level species with a high commercial value. It will be a

risk to S. schlegelii fishery when J. belangerii fishery increased and
P. fangi fishery decreased.

Complex and hierarchical model structure inevitably
introduces uncertainty into modeling processes that weaken
the confidence of stakeholders and hampers their applications
in tactical management (Moffit et al., 2016). We quantified
uncertainty in fishing efforts to solidify our findings. Similar to
findings in S1 and S2, the results of S3 and S4 suggested that
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FIGURE 5 | Relative changes of starvation mortality rate for two age groups of target species under different fishing scenarios. The relative changes were the
difference between scenarios S1–2 and the reference state. Scenarios S1 and S2 considered O. oratoria and S. schlegelii as target species, respectively. The fishing
mortality multipliers of each non-target species were set from 0.7 (Fx0.7) to 1.3 (Fx1.3) with a step equal to 0.05. (A) Relative starvation mortality of age-0 O. oratoria
in S1, (B) relative starvation mortality of age-0 S. schlegelii in S2, (C) relative starvation mortality of age-1 O. oratoria in S1, and (D) relative starvation mortality of
age-1 S. schlegelii in S2.

FIGURE 6 | Interannual probability frequency distribution of population biomass of O. oratoria and S. schlegelii with 1000 Monte Carlo simulation runs at the
uncertainty level of fishing mortality rates specified for non-target species in each sub-scenario.

intensifying the extent of fishing efforts exposed to other species
could result in a larger variation on target species biomass. But
the understanding of the impacts of core parameters on model
outputs is still needed (Xing et al., 2020b). Except for overfishing,
climate change threatens the sustainable development of
fisheries. Moullec et al. (2019) report the sea warming will result
in a decline in the proportion of large fishes. Climate change
can influence fishes by changing the primary productivity (Fu

et al., 2020). The changes in fishing and environmental factors
will likely influence the population processes such as fish growth
and recruitment (Szuwalski and Hollowed, 2016; Martino et al.,
2019). Fisheries management can benefit from consideration of
both interspecies interactions and climate change (Travers-Trolet
et al., 2014). The future application of our model should further
investigate the impact of changed trophic interactions resulting
from fishing impacts and environment variability.

Frontiers in Marine Science | www.frontiersin.org 8 July 2021 | Volume 8 | Article 698991

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


fmars-08-698991 July 19, 2021 Time: 21:14 # 9

Xing et al. Impacts of Trophic Interactions on SSFM

FIGURE 7 | Linear regression model of corresponding multipliers of fishing mortality rates for the “selected” species and biomass of O. oratoria (A) or S. schlegelii
(B). The detailed results presented in Supplementary Table 4. The “selected species” showed in the X-axis. The regression models whose P-values were lower
than 0.05 were marked with *.

CONCLUSION

Single-species approaches may perform inefficiently for
ecosystem-level management because of ignoring comprehensive
fishing impacts on the ecosystem (Jacobsen et al., 2017).
End-to-end modeling approaches like the one used in this
study can be used to investigate the impact of changed
trophic interactions. As the specificity of ecosystem and
complex interspecies interactions, the understanding of trophic
dynamics in a particular ecosystem is important for an effective
decision-making process. The simulations demonstrate fisheries
management should be considered in a more comprehensive
perspective instead of only emphasizing direct fishing impacts
on managed fish stocks. Admittedly, some of our conclusions
and consequences are similar to the studies in other fisheries
ecosystems. The study presents an ecosystem approach aiming to
facilitate the implementation of SSFM in an ecosystem context,

and is an attempt in narrowing the gap in using the ecosystem
modeling approach to advise fisheries management.
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