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China’s marine fisheries have made a huge contribution to the world’s food supply at the
expense of wild resources collapse by overfishing. Accordingly, the government has
introduced a series of measures represented by seasonal fishing moratorium to achieve
sustainable fisheries. To evaluate the impact of the seasonal fishing moratorium on the
ecosystem of the Minjiang Estuary in southeastern China, three ecosystem models, one in
2006, one in 2016 after 10 years seasonal fishing moratorium, and one in 2016 simulated
under the scenario without a fishing moratorium, were constructed by Ecopath with
Ecosim. Based on the 2016 model, the status of the Minjiang Estuary ecosystem after 50
years was simulated under four scenarios of different combinations of fishing pressure and
durations of the fishing moratorium. The results showed that in the 2016 model,
parameters as total ecosystem flow, mean fishing trophic level, and Finn’s index were
9,235.407 t km 2 year™', 2.94, and 0.920, respectively, all significantly higher than those
extracted from the 2016 simulated model, suggesting the effectiveness of the seasonal
fishing moratorium. Under scenario analysis, extending the fishing moratorium by 3
months and reducing fishing pressure by 50% showed synergistic effects to achieve a
better result than the current fishing moratorium strategy.

Keywords: Ecopath with Ecosim, ecosystem characteristics, fishing moratorium, fishing pressure,
dynamic simulation

1 INTRODUCTION

Estuaries are the main places for material exchange between the inland and the ocean waters
(Pritchard, 1967), supporting high productivity in the world (Costanza et al., 1997) and
subsequently suffering from significant destructions by human activities (Lotze et al., 2006). The
Minjiang Estuary is located in Fujian Province in southeastern China, belonging to the subtropical
marine monsoon climate zone and is one of the typical coastal ecosystems. This area is affected by
the complex hydrological conditions including the coastal waters of Fujian and Zhejiang Provinces,
the Taiwan warm current, and the Kuroshio (Sun, 2006), as well as rich annual runoff 620 km® into
the estuary (Cheng and Zhao, 1985), which brings abundant baits to maintain important
commercial fisheries. The main economic fishes include bombay duck Harpadon nehereus,
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hairtail Trichiurus lepturus, silver pomfret Pampus argenteus,
Muraenesox cinereus, etc. (Huang et al., 2010; Kang et al., 2018).
Due to the accumulation of land-based pollutants, excessive
reclamation, and destruction of vegetation, the deteriorating
environmental conditions have an increasing intense impact
on Minjiang estuarine ecosystem (Yuan et al., 2001; Gao et al,,
2018; Cheng et al., 2020). Additionally, the estuary had
undergone the high fishing pressure due to successive fishing
efforts, causing the status of some species varying from fully
exploited to overfished (Huang et al., 2010; Zhang et al., 2010;
Wang et al., 2020).

Concerning the dramatic impacts of overfishing, the
government has implemented the summer fishing moratorium
in the marine water in China since the 1990s. According to the
habitat conditions and species spawning times, the beginning
and duration of fishing moratorium varied with different areas.
In the Minjiang Estuary, the fishing moratorium is from June 1
to August 1 every year (Lu and Zhao, 2015). Without any fishing
activities, the biomass of fish stocks can be certainly recovered
(Myers and Worm, 2005), but the speed of recovery was
supposed to be related to the population productivity and
extent of stocks recession (Safina et al, 2005). For example,
many stocks show little sign of recovery for long periods,
suggesting that fish stocks may decline to levels that impede
their recovery (Hutchings, 2000; Hutchings and Reynolds, 2004).
Studies on seasonal fishing moratorium in the Minjiang Estuary
mostly focused on single population resources or community
composition changes (Feng et al., 2009; Lin and Cheng, 2009; Liu
et al,, 2017), and studies at the scale of the ecosystem, including
the inner structure of the ecosystem and the dynamics of the
ecosystem under human intervention, are urgently needed for a
reasonable and effective management.

Ecopath with Ecopath (EwE), proposed by Polovina (1984a;
1984b) and further developed by Christensen and Pauly (1992),

was designed to construct, parameterize, and analyze mass-
balanced nutrient models for aquatic and terrestrial ecosystems
(Christensen et al., 2008). Ecopath describes the energy flow
between the various key functional groups of the ecosystem, and
the Ecosim module reflects how ecosystems respond to changes
in fishing methods (Walters et al., 1997; Walters et al., 2000;
Christensen et al., 2008). Ecopath and Ecosim have gained wide
acceptance worldwide to study the nutrient composition of
estuarine ecosystems, the effects of fisheries production and
environment on ecosystems, and the management and
protection strategies (Patricio et al., 2009; Mutsert et al., 2012;
Lercari et al., 2015; Zeng et al., 2019; Zhai and Pauly, 2020; Zhang
et al, 2020; Sinnickson et al, 2021; Sreekanth et al., 2021;
Srithong et al., 2021).

In this study, we described the inner composition and health
status of the Minjiang Estuary by constructing the ecosystem
model in 2006. Furthermore, we also constructed the ture and
simulated model (i.e., without a fishing moratorium) in 2016,
respectively, to assess the effects of the seasonal fishing ban
policy. Finally, the status of the ecosystem after 50 years since
2016 was simulated under four scenarios of different
combinations of fishing pressure and durations of the fishing
moratorium to explore better management strategies in
the future.

2 MATERIALS AND METHODS
2.1 Study Area

The Minjiang River is the largest in Southeastern China, with a
total length of 2,872 km and a watershed area of 60,992 km®. The
Minjiang Estuary (Figure 1) covers an area of 400.97 km?, from
the North-South Harbor Convergence in the west, Huangqi
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FIGURE 1 | The sketch map of the Minjiang Estuary.
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Peninsula in the north, and Changlezhang Bay in the south. The
coastline of the estuary is 181.1 km, water depth mostly within 10
m, and the island area at 75.02 km”. Marine fishing, mussel clam
aquaculture, and laver aquaculture are the traditional fisheries in
this area, which supported the livelihood of residents of six
villages (Liu and Li, 2008).

2.2 Data Sources

Data used for constructing models were from two
comprehensive surveys in the Minjiang Estuary in four seasons
each in 2006 and 2016, ranging from 25°50 to 26°18’ N and 120°
39’ to 121°53" E, by single bottom trawling. In 2006, 192 species
were collected, including 129 fishes, 11 cephalopods, 23 shrimps,
and 29 crabs. A total of 217 species were collected in 2016,
including 140 fishes, 11 cephalopods, 39 shrimps, and 27 crabs
(Kang, 2018).

2.3 Modeling by Ecopath With Ecosim

2.3.1 Functional Group Division

The concept map of the Minjiang Estuary ecosystem is shown in
Figure 2, including 21 functional groups: (1) shark, (2) bombay
duck, (3) hairtail, (4) pike eel, (5) butterfish, (6) pelagic fishes
feeding on plankton, (7) pelagic fishes feeding on mixed
organisms, (8) demersal fishes feeding on plankton, (9)
demersal fishes feeding on nekton, (10) demersal fishes feeding
on mixed organisms, (11) crabs, (12) stomatopods, (13) shrimp,
(14) cephalopod, (15) mollusca, (16) other benthic organisms,
(17) jellyfish, (18) zooplankton, (19) macroalgae, (20)
phytoplankton, and (21) detritus. Among them, dominant
species as bombay duck, hairtail, pike eel, and butterfish, and
key species shark were divided into individual functional groups
(Kang, 2018).

2.3.2 Ecopath Parameterization

1) Estimation of the ecosystem parameters. In the Ecopath
model, the energy flow was expressed with wet weight (t km ™).
The methods of determining biomass (B) of each functional
group were different: fishery resources were recorded from
trawler catch data; phytoplankton biomass was converted
from chlorophyll-a concentration, with the ratio of
chlorophyll-a to carbon content at 1:50 and the ratio of dry
carbon content to wet weight at 1:10 (Yang et al, 2016);
macroalgae biomass was derived from Li et al. (2017); and
organic detritus biomass was calculated by an empirical formula
of Pauly et al. (1993). At the equilibrium of the ecosystem, P/B
(the ratio of fish production to biomass) of fish was replaced by
the total instantaneous mortality rate (Z), and P/B values of
other aquatic organisms were derived from the empirical
formula of Pauly (1980). The ratio of consumption to
biomass (Q/B) in fish was estimated by Palomares and Pauly
(1998) or cited data reported in the adjacent waters in other
functional groups (Christensen et al., 2008; Yang et al., 2016).
Ecotrophic efficiency, one of the important parameters in
evaluating the Ecopath model, was difficult to obtain directly
and generally calculated by the model, except for jellyfish due to
lack of biomass data and followed reports from adjacent waters
(Lin et al.,, 2009). The statements of data sources, data
credibility, and overall model credibility were tested by the
Pedigree index, as 0.527 in both 2006 and 2016.

2) Matrix of feeding habit. The diet composition mainly expressed
the internal relations of nutrient intake among various
functional groups in the ecosystem. For the functional group
composed of a single species, food composition could be
directly measured by gastric content method (Christensen
et al., 2008; Kang, 2018); for the functional group composed
of multiple species, food composition was determined by
weighting the proportion of biomass of each food species
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FIGURE 2 | Concept map of energy network of the Minjiang Estuary ecosystem. MRE, Minjiang estuary; PFFP, pelagic fish feeding on plankton; PFFM, pelagic fish
feeding on mixed biophagy; DFFP, demersal fish feeding on plankton; DFFN, demersal fish feeding on nekton; DFFM, demersal fish feeding on mixed biophagy.
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(Song, 2004; Kang, 2018); and for the functional groups
without food information, food composition was established
by FishBase (Froese and Pauly, 2021).

group, which should be in 0.1 to 0.3 (Darwall et al.,, 2010).
Third, we have to adjust the ratio of feeding parameters of
each functional group to reduce EE nearly to 0.95 according

to the nutrition level of a functional group from high to low
until a balance of the whole ecosystem can be achieved.

3) Landings. The landings data in 2006-2016 was from the Fuzhou
Statistical Yearbook (FCBS (Fuzhou City Bureau of Statistics),
2007-2017) and China Fishery Statistical Yearbook (MARA
(Ministry of Agriculture and Rural Affairs), 2007-2017).

4) Model balancing. The basic parameters mentioned above in
the model should be adjusted to make the EE of each
functional group meet the requirements of 0 < EE < 1
(Darwall et al., 2010). As a constraint of the model, the
feeding efficiency (P/Q) of the functional group was also
requested to vary from 0.1 to 0.3 (Darwall et al., 2010). First,
we need to check whether the EE values of all function groups
were less than 1, as the model assumes that the consumption
of all function groups cannot be higher than their output  6) Ecosystem parameters. Ecosystem parameters were used to
(Christensen et al., 2008). Second, we also need to check the characterize the maturity as well as the development of the
total food conversion efficiency (GE) of each functional ecosystem (Table 1). By comparing the characteristic

5) Sensitive analysis. There was a logarithmic relationship
between the change rate of input data biomass of different
functional groups and the change rate of estimated data
ecological transfer efficiency (EE) in both 2006 and 2016
models. When the input data biomass changed between —0.500
and 0500, the change rate value of the estimated parameter
ecological transfer efficiency (EE) ranged from —0.169 to 0.509 in
the 2006 model and from —0.144 to 0.432 in the 2016 Ecopath
model.

TABLE 1 | Ecopath model parameters and their implication.

Parameter Implication

Total system
throughput (TST, t

The sum of all flows in the system is composed of total consumption, total output, total respiration, and total flow to detritus, which is an
important parameter for flow network comparison and reflects the overall scale of the ecosystem (Ulanowicz, 1986).

km2a™)

Total consumption (TC, Total consumption of all predators in the system (Christensen et al., 2008).

tkm=a™)

Total export (TEX, t The total flow of an ecosystem out of a system (Christensen et al., 2008).

km=2a™)

Total respiration flows ~ The amount of all respiration consumed in the system is estimated based on the difference between the assimilated parts of consumption and
(TR, tkm™=2a™ production (Christensen et al., 2008).

Total flow into detritus
(TDET, tkm=2a™)
Sum of all production (t
km 2 year™")

Mean trophic level of
the catch

Calculated total net
primary production (t

The total amount of debris flowing through the system (digested but not absorbed food and people dying of old age, disease, etc.)
(Christensen et al., 2008).
Total production of all functional groups in the system (Christensen et al., 2008).

A weighted average of the trophic level of catch in the system (Christensen et al., 2008).

The sum of the primary production of all the producers in the system (Christensen et al., 2008).

km~2 year™")
Total primary An important index describing the maturity of the ecosystem, the ratio of the early stage of ecosystem development is more than 1, the ratio of
production/total the mature ecosystem approaches to 1, and the ratio is expected to be less than 1 when the ecosystem is polluted by organic pollutants

respiration (TPP/TR)
Net system production
(NSP, t km™2 a™")
Total production/total
biomass

Total biomass/total
throughput (TB/TST)
Total catch (t km™
year™")

Connectivity Index (Cl)

(Odum, 1969).
The difference between total primary production and total respiration was close to O (Christensen et al., 2008).

The important ratio of ecosystem maturity was negatively correlated with ecosystem development (Odum, 1969).
The important ratio of ecosystem maturity is described, and the ratio is small (Christensen et al., 2008).
The total catch in the ecosystem (Christensen et al., 2008).

Indicators that characterize the complexity of linkages within a system rely strongly on criteria for delineating groups of prey, which are difficult
to compare with other systems because of the different levels of delineation of functional groups in different ecosystems (Christensen et al.,
2008).

The average omnivore index for all consumers, a measure of the complexity of relationships within a system, is weighted by the logarithm of
each consumer’s food intake. The more mature the system, the stronger the relationships between its functional groups and the more stable
the system is (Christensen et al., 2008).

It indicates the proportion of the energy flow that participates in the cycle in the ecosystem. The larger the value, the greater the share of
recycling energy flows in the ecosystem and the higher the maturity of the system (Christensen et al., 2008).

System omnivory index
(SO

Finn’s cycling index (%
of total throughput)

(FCI)
Finn’s mean path Represents the average length of each cycle through the food chain, with higher values indicating a more developed system (Christensen
length (FML) et al., 2008).
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indicators in different periods, the impacts of the different
strategies on the ecosystem were evaluated.

2.3.3 Ecosim Parameterization

Ecosim, a temporal dynamic module, could be used to simulate
the ecosystem under different scenarios (Walters et al., 2000).
Except for the vulnerability index (v), all parameters were
assumed by the model-defined default values, including the
basic ratio of nutrients as 1.0, minimum feeding time as 0.1,
maximum relative feeding time as 2.00, feeding time adjustment rate
as 0.5, and density-dependent catchability as 1.0. Ecosim simulation
was sensitive to the vulnerability index, which was generally
determined as the default setting of mixed control at v = 2. A low
v-value indicated bottom-up control was dominant, while a high v-
value indicated top-down control was dominant (Christensen et al,,
2008). Another way to determine v was by time series data fitting; the
more time-series data are used, the more reliable and reasonable the
v-value is. In this study, landing-related time series data and CPUE
data for six functional groups from 2006 to 2016 were performed in
Ecosim to determine v-value. By adjusting the v-value, the best-fitted
values of the time series data of six functional groups were determined
(Figure 3), resulting in a reduction of the total sum-of-square error
(SS) from 20.39 to 16.26.

2.4 Effects Assessments of Fishing
Moratorium and Fisheries Regulation

2.4.1 Evaluation of the Effect of a 10-Year

Fishing Moratorium

Based on the survey data in 2006 and 2016, two Ecopath models
of the Minjiang Estuary were constructed. Based on the 2006
model, assuming no seasonal fishing closure in the Minjiang

Estuary since 2006, parameters in 2016 were predicted using
dynamic simulation to construct the 2016 simulated model. The
differences of the 2016 simulated model from the 2016 model
were regarded as the impacts of the seasonal fishing moratorium
on the Minjiang Estuary ecosystem.

2.4.2 Simulations of Different Fisheries Regulations
Based on the 2016 Ecopath model, the status of the Minjiang
Estuary ecosystem in 2066 (after a 50-year period) was simulated
under four strategies characterized by the combinations of fishing
intensity and duration of the fishing moratorium. (1) Scenario 1
(S1): keeping the current fishing moratorium duration. (2) Scenario
2 (S2): combination of S1 and 50% reduction in fishing effort for all
fishing gears. (3) Scenario 3 (S3): extending fishing moratorium
duration (June 16 to August 16 revised to May 1 to September 30).
(4) Scenario 4 (S4): combination of S3 and 50% reduction in fishing
effort for all fishing gears. To select the best regulation, indicators
including biomass estimation of 21 functional groups, the mean
trophic level of the landings, and the changes in biomass of high
trophic level species (TL>3) and low trophic level species (2<TL<3)
were determined to reflect ecosystem structure, and model
parameters were used to evaluate the maturity of the Minjiang
Estuary ecosystem under different scenarios.

3 RESULTS

3.1 Changes in Nutritional Structure of the
Minjiang Estuary Ecosystem

The basic inputs and estimated parameters of the 2006, 2016, and
2016 simulated models of the Minjiang Estuary ecosystem are
listed in Table 2. The trophic level of the 2016 model ranged
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FIGURE 3 | The best-fitted values of time series data from the start year 2006 to the end year 2016 in CPUE (A) and landings (B) of 6 functional groups for dynamic simulation.
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Catch
0.010
0.013
0.007

P/Q
0.060
0.265
0.287
0.297

EE
0.000
0.892
0.287
0.251

2016 simulated
Q/B
6.813
7.057
7.454
7.519

P/B
0.406
1.869
2.140
2.232
2270

B
0.014
0.038
0.028
0.020

TL
3.972
3.354
3.392
3.477

Catch
0.010°
0.017"
0.018"

P/Q
0.059
0.223
0.280
0.289

EE
0.000
0.803
0.640
0.974

Q/B
6.830°
6.770°
7.439°
7.500°
7.986°

11.239°

2016
P/B

0.400°

1.510°

Catch TL B
- 4.072  0.017%
0.020 3.455  0.038%

P/Q
0.059
0.262

Q/B
6.830°
7.050°

2006

P/B
0.400°
1.850°
2.083°
2.170°
2.236°
3.310°
2.245°
3.410°
2.350°
2.240°
3.500¢
6.000
7.600¢
2.450¢
4.800¢
6.000°
5.000°

25.000¢

B
0.015%
0.119°
0.037%
0.008%
0.037°
0.068%
0.656"
0.052°
0.258%
0.444%
0.230°
0.112%
0.212%

TL
4.112
3.362
3.415
3.490
2.675

TABLE 2 | Parameters of the 2006 model, 2016 model, and 2016 simulated model of the Minjiang Estuary ecosystem.
EE
0.000

Functional
group

0.016'

0.392  0.291 0.016

7.802
11.626
8.950
12.167
8.695
8.462
11.994
20.312
28.066

0.035
0.064

2.683
2.939

0.280

0.925
0.800

0.041
0.007
0.010
0.049
0.038
0.061
0.001
0.082
0.008
0.070
0.007
0.005

0.289
0.252
0.279
0.272
0.265
0.295
0.300
0.275
0.283
0.250
0.279
0.250
0.139

0.488
0.352
0.398
0.346
0.919
0.328
0.715
0.415
0.222
0.136
0.600
0.178
0.876
0.627

8.745
19.203
21.416
20.015
179.633
0.000
0.000

3.359
6.092
7.704
5.982
4.997
24.942
7.334
199.961

6.460
0.236
1.711

3.300

2.284
2.947
2.001
1.000
1.000
1.000

0.007
0.036
0.015"
0.003

0.289
0.281
0.250
0.139

0.467
0.350°
0.415
0.483
0.089

33.000°
20.000°
180.000¢

3.107°
9.280°
5.000°
25.000¢
7.230¢
200.000¢

0.031%
6.460%
0.032
1,711
3.300"
21.950'
5.9159

2.968
2.167
2.799
2.001
1.000
1.000
1.000

0.007
0.049
0.027
0.005'
0.001

0.280
0.280
0.250
0.139

0.772
0.803
0.350°
0.531

0.729
0.228

12.170°
21.450°
20.000°
180.000¢

7.320¢
200.000¢

0.068°
10.230°
6.350°
0.221
3.800
3.300"
17.600"
5.9159

2.950
3.164
2.955
3.221
3.237
2.962
2.997
2.990
3.408
2.164
2.278
2.944
2.001
1.000
1.000
1.000

0.083

21.950

0.022

5917

0.036

0.045

21

aThis study, ®Pauly (1980), °Palomares and Pauly (1998), “Yang et al. (2016), ®Lin et al. (2009), "ARA (Ministry of Agriculture and Rural Aftairs) (2007-2017), SPauly et al. (1993), "Bundy (2004), 'Kang (2018), Huang (2019).

The italic values mean the output of the model.

from 1 to 4.072, lower than 1-4.112 of the 2006 model. No
significant difference in fish mean trophic level between 2006 at
3.26 £ 0.37 and 2016 at 3.27 + 0.39. The trophic level of
cephalopods in 2016 was 3.495, higher than the 3.408 of 2006.
Compared with the 2006 model, the trophic level of functional
groups such as crabs, shrimps, mollusks, and other benthic
organisms in the 2016 model respectively decreased by 8.27%,
1.51%, 2.59%, and 4.87% and the trophic level of stomatopods in
the 2016 model increased by 1.50%.

Comparing the estimated parameters in the 2016 simulated
model and real parameters in the 2016 model (Table 2), the upper
limit value of the trophic level in the 2016 simulated model was
3.972, significantly lower than that of the 2016 model. The mean
trophic level of fish or cephalopods in 2016 was respectively 3.22 +
0.34 or 3.403, both lower than the values of the 2016 model. Except
for stomatopods that showed a 1.41% decrease, crabs, shrimps,
mollusks, and other benthic organisms respectively increased by
8.43%, 1.77%, 2.80%, and 5.40% in trophic level in the 2016
simulated model without a fishing closure policy.

3.2 Characteristic Indicators of the
Minjiang Estuary Ecosystem
The summary statistics for describing characteristics of the 2006,
2016, and 2016 simulated models of the Minjiang Estuary
ecosystem are shown in Table 3. The total system throughput of
the 2016 model was 9,235.407 t km™> year™", significantly higher
than that of the 2006 model at 7,625.492 t km ™2 year™". The total
system consumption and the total respiration in the 2016 model
were 606.155 and 360.603 t km ™ year ', respectively, significantly
lower than 1,047.492 and 647.550 t km™> year ' in 2006;
correspondingly, total system output at 4,053.256 t km™> year™"
and total flow to detritus at 4,205.845 t km > year ' in 2016 were
significantly higher than those in the 2006 model. The mean
trophic level of the landings decreased from 3.044 in the 2006
model to 2.947 in the 2016 model. The system connectivity index
in 2016 was higher than that in 2006, while the system omnivore
index in 2016 was lower than that in 2006. The TPP/TR value of
12.240 in 2016 was much higher than 5.473 in the 2006 model, and
the FCI of 0.920 in 2016 was higher than 0.893 in 2006.
Comparing characteristic indicators in the 2016 model and
2016 simulated model, there was no significant difference in total
system throughput between the two models. Total system
consumption (606.155 t km™? year '), total respiration
(360.603 t km™> year"l), and total runoff detritus (4205.845 t
km™ year™') were respectively 12.3%, 10.4%, and 3.8% higher
than those in the 2016 simulated mode. The mean trophic level
of the landings in the 2016 model increased by 2% more than the
2016 simulated model without fishing ban. The system
connectivity index in the 2016 model was 7.5% higher than the
simulated ecosystem. If no fishing moratorium was enforced,
TPP/TR decreased by 10.4% and FCI increased by 66.7%.

3.3 Simulations of Different

Fisheries Regulations

Based on the 2016 model, four scenario simulations showed
similar trends but to varying degrees in species biomass
(Figure 4). Under the S1 scenario, keeping current fishing
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TABLE 3 | Summary of the indices for Minjiang Estuary ecosystem.

Parameter

Total system throughput (t-km2-year ")

Total consumption (t-km2-year™)

Total export (t-km™2-year™)

Total respiration flows (t-km™Z-year™)

Total flow into detritus (t-km™?-year™)

Sum of all production (t-km™2-year™")

Mean trophic level of the catch

Gross efficiency (Catch/net p.p.)

Calculated total net primary production (t-km2-year™)
Total primary production/total respiration (TPP/TR)
Net system production (t-km™2-year ")

Total primary production /total biomass

Total biomass/total throughput (TB/TST)

Total biomass (excluding detritus) (t-km2)

Total catches (tkm™-year™)

Connectance Index (Cl)

System Omnivory Index (SOI)

Finn's cycling index (FCI) (% of total throughput)
Finn's mean Path Length (FML)

2006 2016 2016 simulated
7625.492 92835.407 90133.188
1047.492 606.155 539.804
2896.605 4053.256 4086.830

647.550 360.603 326.507
3033.844 4205.845 4180.045
3734.559 4538.181 4518.673

3.044 2.947 2.888

0.00010 0.00010 0.00011
3544.156 4413.859 4413.337

5.473 12.240 13.617

2896.605 4053.256 4086.830
80.886 1156.320 113.867
0.006 0.004 0.004
43.817 38.275 38.758

0.4 0.443 0.424

0.386 0.414 0.385

0.244 0.194 0.219

0.893 0.920 0.552

2.162 2.090 2.069

closure policy, the biomass of shark, hairtail, pelagic fishes
feeding on mixed organisms, demersal fishes feeding on mixed
organisms, and shrimp respectively increased by 28.6%, 16.8%,
17.1%, 4%, and 39.2%, while biomass of butterfish and crab
decreased by 13.9% and 13.3%, respectively. Under S2, the 50%
reduced fishing pressure expanded the magnitude of biomass
recovery, e.g., the biomass of shark and shrimp resources was
approximately twice that in 2016 model, and hairtail and pelagic
fishes feeding on plankton increased by 28.7% and 29.1% over S1.
When the fishing moratorium was extended at S3, some
functional groups showed better results of biomass recovery
than S1, e.g., the biomass of shark and shrimp resources
increased by 46.0% and 30.6%, respectively, followed by 19.2%
in pelagic fishes feeding on mixed organisms and18.9% in
hairtail. Under the S4 scenario combined with the fishing
moratorium extension and fishing pressure reduction, the
biomass of shark was 1.80 times of S1, 1.26 times of S2, and
1.58 times of S3; the biomass of shrimp increased by 30% over S1,

160
140
120
100

Relative biomass (%)

2.7% over S2, and 14.1% over S3; and the biomass of hairtail
increased by 30% over S1, 6.4% over S2, and 16.1% over S3.

The mean trophic level showed a 2% increase under $4,
followed by S2, S3, and S1 (Figure 5A), similar to variations of
relative biomass of lower trophic level species (Figure 5B). High
trophic level species were sensitive to the fishing regulations, with
an increase of 57.4% in biomass under S4, followed by S2 under
47.4% and 34.1% under S3 (Figure 5C).

In the characteristic indicators, total system consumption
(TC) and total system respiration (TR) under all four scenarios
were smaller than those in 2016. Both TC and TR showed the
smallest variation in S1 and the largest variation in S4, and no
significant difference between S2 and S3. On the contrary, total
system output (TEX), total system flow debris (TDET), and total
system flow (TST) under all four simulated scenarios were higher
than those in 2016 (Figure 6). System omnivory index (SOI),
Finn’s cycle index (FCI), and total primary production/total
respiration (TPP/TR) revealed that FCI showed different

AS1 BS2 ®8S3 mS4

60 “1 2 3 45 6 7 8 9 1011121314151617 1819 2021

Functional group number

FIGURE 4 | Changes in relative biomass of each functional group after 50 years under four simulated scenarios.
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consequences: FCI decreased under all four scenarios, while
TPP/TR showed an opposite result; SOI were lower than the
2016 model under S1 and S3 but higher under S1 and
S4 (Figure 6).

4 DISCUSSION

4.1 Effectiveness of Fishing Moratorium in
the Minjiang Estuary

The Minjiang Estuary and its adjacent waters are traditional
fishing grounds in China (Tang, 2012) and have been in
multiple stresses by supporting overfishing (Kang and Li, 2020).
Compared with the 2016 model, the range of trophic levels in the

—-2016 —-Sl1 S2 S3 ——S4

TC

production/total biomass (TPP/TR), and Finn’s cycling index (FCI).

FCI

2

15

1

0.5

0
S1 S2 S3 S4

FIGURE 5 | Changes of biomass and trophic level of the Minjiang Estuary ecosystem under different scenarios after 50 years. (A) Biomass changes of low nutrient
level (2< TL <3); (B) biomass changes of high nutrient level (TL>3); (C) simulated changes of mean fishing trophic level (MTLC).

Minjiang Estuary ecosystem in 2016 shortened, and the trophic
levels of most species decreased except cephalopods and
stomatopods, suggesting the simplification of the food web in
the Minjiang Estuary in the last decade. Despite the fishing
moratorium, the catch still far exceeded the stock supplemented,
accelerating the overconsumption of high trophic level species,
which indicated that the current fishing ban regulation has not
achieved satisfactory results. For example, resources of Collichthys
lucidus and Odontamblyopus rubicundus in the Minjiang Estuary
were in collapse (He et al., 2018; Wang et al., 2020). Moreover,
environmental pollution further increased the survival pressure of
fishery organisms (Gao et al., 2018; Cheng et al., 2020), especially
species characterized by long maturity period and less spawning
(Jayasinghe et al., 2015). The mean trophic level of catch decreased
to 0.097, 60% of the rate of decline in the southern Australian

==2016 —-Sl1 S2

S3 =S4

* TPP/TR

FIGURE 6 | Variations of characteristic indicators of the Minjiang Estuary ecosystem under four scenarios. Left: indicators reflecting the overall size, maturity, and
stability of an ecosystem, including total system throughput (TST), total export (TEX), total respiration flows (TR), total flow into detritus (TDET), and total consumption
(TC); right: indicators reflecting the complex relationships within an ecosystem and the maturity of an ecosystem, including system omnivory index (SQOI), total primary
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fishing zone (Alleway et al., 2014), but twice the global descending
rate (Pauly et al., 1998), which could be attributed to the significant
increasing catch of crab with low trophic level. Due to consumers’
appetite for crabs and their high price, the artificial release of crabs
has increased in recent years, resulting in a sharp increase in the
proportion of crabs in the catch (FCBS (Fuzhou City Bureau of
Statistics), 2007-2017; Kang et al., 2021). Meanwhile, it is
undeniable that the fishing moratorium has shown certain
effects, slowing down the rate of resource decline. Without
fishing ban, the maximum trophic level in the 2016 simulated
model was lower than that in the 2016 model, so was the mean
trophic level. The positive effects of fishing ban were evidenced in
most areas, e.g., the implementation of a fishing moratorium
resulted in an overall increase in the mean trophic level in the
Sine Saloum Estuary in Senegal (Ecoutin et al., 2014) and the Pearl
River Estuary (Wang et al., 2015).

The reduction in biological resources and the deterioration of
habitats under overfishing and environmental pollution caused
variations in the overall size, maturity, and stability of the
Minjiang Estuary ecosystem. Total ecosystem throughput (TST),
which was generally used to quantify the input and output of
system energy flow (Ulanowicz, 1986), showed a high value in the
2016 model than that in the 2006 model; however, the proportion
of total system consumption (TC) and total respiration (TR)
decreased, which suggested that most energies flowed into
detritus or out of the system. With economic development, a
large amount of domestic sewage and industrial and agricultural
waste discharged into the Minjiang Estuary brought enough
organic matter and rich food sources, increasing the energy flow
through the ecosystem (Gao et al., 2018; Cheng et al., 2020). In
addition, overfishing destroyed the original status of trophic
structure and energy flow distribution of the Minjiang Estuary
ecosystem; as a result, the primary energy entering the ecosystem
could not be effectively used before flowing out of the ecosystem.

A combination of the Connectivity Index (CI) and the SOI
could reflect the complex relationships within an ecosystem and
describe the maturity of an ecosystem (Odum, 1969; Christensen
et al., 2008). After the fishing moratorium, corresponding to the
increasing species diversity and biomass in the Mingjiang Estuary
(Tao et al., 2020), the value of CI increased, showing broader and
more complex species interrelations within the community. As CI
is strongly dependent on the feeding habits of functional groups
and how to define functional groups, relying on CI alone could not
accurately reflect the structure of the ecosystem (Christensen et al.,
2008; Thapanand et al., 2009; Bueno-Pardo et al., 2018). The SOI of
the Minjiang Estuary ecosystem in 2016 was similar to the Yangtze
Estuary (Han et al., 2016) and the Hooghly-Matla Estuary of India
(Mukherjee et al,, 2019), and lower than the west coast estuary of
India (Lal et al., 2021) and the northern waters of Brazil (Lira et al.,
2021), indicating the simplification of foodweb from a complex
network to a linear pattern in the Minjiang Estuary. Interestingly,
after the fishing moratorium, the increasing food source could lead
to the specialization of feeding habits of some predators and the
consequent decline of SOI, e.g., feeding habits of Mullus barbatus
and Merluccius merluccius in the Gulf of Castellammare, northwest
Sicily, tended towards simplification (Badalamenti et al., 2002).

TPP/TR, an indicator reflecting system maturity, is greater
than 1 in the early stage of ecosystem development as the yield is
expected to exceed the respiration and gradually decreased with
the development of the ecosystem approaching 1 of the mature
stage (Odum, 1969). Due to the eutrophication in the past
decade, red tide outbreaks frequently in the Minjiang Estuary
(Zhuo, 2018), which resulted in the inefficient utilization of a
large amount of primary productivity. The Minjiang Estuary was
extremely immature, with TPP/TR of the Minjiang Estuary
decreased from 5.473 in the 2006 model to 12.24 in the 2016
model, much higher than The Hooghly-Matla Estuary
(Mukherjee et al., 2019), the Yangtze Estuary (Han et al.,
2016), and the Pearl River Estuary (Wang et al, 2015), but
lower than that of the Gulf of Mexico (Chi-Espinola and Vega-
Cendejas, 2022) and Canche (Selleslagh et al., 2012). The
implementation of the fishing moratorium enhanced the
utilization of primary production and alleviated the impacts on
the ecosystem to a certain extent, resulting in the decline of TPP/
TR (Lu and Zhao, 2015; Khatun et al.,, 2020). In the Minjiang
Estuary, TPP/TR value in the 2016 simulated model without
fishing moratorium was 10.4% higher than the 2016 model.

FCI represents the proportion of the flow involved in cycling in
the total system throughput. The higher the value is, the higher the
proportion of recycling energy flow is, indicating a higher maturity
of the ecosystem (Christensen et al., 2008). Generally, the FCI of
the estuarine ecosystem ranged from 0.19% to 24.8% (Sreekanth
et al,, 2020). In the Minjiang Estuary, FCI in 2016 was 0.92%,
significantly lower than the Pearl River Estuary (Wang et al., 2015),
the Yangtze Estuary (Han et al, 2016), and the Hooghly-Matla
Estuary in India (Mukherjee et al, 2019), suggesting that the
Minjiang Estuary ecosystem was in a low cycle and an immature
state. Without a fishing moratorium since 2006, FCI in the 2016
simulated model was about half of the actual value, indicating that
the fishing closure achieved a remarkable effect from this indicator.

4.2 The Advantages and Disadvantages of
the Fishing Moratorium Regulations

Even under fishing closure, the biomass of overfished species
could not stop falling (Wang et al., 2015). For example, after
more than 20 years of fishing ban, the total biomass of the
Waikiki-Diamond rock fisheries management area in Oahu,
Hawaii, declined by two-thirds, and scad and parrotfish
became rare (Williams et al., 2006). In the Minjiang Estuary,
all the simulated fishing regulations showed only several
functional groups benefited from the summer moratorium,
e.g., shark and shrimp. Meanwhile, due to dual pressures of the
unrestricted catch at open fishing and preying by high trophic
level species, the biomass of low trophic level species such as
pomfret and crabs decreased. In the East China Sea, the biomass
of crustaceans and cephalopods showed a downward trend from
2014 to 2016 (Yan et al., 2019), suggesting the limited effects of
short-term fishing moratorium under continuous heavy fishing
pressure (Williams et al., 2006). Changes in species composition
did not produce expected positive changes in the fish community
in the northern part of the East China Sea (Jiang et al., 2009). In
fishing grounds opened regularly, resources can be seen to
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recover just after fishing closure, while the retaliatory fishing in
the open period could significantly reduce the resource to the
origin or even worse before the coming of the next fishing closure
(Murawski et al., 2005; Cohen et al., 2013), which indicated that
overfishing during open fishing periods could vanish the positive
effects of fishing ban. Comprehensive management regulations
should be formulated by combining the extension of the fishing
moratorium and reduction of fishing pressure, so as to realize the
restoration and sustainable utilization of fisheries.
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