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Abstract
In this study, we measured the impacts of an effective fishing regulation on the sustain-
ability of fisheries in Zuari estuary, a tropical estuary situated along western coast of India 
through an Ecosim approach. Ecosystem indicators for 2016 and 2031 (for each Ecosim 
scenario) were measured to compare and contrast the decadal changes in the status of the 
ecosystem between these two periods. Four different hypothetical fishing patterns were 
simulated to explore the best suited management scenario. The ecosystem indices of 2031 
ecosystem were compared with that obtained for 2016 to evaluate the possible effects of 
fishing regulations. The functional groups showed a decline in their biomass when no fish-
ing regulations are implemented (S1). The direct fishing effort reductions of all the fleets 
(S4) and ban/reduction of indiscriminate fishing fleets (S2-immediate ban and S3-gradual 
reduction) showed a more or less similar trend for recovery of fish stocks through diverse 
fisheries policies. A complete ban of indiscriminate fishing seems to slightly more advan-
tageous than the direct reductions in the fishing effort for all the fleets in terms of stock 
recovery (130%), Q statistic (1.15), Shannon diversity (1.43), mean trophic level of eco-
system (2.98), mean trophic level of the catch (2.91) and fish catch in the gillnet fleet 
(200%). The simulations have also suggested that a complete control for mechanized fish-
ing fleets will be the best possible management strategy for the recovery of fish stocks in 
the ecosystem.
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1  Introduction

Estuaries are one of the highly productive aquatic ecosystems in the world (Costanza 
et  al., 1997; Qasim & Sen Gupta, 1981; Whitfield, 1999), and they provide valuable 
support to human population, such as coastal protection, water purification, fisheries 
resources, carbon sinks, tourism opportunities and recreational services (Beck et  al., 
2001; Lira et al., 2018). Estuaries along the west coast of India represent tropical mon-
soonal estuaries, which are under the influence of southwest monsoon (Ansari et  al., 
1995; Shetye et al., 2007). Zuari estuary is a highly productive, macro-tidal estuary, and 
could be considered as a characteristic tropical monsoonal estuary. This estuary receives 
freshwater influx through the “southwest monsoon” from Zuari River and marine influx 
from the Arabian Sea (Ansari et al., 1995).

Traditional gillnet fishery (70 vessels) in the estuary provides employment to about 
500 traditional fishermen (Sreekanth et  al., 2020). However, the indiscriminate opera-
tion of trawlers and mini-purse seiners creates overexploitation of fisheries resources. 
Recently, the banks of the estuary have been transformed into a rapidly developing eco-
nomic zone, and thus, the ecosystem region has experienced indiscriminate overfish-
ing and pollution from industries, and agriculture over the last two decades (Shetye, 
2011; Shetye et al., 2007; Shirodkar et al., 2012). These anthropogenic stressors along 
with devastation of mangrove habitats have reduced the water quality and has impaired 
the ecosystem balance (Kessarkar et al., 2015; Shirodkar et al., 2012). Ultimately, these 
stressors have resulted in depletion of the fish populations, and thereby the small-scale 
fisheries, which will have direct impacts on the livelihood of the traditional fishermen 
(Ansari et al., 1995; Sreekanth, Lekshmi, et al., 2017; Sreekanth, Manju Lekshmi, et al., 
2017).

Globally, the fishing fleets have been intensified following the motorization and 
mechanization of fishing crafts and have overexploited the inshore fisheries resources 
especially in small-scale fisheries settings (Pauly, 1997). The fisheries resources are 
assumed as renewable resources and seem to be able to recoup from the overexploita-
tion by fishing fleets (Pauly et  al., 2000). However, the indiscriminate and intensified 
fishing could lead to depletion of fisheries resources because of the large differences in 
the ratio of harvest and rate of recruitment (Christensen, 2000; Pauly, 1997). In many 
parts of the world, many inshore fish species have depleted or even collapsed due to 
overexploitation, and it has been reported that many more species have shown no signs 
of recovery, which denotes that fish populations would be minimized to a level at which 
their recruitment will be negligible (Hutchings & Reynolds, 2004).

Fishing fleet in  the estuary is not well monitored and the operation of mechanized 
fishing boats are not controlled. The fish catch from the estuary began to increase since 
2000 and reached the highest values in 2012, and further, the catch decreased from 2012 
to 2017 (Fig. 1). Indescriminate fishing (Trawling and mini-purse seining) contributes 
to fish catch, which is unreported from the estuary. Globally, trawling has severely 
affected the demersal fish stocks and shrimps, and similarly, purse seines overexploited 
the pelagic species and juvenile stocks (Pauly et al., 1998). With the increasing anthro-
pogenic impacts in the Zuari estuary, it seems that the ecosystem has undergone para-
digm shift in since 2000, shifting in terms of its trophic organization since 2000, from 
an ecosystem with a top-down control (large size and high value predatory species con-
trolled) ecosystem to the one with a bottom-up control (small pelagic species domi-
nated) (Ansari et al., 2003; Sreekanth et al., 2016, 2018).
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In response to the concerns about overfishing and continuous demand from traditional 
fishermen of Zuari estuary, the fisheries department has put forward a fisheries patrol-
ling system for the coast of Goa since 2017. This patrolling is implemented to ensure that, 
excluding the traditional gillnet fishery, there are no other fishing operations are carried 
out in the estuary. Therefore, the indiscriminate operation of trawlers and mini-purse sein-
ers are expected to reduce soon. This approach is considered to be a concrete and effective 
strategy for managing the fishing effort and is anticipated to restore the fisheries resources 
in the due course. Studies worldwide have reported that the reduction of fishing effort in 
coastal ecosystems yielded increase in fish catches as well as fish stocks for majority of 
the ecosystem (Liu et al., 2008; Manickchand-Heileman et al., 2004; Colléter et al., 2013). 
Therefore, the policy of reducing fishing effort is found to be a better solution for sustaina-
ble fisheries in coastal ecosystems (Xiao, 2005). However, being a multi-species and multi-
fleet fisheries, the implementation of a complete fishing regulation would be a time-con-
suming process, and therefore, the effect of fishing effort reduction is still a critical subject 
for further studies (Mohamed et al., 2008). The effect of seasonal fishing regulations on 
fish stocks and fish catches has been investigated by several researchers (Hou et al., 2009; 
Robert, 1998; Schrank, 2005; Wang et al., 2015; Yang & Zhou, 2013).

Ecosystem models have been successfully applied in coastal ecosystems to describe 
ecosystem functioning, food web dynamics and time dynamic and spatially explicit simu-
lations to detect variations in ecosystem indicators and fishery (Araujo et al., 2008; Chen 
et  al., 2009; Manickchand-Heileman et  al., 2004; Mohamed et  al., 2008; Pitcher et  al., 
2000; Tsehaye & Nagelkerke, 2008; Wang et  al., 2015). Ecosystem models can also be 
used to reveal otherwise unknown system properties and to emphasize the need to improve 
knowledge about specific parts of the system. Ecopath with Ecosim (EwE) software is spe-
cifically designed for construction, parameterization and analysis of mass-balance trophic 
models of various ecosystems including marine, coastal, freshwater and terrestrial ecosys-
tems. The Ecosim module in the Ecopath with Ecosim (EwE) software is a time dynamic 
ecosystem modeling tool for addressing the issues of how ecosystems are likely to respond 
to changes in fishing patterns (Christensen et al., 2005). There is a large-scale application 
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Fig. 1   The total fish catch (tonnes) from Zuari estuary from 2000 to 2017 (Personal communications with 
fishermen and experts, Directorate of Fisheries, 2018)
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of Ecosim with dynamic simulations in aquatic ecosystem research for exploring policy 
options for fisheries management (Araujo et  al., 2008; Chen et  al., 2009; Manickchand-
Heileman et al., 2004; Mohamed et al., 2008; Pitcher et al., 2000; Tsehaye & Nagelkerke, 
2008; Wang et al., 2015). Many research reports indicate that the Ecosim can be used for 
optimizing fishing scenarios for fisheries management and to highlight the dynamics of 
fishing communities to project sustainable fisheries in terms of economic, social and eco-
logical contexts (Pitcher et  al., 2000; Manickchand-Heileman et  al., 2004; Araujo et  al., 
2008; Chen et al., 2009; Mohamed et al., 2008; Tsehaye & Nagelkerke, 2008; Wang et al., 
2012).

Therefore, in this study, the base Ecopath model for Zuari estuary, which was con-
structed in 2016 (Sreekanth et al., 2018), was used to simulate various scenarios of fishing 
regulations in the estuary using the Ecosim module. We identified four hypothetical fishing 
scenarios that could be applied in the estuarine system. In the first scenario, the indiscrimi-
nate fishing practices would be continued and no fishing regulations. Second scenario con-
sidered an immediate ban on the indiscriminate fishing fleets from 2017 onwards. A grad-
ual ban on the indiscriminate fleets represented the third scenario. All fishing fleets were 
reduced to half in the fourth scenario. The objective of the current study is thus to explore 
the utility of Ecosim to measure the relative changes in biomass of functional groups, eco-
system indicators (Kempton’s Q statistic, Shannon Index, mean trophic level of the eco-
system, mean trophic level of the fish catch) and fish catch in gillnet fleet under different 
fishing scenario simulations at two time periods–2016 and 2031.

2 � Material and method

The Zuari estuary (39.9 km2) is a tropical estuary situated along the western coast of India 
(Fig.  2) characterized by high rainfall (3000  mm  year−1), high temperature (32–35  °C), 
longer photoperiod (11.9 h  day−1) and long flushing period (4–5 months) (Shetye et  al., 
2007). The ecosystem of Zuari estuary defined in this study covers the 10  km stretch 
upstream from the mouth, which is approximately 5 km wide and 5–6 m deep. The estuary 
is highly productive, in which the freshwater is well mixed with marine water by tides and 
winds (George et al., 2013; Qasim, 1973). The annual freshwater runoff into the estuary is 
9 km3, and this discharge makes the estuary highly productive and dynamic (Qasim, 1973). 
The currents are largely influenced by tides (semi-diurnal) with a mean range of 1.3  m 
(Ansari et al., 1995; Qasim, 1973). These conditions are favorable to high biological pro-
ductivity, and thus, the diversity of fish assemblages is very high in the ecosystem (Ansari 
et al., 1995; Sreekanth et al., 2018). The operation of indiscriminate fishing practices such 
as trawl and mini-purse seines is often reported from the estuary, which is detrimental to 
the ecosystem and ecosystem functioning (website references W1, W2, W3, W4). Trawl-
ing and mini-purse seining contributed to majority of the fish catch (unreported) from the 
estuary since 2010 to 2017. The fishing fleet of the estuary includes small-scale gillnet 
fishery (70 vessels), occasional mini-purse seine ( a seine net operated outside the bay gen-
erally that measures 200 m in length) fishery and trawl fishery. The major fish species har-
vested from the estuary are mackerel, sardine, white sardine, mullet, whitebait, moustached 
anchovy, silverbelly, carangid, croaker, catfish, crab and shrimp (Sreekanth et al., 2018). 
The Zuari estuary also functions as a foraging and nursery habitat for many of the vul-
nerable and near threatened (designated by IUCN) aquatic species such as Glaucostegus 
granulatus, Epinephelus coioides and E. diacanthus.
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2.1 � Ecosim model

Ecopath with Ecosim (EwE) software is an efficient tool designed for the construction, 
parameterization and analysis of trophic mass-balance models for various terrestrial and 
aquatic ecosystems structure (Christensen et al., 2005). In this model, the functional groups 
are considered to represent primary producers (phytoplankton and benthic algae), consum-
ers (zooplankton, crabs, shrimps, fishes, dolphins and birds) and non-living component 
(detritus). The Ecosim model is widely used to explore fisheries policy simulations under 
the dynamic module, Ecosim (Araujo et al., 2008; Chen et al., 2009; Wang et al., 2015). 
The Ecosim model uses the ecosystem parameters derived from the base Ecopath model, 
and this dynamic model measures the alterations in biomass of ecological groups under 
time dynamic catch rates, prey–predator relationships and trophic dynamics (Christensen 
et al., 2005).

The time dynamic simulation was performed based on the Ecopath model developed 
in the year 2016 for Zuari estuary using EwE version 6.4 in previous studies (Fig. 3, Sree-
kanth et  al., 2020), in which the fishing fleet were divided into three types (trawl, purse 
seine and gillnet) for simulations. The trophic network flow diagram of Zuari estuary food 
web is presented in Fig. 3. There were 22 functional groups in the 2016 Ecopath model: 
birds (BD), dolphins (DO), large pelagics (LP), rays and skates (RS), cephalopods (CEP), 

Fig. 2   The map representing the study area, Zuari estuary, central west coast of India
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benthopelagics (BP), large benthic carnivores (LBC), medium benthic carnivores (MBC), 
piscivores (PS), small benthic carnivores (SBC), mackerel (MA), clupeids and anchovies 
(CA), crabs (CR), shrimps (SR), benthic omnivores (BO), heterotrophic benthos (HB), ses-
sile benthos (SB), jellyfish (JF), zooplankton (ZP), benthic producers (BPR), phytoplank-
ton (PP) and detritus (DET). The network flow diagram also reports the biomass flows 
and trophic fluxes across the groups in the Zuari estuary. The validity of the model was 
successfully evaluated through the PREBAL routine, which recognizes the discrepancies 
of the input data (Heymans et al., 2016). The model showed reasonably good estimate of 
pedigree (0.76). The input data and estimated parameters for the 2016 Ecopath model are 
described in Table 1.

2.2 � Fishing policy simulations

We used the temporal dynamic module Ecosim (Walters et  al., 2000) to perform fish-
ing scenarios of decrease or increase in fishing effort. Ecosim simulations are sensitive 
to the ‘vulnerability’ settings, which incorporates density dependency and reflects how 
far a group is from carrying capacity (Christensen et  al., 2005). As a prerequisite to 
incorporate prey predator interactions in Ecosim, a vulnerability setting is required for 
all predator–prey interactions, which defines the status of prey groups from predators 
(whether vulnerable or protected) (Christensen et al., 2005). The vulnerability of each 
functional group was set to be corresponding to its trophic level in the Ecopath model. 
Ecosim assumed default values defined for tropical ecosystems were used for all other 
parameter settings (base proportion of nutrients: 1.000; minimum foraging time: 0.1, 
maximum relative feeding time: 2.00, feeding time adjustment rate: 0.5, density depend-
ent catchability: 1.000). Ecosim calculates corresponding changes in relative biomass 
of ecological groups when the fishing effort of the fleet is altered. Ecosim also pro-
vides dynamic simulations of various scenarios in which the fishing mortality rates are 
changed and generates plausible model representation of what might occur when the 

Fig. 3   Trophic flow diagram of the Zuari estuarine food web (BD-birds, DO-dolphins, LP-large pelagics, 
LBC-large benthic carnivores, MBC-medium benthic carnivores, BP-benthopelagics, CEP-cephalopods, 
RS-rays and skates, PS-piscivores, SBC-small benthic carnivores, JF-jellyfish, CR-crabs, SR-shrimps, BO-
benthic omnivores, HB-heterotrophic benthos, SB-sessile benthos, MA-mackerel, CA-clupeids and ancho-
vies, ZP-zooplankton, BPR-benthic producers, PP-phytoplankton, DET-detritus), ‘B’ represents the bio-
mass (t km−2 year−1) for each functional group
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fishing effort on ecological groups is altered. A dynamic simulation of the period from 
2016 to 2031 using Ecosim was performed on the 2016 Ecopath model based on the 
assumption that fishing regulations will be implemented from 2017 onwards. Four simu-
lations were carried out for a period of 15 years (Fig. 4) under four different scenarios 
on the 2016 Ecopath model:

1.	 Scenario 1 (S1): No regulation on fishing fleets (Gillnet fleet increase by 50%, Trawl 
and Purse seine fleet increase by 100% at the end of 2031),

2.	 Scenario 2 (S2): Immediate ban on indiscriminate fishing fleets (Ban from 2017 
onwards), Gillnet fleet gradually increase by 50% at the end of 2031.

3.	 Scenario 3 (S3): Gradual ban on trawl and purse seine fishing fleets (reduction of the 
trawl and purse seine fleets to 50% in 2017 and then gradual reduction by 10% during 
2018 and 2019, 5% reduction till 2025 and complete ban then onwards) and gradual 
increase in Gillnet fleet by 50% at the end of 2031.

Table 1   Estimates of parameters 
of the Zuari 2016 Ecopath model 
(Sreekanth et al., 2018)

TL: trophic level, B: biomass (t km−2  year−1), P/B: production/bio-
mass (year−1), Q/B: consumption/biomass (year−1), EE: ecotrophic 
efficiency, P/Q: production/consumption or gross efficiency of food 
conversion (year−1), BD-birds, DO-dolphins, LP-large pelagics, 
LBC-large benthic carnivores, MBC-medium benthic carnivores, BP-
benthopelagics, CEP-cephalopods, RS-rays and skates, PS-piscivores, 
SBC-small benthic carnivores, JF-jellyfish, CR-crabs, SR-shrimps, 
BO-benthic omnivores, HB-heterotrophic benthos, SB-sessile benthos, 
MA-mackerel, CA-clupeids and anchovies, ZP-zooplankton, BPR-
benthic producers, PP-phytoplankton, DET-detritus

Ecological group TL B P/B Q/B EE P/Q

DO 4.66 0.004 0.07 16.22 0.000 0.004
BD 4.34 0.002 0.08 58.02 0.000 0.001
LBC 4.04 0.118 4.50 12.20 0.953 0.369
LP 3.97 0.02 2.40 8.20 0.884 0.293
MBC 3.75 0.42 3.90 10.80 0.991 0.361
BP 3.64 0.34 3.10 9.60 0.993 0.323
RS 3.57 0.005 1.70 7.30 0.706 0.233
CEP 3.56 0.84 4.20 7.90 0.995 0.532
PS 3.46 0.37 2.30 9.30 0.969 0.247
SBC 3.19 0.85 5.20 20.53 0.997 0.253
JF 3.02 1.41 4.86 28.50 0.904 0.171
CR 2.94 0.79 6.70 20.50 0.990 0.327
SR 2.77 1.92 6.80 24.20 0.988 0.281
BO 2.58 4.20 3.20 11.30 0.900 0.283
HB 2.43 22.50 3.40 16.70 0.482 0.204
CA 2.37 2.30 7.30 26.30 0.960 0.278
MA 2.16 0.40 6.80 20.20 0.573 0.337
SB 2.04 16.20 9.80 45.00 0.872 0.218
ZP 2 6.50 25.50 240.00 0.758 0.106
BPR 1 150.60 12.80 0.00 0.068
PP 1 85.60 96.20 0.00 0.152
DET 1 600.00 0.118
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4.	 Scenario 4 (S4): Reduction of all fishing fleets by 50% at a rate of 5% year till 2026 and 
then complete ban on the trawl and purse seine fleets, keeping gillnet fleet at the same 
level of fishing (50% of the base level) from 2026 to 2031.

For each scenario, fishing effort on the fleet was changed rather than changing fishing 
mortality on individual groups. This is because of the existence of multispecies and multi-
gear fisheries in the estuary. Therefore, the fishing is relatively non-selective, and it is not 
justifiable to adjust the fishing mortality on individual groups.

Further, in each scenario, the trends in relative biomass estimates of benthic preda-
tory fish (LBC and MBC), pelagic predatory fish (PS and LP), small benthic fish (BP and 
SBC), small pelagic fish (CA and MA), rays and skates, shrimps and crabs were compared 
to identify the best scenario among the simulations. To evaluate the ecosystem structure, 
mean trophic level (TL) of the catch, mean TL of the ecosystem, biomass of higher TL 
(TL > 3.5) and biomass of lower TL (2 to 3) were measured in each scenario. Besides, a set 
of ecosystem integrity indicators such as Kempton’s index of biodiversity (Q) and Shannon 
diversity index (H) were used to assess the ecological diversity, biomass diversity and sus-
tainability of fisheries, respectively, in each scenario simulation.

1.	 Kempton’s index of biodiversity (Q): The index expresses the biomass species diversity 
of functional groups in an ecosystem. The ‘Q’ statistic is estimates as from the inter-
quartile slope of the cumulative functional group abundance curve (Kempton & Taylor, 
1978).

where S is the total number of functional groups in the model; R1and R2 are the bio-
mass values of the 25th and 75th percentiles in the cumulative abundance distribution. 
Kempton index increases with increase in biomass of high trophic level species and 
decreases with increased fishing impacts.

2.	 Shannon diversity index (H): The Shannon diversity index represents a combination 
of species richness and biomass. It quantifies the uncertainty in predicting the species 
identity of an individual when taken at random from a dataset. If there is only one spe-
cies in the dataset, then Shannon entropy exactly equals zero (there is no uncertainty in 
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predicting the species). This index increases with increasing diversity and evenness in 
the dataset). The index is calculated by the following equation,

where S is the total number of functional groups in the model; Pi is the proportional 
abundance of individual ecological group.

3 � Results

3.1 � Scenario 1 (S1): No regulation on fishing fleets

The results of the first scenario simulation, where no fishing regulations are enforced, sug-
gest a decrease in biomass of majority of the functional groups (20 of the 22 groups, bar-
ring HB and ZP) to varying degrees in the 15 years’ simulation period (Fig. 5a). In this 
simulation, catches of all the major fish groups had heavily reduced in 2031 compared 
to 2016. The most negatively affected groups were BO, SBC, MA, BP, CA, MBC, LP, 
CR and PS. The decline in percentage biomass for fishery groups ranged from 13% for 
shrimps to 98% for BO. The average increase in overall biomass was about 130% compared 
to the base value in 2016. The fishing scenario, S1, had negatively affected the functional 
groups, for which the relative biomass has declined drastically (> 50% decline) in 2031. 
Shrimps exhibited the lowest decrease in biomass in 2031 compared to their biomass in 
2016. This pattern of biomass variability in shrimp (one of the important prey group in 
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the ecosystem) suggested that the change in one species because of fishing would affect 
other species through the food chain. Therefore, the decrease in biomass at the high trophic 
level groups reduced predation pressure on the lower trophic levels. The results suggested 
that the exploited functional groups in the 2031 ecosystem were more responsive to the 
increase in fishing effort (S1), where no fishing regulation was implemented. The biomass 
of high trophic level groups declined to a very low level (0.24) (Fig. 5b) in 2031 in the 
scenario simulation. However, the lower trophic level groups showed only a 2% decline in 
their biomass (Fig. 5c). The mean trophic level of the ecosystem (2.80) and mean trophic 
level of the catch (2.75) had also yielded the lowest values in 2031 in this scenario (Fig. 6). 
The ecosystem diversity indices, Kempton’s Q and Shannon diversity showed a decline 
over the years under this scenario. The Q statistic dropped from 1.25 in 2016 to 1.01 in 
2031, whereas the Shannon index slightly dropped to 1.27 (2031) from 1.33 (2016). The 
benthic predators, pelagic predators, small benthic fish, small pelagic fish, rays and skates, 
and shrimps declined heavily in the first scenario, which is depicted in Fig. 7.

3.2 � Scenario 2 (S2): Reducing the mechanized fishing effort and increasing gillnet 
fishing

Scenario two has considered a strict implementation of the ban on the trawl and purse-
seine fleets in the estuary from 2017 onwards. In this scenario, a complete ban on trawl and 
purse seine fleets was enforced from 2017 onwards together with a 50% increase in the gill-
net fleet in 2031. Eighteen of the 22 functional groups increased in their biomass in 2031 
with the S2 fishing scenario (Fig. 5). The increase in percentage biomass for fishery groups 
ranged from 46% for MA to 538% for LP. The average increase in overall biomass was 
about 130% compared to the base value in 2016. Shrimps exhibited a slight decrease (about 
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catch, Kempton’s Q, and Shannon index) in various fishing scenario simulations
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6%) in biomass in 2031 compared to the base year. Due to the decrease in the fishing effort 
in this scenario, a drastic hike in biomass was expected for the former group. However, the 
increase in biomass for major predator groups has exerted predation pressure on shrimps 
(one of the major prey group), and subsequently caused a decline in the biomass of the lat-
ter group. In this scenario, the overall fishing effort has decreased drastically in the estuary 
with a complete ban on the two major fleets. As expected, most of the fish groups benefit-
ted in this scenario with a projected biomass increase of about 130%, especially for the top 
predators. The relative biomass of high trophic level groups escalated to a very high level 
(3.3) (Fig. 5) in 2031 compared to 2016. However, the lower trophic level groups showed 
only a 2% increase in their biomass. The mean trophic level of the ecosystem (2.98) and 
the mean trophic level of the catch (2.91) had also yielded showed an increment in 2031 
(Fig. 6). The Shannon diversity showed an increase over the years under this scenario. The 
index has increased from 1.33 in 2016 to 1.43 in 2031. The Q statistic dropped initially 
from 1.25 to 1.10, and however, it has improved over the years to a value of 1.15. The 
biomass of benthic predators, pelagic predators, small benthic fish, small pelagic fish, rays 
and skates exhibited a drastic increase in the initial years of the simulation and showed a 
gradual decrease towards the end of the simulation period. However, the relative biomass 
was very high for all these groups (ranging from 1.6 for benthic predators to 5.4 for pelagic 
predators) in 2031 compared to 2016. Shrimps declined slightly in relative biomass (0.94 
compared to 2016) at the end of simulation.

3.3 � Scenario 3 (S3): Gradual removal of indiscriminate fleets and gradual increase 
in Gillnet

The scenario S3 was characterized by a gradual removal of the mechanized fleets and 
a subsequent increase in the gillnet fleet. In this scenario, a gradual ban on the trawl 
and purse seine fleets was enforced 2017 onwards together and which was extended as 
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a complete ban from 2026 onwards. On the other hand, a gradual increase in the gillnet 
fleet to the tune of 50% is also imposed. Eighteen of the 22 functional groups increased 
in their biomass in 2031 compared to 2016 (Fig. 5). The increase in percentage biomass 
for fishery groups ranged from 46% for MA to 540% for LP. The average increase in 
overall biomass was about 120% compared to the base value in 2016. Shrimps again 
exhibited a marginal decrease (about 6%) in biomass in 2031 compared to the base year. 
However, the increase in biomass for major predator groups exerted predation pressure 
on shrimps (one of the major prey group), thereby causing a decline in their biomass. 
All the fish groups were all benefitted in this scenario with an increase in their biomass 
through the simulation period. The highest increase in relative biomass was observed 
for LP, PS, BP, MBC, RS, BO, SBC and CEP. The relative biomass of high trophic level 
groups remained at a higher level (3.01) (Fig. 5) in 2031 compared to 2016. However, 
the lower trophic level groups showed only a 2% increase in their biomass similar to the 
second scenario. The mean trophic level of the ecosystem (2.98) and the mean trophic 
level of the catch (2.91) had also showed an increment in 2031 (Fig. 6). The Shannon 
diversity index showed an increase over the years following this scenario. The index has 
increased from 1.33 in 2016 to 1.43 in 2031. The Q statistic dropped initially from 1.25 
to 1.10, and however, it has improved over the years to a value of 1.15. The biomass 
of benthic predators, pelagic predators, small benthic fish, small pelagic fish, rays and 
skates exhibited a drastic increase in the initial years of the simulation and showed a 
gradual decrease towards the end of the simulation period. However, the relative bio-
mass was very high for all these groups (ranging from 1.6 for benthic predators to 5.4 
for pelagic predators) in 2031 compared to 2016. Relative biomass of shrimps declined 
slightly (0.94 compared to 2016) at the end of the simulation.

3.4 � Scenario 4 (S4): Uniform reduction in fishing fleets followed by a complete ban 
on mechanized fleets

In the fourth scenario S4, 20 functional groups increased in their biomass values for 2031 
(Fig. 4). The increase in percentage biomass for fishery groups ranged from 4% for shrimps 
to 930% for LP. The average increase in overall biomass was about 200% compared to the 
base value in 2016. All the exploited groups showed an increase in biomass in 2031 com-
pared to 2016 following this scenario. The lowest increase was again for shrimps, which 
is due to the higher levels of predation rates on this group. The highest increase in relative 
biomass was observed for LP, MBC, PS, BP, LBC, RS, CEP, SBC, BO and CA. The rela-
tive biomass of high trophic level groups showed the highest value in this scenario (4.5) 
(Fig. 5) in 2031 compared to 2016. The lower trophic level groups showed a slight (5%) 
increase in their biomass. In 2031, the mean trophic level of the ecosystem (3.02) and 
mean trophic level of the catch (2.97) had shown the highest increment in this scenario 
compared to 2016 (Fig. 6). The Shannon diversity index has increased from 1.33 in 2016 
to 1.46 in 2031. The Q statistic has dropped from 1.25 in 2016 to 1.11 in 2031. The bio-
mass of benthic predators, pelagic predators, small benthic fish, small pelagic fish, rays and 
skates exhibited a continuous increase from 2016 to 2031. The highest increase in relative 
biomass for these groups was observed in S4. The relative biomass was very high for all 
these groups (ranging from 1.9 for small pelagic fish to 8.3 for pelagic predators) in 2031 
compared to 2016. The relative biomass of shrimps has improved slightly (1.04 compared 
to 2016) at the end of the simulation.
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3.5 � Patterns in the fish catch under various scenario simulations

A comparison of catches by gear types in the first scenario S1 indicates that for most of the 
groups, the relative catch declined in 2031 compared to 2016. In this 15-year simulation, 
the increasing fishing effort of the mechanized fleets and gillnet fleet caused a reduction in 
the fish catch for most of the groups (Fig. 8). In trawl fleet, the average relative catch had 
declined to 0.56, whereas the catches of shrimps had showed an increasing trend (1.72). 
The catches of BO, SBC, MA, BP, CA, MBC, LP, CR and PS in 2031 have declined to 
half of their catch value recorded in 2016 (Fig. 8). Similarly, in the purse-seine fleet, the 
average relative catch has declined to 0.53 in 2031. The catches of BO, SBC, MA, BP, CA, 
MBC, LP, CR and PS in 2031 have declined to half of their catch value when compared 
to 2016 (Fig. 8). In gillet fleet, the catches of BO, SBC, MA, BP, CA, MBC, LP, CR, PS, 
LBC and CEP reduced to half of their catch in 2016 (Fig. 8). The improvement in catch 
was only observed for shrimps in all the fleets, which might be a reflection of the increase 
in biomass followed by the removal of the predator species at the escalated fishing efforts.

In scenario 2, due to the ban on the mechanized fleets, the relative catches of all the 
groups have increased and the total fish catch was doubled in gillnet fleet. The catches of 
LP, PS, BP, MBC, LBC, RS, BO, SBC, CEP, CA, CR and MA have doubled in 2031 com-
pared to the base year (Fig. 8). As expected, there was an overall 50% decrease in the total 
catches especially for SR, BO, MA, JF, CR, CA, SBC, PS in 2031 compared to the base 
year 2016 because of the removal of the two fishing fleets. However, there was an improve-
ment in total catches for LP, MBC, BP, RS and LBC. Again, shrimps displayed the lowest 
increase in the relative catch of gillnet fleet, due to the anticipated predatory pressure from 
high trophic levels in the reduced fishing effort scenario. In scenario 3, the relative catches 
of all the groups have improved in the gillnet fleet specifically for LP, PS, BP, MBC, LBC, 
RS, BO, SBC, CEP, CA, CR and MA (Fig. 8). Shrimps displayed the lowest increase in 
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relative catch of gillnet fleet, due to the anticipated predatory pressure from higher trophic 
levels. The total fish catch was reduced to half in 2031 compared to the base year, 2016.

In scenario 4, the relative catches of LP, MBC, PS, BP, LBC, RS, CEP, SBC, BO and 
CA have increased in the GN fleet (Fig.  8). The catches of mackerel and shrimps have 
reduced following the increase of predatory species in the ecosystem and reduction in the 
gillnet fleet. However, the total catch from gillnet fleet in 2031 was found near to the value 
in 2016. The total catch from all the fleets has nearly reduced by 80% compared to the base 
year. The relative catches for SR, MA, CR, CA, BO, SBC, CEP, RS, LBC, BP and PS have 
declined in total catch when compared to the base year. These reductions correspond to 
the effort reductions in all the fleets. The group LP has only showed an increase in catch in 
2031 compared to the base year.

4 � Discussion

The fishing regulations and decrease in the fishing effort for mechanized fleets achieved 
their targets of protecting the fish stocks and relative improvement in biomass for the fished 
ecological groups (Shannon et al., 2009; Tsehaye & Nagelkerke, 2008; Wang et al., 2015; 
Williams et al., 2006). In previous studies along the west coast of India, the seasonal fish-
ing ban, which is enforced for two months during monsoon season, was found to yield bet-
ter results for conservation of the fish stocks (Vivekanandan et al., 2010). Further, exten-
sion of the seasonal fishing ban for three months was suggested for the west coast of India 
(Mohamed et al., 2014). However, there is no seasonal ban implemented in the estuarine 
systems even as the estuaries provide spawning and nursery grounds for many species at 
different periods including monsoon, pre-monsoon and post-monsoon. The life history 
characteristics of multi-species, multi-gear harvests will be a critical factor influencing the 
efficacy of the fishing regulations for fisheries management (Wang et al., 2015). Therefore, 
enforcement of a seasonal fishing moratorium that has been successfully implemented in 
the Pearl River estuary (Wang et  al., 2015) would not be practical for the tropical mon-
soonal estuaries. Thus, fishing effort regulations including the ban on indiscriminate fish-
ing practices seem to be a better strategy for the Indian estuaries. The simulation results 
showed that both scenario2 and scenario3, wherein the removal of mechanized fishing 
fleets was implemented, yielded the best possible results in terms of recovery of fish stocks 
and increment in the catch for the gillnet fleet.

The efficacy of the fishing regulations was not tested along the estuaries along the 
Indian coast, and this study forms the first of that kind to simulate the impacts of fishing 
regulations on fish stock recovery and fish catch in a tropical monsoonal estuary. The study 
showed that the implementation of fishing regulation would yield restoration of majority 
of the fish stocks, which are already exploited in contrast to the recovery of some specific 
species in the seasonal fishing ban. Moreover, the total catch from the estuary has declined 
after the implementation of the regulation, which was primarily due to the ban/reduction 
in the indiscriminate fishing fleets in the estuary. At the same time, the catch rates in the 
gillnet fleet improved substantially following the fishing regulations. Some of the exploited 
groups were impacted when the fishing regulations were in place in scenario simulations. 
The variations were evident in the shrimp biomass when the fishing regulations were 
implemented. The former group was the main target species for the gillnet fishery and also 
served as the major prey resource for top predators (Sreekanth et al., 2020). Therefore, the 
fishing regulations influenced the groups in two ways: (1) increase in capture by gillnet 
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fleet, (2) increase in predation by the predator groups. However, these groups represent 
highly resilient fish stocks, would be able to recover from these initial declines and can 
sustain in the ecosystem efficiently (Froese & Pauly, 2016).

There are several case studies documented around the world highlighted the effective-
ness of fishing regulations to improve the status of fish stocks in coastal ecosystems. The 
fishing regulations appeared to be a better management solution than the periodic closures 
such as seasonal fishing ban (Wang et  al., 2015). Seasonal fishing closures had resulted 
in larger fish harvest of the stocks immediately after the closure period (Hou et al., 2009; 
Mohamed et  al., 2014). Moreover, these seasonal closures had also caused a gradual 
decline in the fish landings indicating that the seasonal ban only not sufficient to recover 
the fish stock under overexploited populations (Williams et al., 2006). Therefore, in tropi-
cal estuaries, other modes of fishing regulations could be a better option to recover the fish 
stocks and to yield sustainable fish harvest from the ecosystem (Ansari et al., 2003). In this 
study, scenario S2 and scenario S3 were identified as the better fishing policy strategies 
for the management of fish stocks in the estuary. However, it is suggested to follow the S2 
scenario, as there will be an immediate ban on the indiscriminate fishing fleets, which will 
reduce the cost of fisheries management for the implementing agencies in terms of moni-
toring and surveillance.

Previous studies also suggested that the fishing regulations effectively improved the 
fishermen’s cognizance of conservation of fish stocks and played an important role in the 
restoration of the resources (Wang et al., 2015). This positive impact was indicated by the 
increase in catch rates for fishing fleets in Pearl River estuary before and after implementa-
tion of the fishing regulations (Wang et al., 2015). Adebola and de Mutsert (2019) mod-
eled the fishing effort in Nigerian coastal waters and suggested that closure of fishing up 
to 5 nm will benefit the reef fishes. By simulating the different fishing scenarios of Itapu 
reservoir for different kind of fishing fleets, Phillippsen et al., (2019) concluded that apart 
from the fishing effort, the introduction of species had negative impacts on the native spe-
cies; further, he proposed reduction in the fishing effort for three species. Through simula-
tion of trophic cascade on the West Florida Shelf, Chagaris et al (2015) inferred that the 
overexploitation of bait fishes could cause the reduction of large-sized fishes and the bio-
mass would be improved for species whose diet consists of benthic-associated prey. Forrest 
et al (2015) in his studies have developed ecosystem models of the continental shelf and 
slope of New South Wales and concluded that an increase in the trawl fishery would subse-
quently decimate the long-lived elasmobranch and piscivorous fish species.

Frequent revisions and modifications in fishing policies are required to conserve 
fishery resources and biodiversity in the tropical monsoonal estuaries (Ansari et  al., 
2003; Sreekanth et  al., 2018). The fisheries management authorities along the west 
coast of India have understood that the fishing pressure is high and diverse manage-
ment actions are required to conserve the fish stocks. These management actions include 
limiting the fishing fleet, prohibiting the destructive fishing practices, seasonal fishing 
ban, regulations on the use of mesh size for fishing gears, and demarcation of areas 
for fishing operations, etc. However, being a multi-species and multi-gear fisheries set-
ting, the implementation of these measures attracts a lot of criticism and also will result 
in intra-sectoral conflicts between mechanized and traditional fishermen. There are no 
concrete efforts to delineate the positive and negative impacts of the fisheries manage-
ment actions on the fish stocks. In this context, this study put forward an important 
step to examine the effect of the fishing regulations as a policy measure and to explore 
different fisheries management and conservation strategies. To evaluate the effects of 
the fishing regulations on the fish community, changes in the structure and function of 
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the ecosystem in the Zuari estuary were examined based on scenarios simulation over 
the period from 2016 to 2031. The ecosystem indicators (S1, S2, S3 and S4) for 2031 
calculated based on the various fishing scenarios were applied to the estuarine ecosys-
tem. The comparison of the ecosystem features for the 2016 and 2031 indicated that 
the fishing regulations were effective in providing an ecosystem recovery. The fishing 
regulations could reveal a positive impact in terms of the recovery of highly sensitive 
fish stocks (predatory groups).

Assessing the fishing policy options and management scenarios could generate prac-
ticable solutions by evaluating their comparative advantages and disadvantages and the 
simulation approach helps to make policy decisions on the fisheries management. The 
comparison of various fishing scenarios revealed that most of the functional groups would 
decline in their biomass when no fishing regulations are implemented (S1). The direct fish-
ing effort reductions (S4) and ban/reduction of indiscriminate fishing fleets showed a more 
or less similar trend for recovery of fish stocks through diverse fisheries policies (S2 and 
S3). The ban of indiscriminate fishing fleets (S2 and S3) offers better stock recovery and 
fish catch in gillnet fleet when compared to direct reductions in the fishing effort for all 
the fleets (S4). Moreover, the reduction in the gillnet fleet (in S4) would be detrimental 
because the traditional fisher folk depend on the gillnet fishery for their livelihood (Sree-
kanth et al., 2020). The scenario S2 indicated a comparative advantage from S3, in terms 
of overall recovery of fish stocks (130%) and the largest increment in gillnet catch (200%). 
Moreover, in S2, an immediate ban on the indiscriminate fishing fleets will be enforced, 
which will definitely ease the cost of fisheries management (monitoring and surveillance) 
for the implementing agencies. The Ecosim is a time dynamic module for policy evalua-
tion, and here, we used it to measure the impact of indiscriminate fishing operations on the 
estuarine fisheries and ecosystem. Consequently, there are chances for estimation errors 
in the parameters of the EwE model used. Therefore, we may not consider EwE as a tool 
for making quantitative predictions, but rather, as a tool for screening alternate policies to 
find out choices that are worthy of more detailed analysis and experimental field testing. 
Moreover, it is pertinent to note that the simulation results are mean responses of the eco-
system, not actual transitional dynamics (Christensen et al., 2005). However, the current 
simulations suggest that the impacts of indiscriminate fishing could be minimized through 
strict policy decisions. Besides, the results of the study also force us to rethink on the fish-
eries management approaches and resource conservation strategies for tropical interface 
ecosystems. Our model and simulations reveal that the fishing regulations can play a major 
positive role in the recovery of fish community estuarine systems. But in a real sense, the 
question will be how to effectively reduce the fishing effort/ban the indiscriminate fishing 
operations. Hence, to safeguard the fish stocks, a comprehensive set of fishing regulations 
on fishing effort (limited access, size limits, species bans, catch control and gear restric-
tions) could be formulated for tropical estuaries.
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