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Ecosystem models are essential for understanding the complex trophic interactions of a marine food
web. An Ecopath model was built on Northern Bay of Bengal (NBoB) ecosystem considering 29
functional groups to understand the trophic interactions and ecosystem functions. Results showed that
the mean trophic level of the NBoB ecosystem was 3.146. The ecotrophic efficiency of the ecosystem
ranged from 0.510 to 0.995. Species such as Arius spp., Tenualosa ilisha and Harpadon nehereus showed
higher ecotrophic efficiencies which suggested that those species were highly exploited. The total
system throughput was 4163.712 t/km?/year. Further, Finn’s cycling index was 14.39% of the total
ecosystem throughput and the Finn’s mean path length was 3.203. The ratio of total primary production
to total respiration was 1.445 and the total transfer efficiency of the NBoB ecosystem was 16.43%. Those
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Niche 0"3“313_ statistics suggested that the NBoB is a highly efficient detritus-based ecosystem which is possibly in its
i(e(i’_swne Species early stage of maturity. The mixed trophic impact analysis showed that the majority of the functional
ndia

groups had negatively affected the trophic interactions of the NBoB ecosystem but the detritus,
phytoplankton, benthos and non-penaeid shrimps had positively affected the trophic interactions. Use
of trawl and bag nets had considerable negative impacts on the various functional groups of the
NBoB ecosystem. In the NBoB ecosystem elasmobranchs was the keystone group. Upeneus spp. and
Polynemidae, and Caranx spp. and Carangidae had considerable niche overlaps in the NBoB ecosystem.
Overall increases in the mean trophic level, Finn’s cycling index, gross efficiency and fluctuations of the
total biomass were the key indicators of the changes that the NBoB is experiencing in recent years.
That may affect the trophic interactions of the NBoB foodweb; therefore, regular monitoring of the
components of the food web is recommended.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Complexity of a marine food web increases with its stage of
maturity because in the early-stage of maturity predators are
generally less diverse and variable compared to a stage when
a food web reaches to its maturity (Orians, 1975; Christensen,
1995; Christensen and Pauly, 1998; Brinck and Jensen, 2017;
Bossier et al., 2020). Trophic structure and functions of a marine
food web are largely impacted by over-exploitation by fisheries,
which in consequence may trigger trophic cascades (Lynam et al.,
2017). The global mean trophic level (MTL) of fisheries landings is
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declining possibly as a consequence of increasing fishing pressure
which is meeting the ever-increasing global demand for nutrition
(Pauly et al., 1998; Halpern et al., 2008). So, adverse effects on
trophic interactions of a marine food web are likely (FAO, 2001;
Pikitch et al.,, 2004; Babcock et al., 2005; Gavaris, 2009), for
example Western Indian Ocean (WIO) lost its 63.3% adult tuna
biomass between 1954 and 2006, which is the highest loss on
a global scale, and it even surpassed the loss of tuna biomass
of Pacific (49.2%) and Atlantic (49.6%) oceans (Juan-Jorda et al.,
2011). The WIO is experiencing changes of trophic structure and
functions but that does not necessarily mean that the forage fish
stocks of WIO are in decline (Danckwerts et al., 2014). On the
contrary, from 1950 to 2018, total catches of East Indian Ocean
(EIO) had shown a consistent upward trend, and during that
period Tenualosa ilisha, Clupea pallasi, and Rastrelliger kanagurta
were among the most important catch species accounting for
more than 10% of total fisheries catch of the EIO (Quan et al.,
2021).


https://doi.org/10.1016/j.rsma.2023.102861
https://www.elsevier.com/locate/rsma
http://www.elsevier.com/locate/rsma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rsma.2023.102861&domain=pdf
mailto:s.dutta@squ.edu.om
mailto:duttasachi@gmail.com
mailto:souravpaul4@gmail.com
https://doi.org/10.1016/j.rsma.2023.102861

S. Dutta, S. Paul and S. Homechaudhuri

Trophic interactions of marine food webs are less understood
because data availability is limited from marine biomes (Orians,
1975; Maureaud et al., 2017; Bossier et al., 2020). The majority
of catch and landings data of Arabian Sea and Bay of Bengal
(BoB) are essentially low resolution and poor quality. In some
cases, species composition data are available, but such data are
either primarily anecdotal or significantly biased towards easily
recognizable species (Temple et al., 2018). Fisheries manage-
ment of Arabian Sea and BoB has traditionally focused on a
single species; however, that strategy has significant drawbacks
because multispecies open access fisheries are common in the
region (Vivekanandan, 2001). For such reasons, fisheries research
is moving from a single-species evaluation and policy making
to a more comprehensive multi-species and ecosystem-based
approach by studying different trophic levels of a food web and
trophic interactions (Link, 2002; Pikitch et al., 2004; Hilborn et al.,
2005; Harvey et al., 2012).

A trophic mass-balance model provides a theoretical frame-
work to estimate the impacts of fisheries on a marine food web
and that is often used to understand the complex trophic interac-
tions between multiple functional groups of a food web (Vascon-
cellos et al., 1997; Christensen et al., 2008). In order to construct
any of such ecosystem model, it is important to link a species to
an ecosystem, and to understand the way an ecosystem is system-
atically measured by complex but retraceable representations of
energy flow, trophic flow, assimilation efficiency and functional
response (Villanueva et al., 2006). Trophic mass-balance models
could be developed by using Ecopath with Ecosim (EwE) (https://
ecopath.org/) software (for ecosystem trophic mass balance anal-
ysis (Ecopath), with a dynamic modeling capability (Ecosim))
which is a free and is considered as a comprehensive modeling
tool developed for better understanding and analyzing the effects
of fishery management policies, establishment of marine pro-
tected areas, long-term environmental changes of marine biomes
(Pauly et al., 2000; Christensen and Walters, 2004). Multiple
indices could be calculated from an Ecopath model using EwE
software in order to evaluate and compare the stability and
the maturity of a marine food web and the direction of trophic
interactions that are running within the food web (Christensen
and Walters, 2004; Harvey et al,, 2012). Connectance Index (CI)
and System Omnivory Index (SOI) indicate the complexity of an
ecosystem’s inner connectivity and the stage of maturity of an
ecosystem (Christensen and Pauly, 1993; Christensen and Wal-
ters, 2004). The Finn’s Cycling Index (FCI) determines the degree
of recycling in an ecosystem (Christensen et al., 2008). Keystone
index indicates the key species of an ecosystem (Su, 2016). The
proportion of prey and predatory shared between different func-
tional groups could be calculated from the niche overlap index
(Lassalle et al., 2014).

The Arabian Sea and BoB are landlocked from the north by the
continental Asia (Shenoi et al., 2002) and are data poor because
only a few studies (Vivekanandan et al., 2003; Dutta et al., 2017;
Guenette, 2014; Ullah et al.,, 2012; Das et al., 2018) have ever fo-
cused on ecosystem models. Vivekanandan et al. (2003) suggested
that off southwest coast of India the annual average fish catch had
exceeded the estimated biomass of large and medium size preda-
tors, demersal feeders and detritivores; therefore, the catch of
large zoobenthic and mesopelagic feeders such as carangids and
the plankton feeders (e.g. sardines, shads, whitebaits, clupeids
and scads) may increase in future. The Northern Bay of Bengal
(NBoB) is a biodiverse marine ecosystem in terms of its fish
assemblage (Dutta and Paul, 2021). Previous studies suggested
that the NBoB has a low ecological efficiency but a high rate of
energy transfer from the lower trophic levels of the food web
(Dwivedi, 1993; De et al., 2011; Ullah et al., 2012). The NBoB is
facing overharvesting pressure of its key fishery resources such as
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Hilsa shad (T. ilisha) (Dutta et al., 202 1b), which may cause partial
disappearance of one or more trophic levels leading to a trophic
cascade (Chuenpagdee et al., 2006). The food web of the NBoB
is mainly consist of detritivores and planktivorous organisms
where phytoplankton and detritus positively affect many other
functional groups (Dutta et al., 2017). Ullah et al. (2012) worked
on the NBoB with 14 functional groups and reported MTL of
2.45. Dutta et al. (2017) considered 15 functional groups in their
model and reported MTL of 2.716 for the NBoB ecosystem. Later,
Das et al. (2018) considered 32 functional groups in their model
and suggested that the NBoB ecosystem is a developing one and
has MTL of 3.115, which is higher than the MTL suggested by
Dutta et al. (2017) and Ullah et al. (2012). Those changes of
MTL of the NBoB ecosystem in recent years have prompted us to
build a steady state mass balance model on the NBoB ecosystem
considering 29 functional groups. The objectives include (i) illus-
tration of the trophic interactions and energy flow pathways, (ii)
define the trophic functions using holistic ecosystem properties
and flow indices, (iii) the development status (i.e., maturity) of
the ecosystem (iv) estimate the proportion of prey and predators
shared by various functional groups, and (v) distinguish the im-
pact of ecological groups along with the identification of keystone
species or group.

2. Methods
2.1. Study area and data collection

The study was conducted in the NBoB off West Bengal, India
(see Fig. 1). The NBoB and its coastal-fringes are the nursery of
innumerable coastal-marine fish species that are commercially
harvested by India and Bangladesh (Islam, 2003; Sarkar and Bhat-
tacharya, 2003). Length (cm) and weight (g) data of some of the
important species (Scomberomorus spp., Arius spp., T. ilisha, R.
kanagurta, Polynemidae and Sardinella longiceps) were collected
monthly in 2015 from the Fraserganj fishing harbour of West Ben-
gal, India (see Fig. 1) adjacent to NBoB. Length and weight data
were used to analysis the population parameters (e.g., growth,
mortality and exploitation rate). Population parameters of the
other functional groups were collected from different sources (see
Appendix A). Annual fish catch or yield (Y) data of 2006 to 2015
of the NBoB (see Fig. 1) were obtained from the Annual Report of
2016 of the Department of Fisheries (DoF), Government of West
Bengal, India (Department of Fisheries, 2016). Those datasets
were used in this study to calculate the biomass of the functional
groups. Catch through gill, trawl and bag nets were considered
in the study because those are the most common fishing gears
(above 90% of the total catch is done by those three types of nets)
used by the fishermen who fish off West Bengal, India.

2.2. Mass balance modeling approach

The EwE software version 6.5 was used to develop a mass
balance model which has an equation that maintains an equi-
librium between production with consumption i.e. how much
mass is consumed by a prey + biomass caught (catch) + biomass
accumulation + net migration in or out of the system.

p Q
Bi(g)iEEi =Y+ ZBJ‘(E)]'DCﬁ + BA; + NM;

where, B; and B; are the biomass of the functional group i and j;
(%)i is the production/biomass; EE; is the ecotrophic efficiency of
the ecosystem; <. is the food consumption per unit biomass of
Ji Yi is the fisheries yield; DC;; is the fraction of j in the diet of i;
BA; is the biomass accumulation and NM; is the net migration of
the functional group. The inputs for the model are B, %, %, Y and
DC, whereas the EE is estimated by the software. The units of the
model are t km™2 yr~! wet weight for energy flow and t km™2
for biomass.
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Fig. 1. Map of the study area and sampling site in the Northern Bay of Bengal off West Bengal, India with bathymetry contour.

2.3. Functional groups

Twenty-nine functional groups were considered in the model
out of which 28 were living groups and one detritus group. Phy-
toplankton group was considered as the producers of the NBoB
ecosystem. Elasmobranchs, coastal tunas, Harpodon nehereus, Sci-
aenidae and Arius spp. were considered as the top predators of the
ecosystem. Table 1 described the NBoB ecosystem model consists
of 29 functional groups and input parameters of the model. The
functional groups were identified based on their ecological and
biological similarities such as feeding habits, habitats, growth and
so on. For each functional group, key parameters (see Appendix A)
and diets (see Appendix B) were compiled from the previously
published literatures and reports.

2.4. Model analysis and indices

Diet composition studies focused on fish and invertebrates are
rare for the NBoB; therefore, literatures that focused on same
(or similar) species of elsewhere in the tropics had to be con-
sidered (see Appendix A) along with the information available in
the FishBase (Froese and Pauly, 2021). Biomass (B), Production/
Biomass ratio (3), and Consumption/Biomass ratio (%)i were
obtained either from the previously published literature or by
using length, weight and growth data fitted to empirical equa-
tions (Pauly et al., 2000; Palomares and Pauly, 1998). Growth
and mortality of the Scomberomous spp., Arius spp., T. ilisha, R.
kanagurta, Polynemidae and Sardinella longiceps were calculated
from the length frequency analysis.

Biomass of each functional group was estimated from the
equation of Biomass (B) = Yield (Y)/ Fishing mortality (F) (Gul-
land, 1971). Biomass of the benthos was collected from the Holm-
gren (1994). Reference biomass of zooplankton and phytoplank-
ton groups were taken from Mustafa (2003). Detritus biomass

was estimated using an empirical equation based on primary
production and depth of the photic zone (Pauly et al., 1993):

where PP is the primary productivity (i.e., gC/m?/year) and E is
the depth (m) of the euphotic zone. The average euphotic depth
of the study area was 15 m. The carbon (C) was transformed in
wet weight by assuming a ratio of 1:9 (Pauly and Christensen,
1995).

The Production/ Biomass ratio was calculated from the Bever-
ton and Holt (1957) equation of total mortality (Z = P/B) following
the Von Bertalanffy Growth Function (VBGF).

P Loo —L
Z=—-=Kx— ,

B L—-T
where Loo is the asymptotic length, i.e., the mean size of the indi-
viduals of a population would reach if those individuals live and
grow indefinitely; K is the VBGF curvature parameter (i.e., rate at
which Loo is approached); and L is the mean length of the fish
population. Here, L’ represents the mean length of the first catch
assuming knife-edge selection. L must be > L’. The P/B ratios of the
phytoplankton and zooplankton were taken from the Guenette
(2014) and the Vivekanandan et al. (2003), respectively.

Consumption is the intake of food by a functional group over
a considered time period and in the Ecopath model it is generally
taken as a ratio of consumption over biomass (Q/B). Absolute
consumption computed by Ecopath is generally expressed in
‘t km~2 year~" but the Q/B is a ratio so it is unit less. The Q/B
was calculated following the equation

log(Q/B) = 7.964 — 0.204log Woo — 1.965T + 0.083A
+ 0.532h 4 0.398d (Palomares and Pauly, 1998)

where Woo is the asymptotic weight (g), T’ is an expression for
mean annual temperature of the water body, expressed using T’
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Input data of the Ecopath model built on the Northern Bay of Bengal ecosystem off West Bengal, India considering

different functional groups.

Sl no Functional groups Landing Bi P/B Q/B P/Q
1 Elasmobranchs 0.372 0.930 0.613 - 0.2
2 Coastal tunas 0.006 0.080 0513 - 0.2
3 Harpadon nehereus 0.874 0.387 4.560 15.255 -
4 Scomberomorus spp. 0.030 0.180 3.390 11.831 -
5 Arius spp. 1.510 1.110 1.895 6.691 -
6 Lates spp. and Lutjanus spp. 0.566 0.760 1.690 5.690 -
7 Sciaenidae 1.285 0.710 2.610 9.542 -
8 Muraenesox 0.011 0.089 0.472 - 0.2
9 Tenualosa ilisha 0.934 0.680 3.524 22.410 -
10 Leiognathidae 0.052 0.380 2.950 27.434 -
11 Upeneus spp. 0.011 0.270 4510 15.481 -
12 Hemiramphus spp. 0.013 0.470 3.596 12.059 -
13 Rastrelliger kanagurta 0.561 0.483 3.500 17.796 -
14 Mugilidae 0.456 0.980 2.880 11.899 -
15 Polynemidae 0.059 0.210 4210 17.640 -
16 Caranx spp. 0.136 0.630 2.035 10.735 -
17 Carangidae 0.383 0.695 2.220 7.950 -
18 Stromateidae 0511 0.500 1.950 9.655 -
19 Sardinella longiceps 0.263 1.270 4.980 38.929 -
20 Engraulidae 0.366 1.300 3.555 19.910 -
21 Trichiuridae 0.227 0.320 1.860 9.549 -
22 Penaeid shrimps 0.515 0.910 5.750 17.138 -
23 Non-penaeid shrimps 0.250 0.710 13.430 25.336 -
24 Marine crust crab 0.018 0.882 4.690 17.701 -
25 Squid and cuttlefish - 1.300 3.977 16.537 -
26 Benthos - 13.745 8.605 - 0.3
27 Zooplankton - 10.000 40.000 119.700 -
28 Phytoplankton - 13.000 100.000 -
29 Detritus - 36.537 -

Landings (t/km?/year); Bi = Initial biomass (t/km?);
(yr='); P/Q= Production/Consumption (yr~').

= 1000/Kelvin (Kelvin = °C 4 273.15), A is the aspect ratio, h
is a dummy variable expressing food type (1 for herbivores, 0
for detritivores and carnivores), and d is a dummy variable that
also express type of food (i.e. 1 for detritivores, 0 for herbivores
and carnivores). The Q/B of the zooplankton was taken from
the Ullah et al. (2012). The Q/B of elasmobranchs, coastal tunas,
muraenesoxX and benthos were estimated from the input of P/Q
value.

Diets of different species and families were collected from the
published literature and reports and from Fishbase (Froese and
Pauly, 2021) (see Appendix A) and a diet matrix of the functional
groups was built (see Appendix B).

The ecotrophic efficiency (EE) is the proportion of the produc-
tion that is used within the ecosystem (Christensen and Pauly,
1998). The values of EE range from 0 to 1 and an EE value may
approach 1 for a group that faces considerable predation pressure
(Christensen et al., 2008). In a few cases EE could be > 1, which
specifies that total energy demand surpasses the total production
of the system (Christensen et al., 2008). To achieve a balanced
model (i.e., EE; < 1 for all the groups i) a value greater than 1
(EE > 1) necessitates the examination of data inconsistencies,
adjustment of biomass, P/B ratio, and diet composition, beginning
with the factors judged less reliable (Blanchard et al.,, 2002;
Guenette, 2014).

A model is considered balanced when: (i) realistic estimates
of the missing parameters are calculated (EE < 1), (ii) values of
P/Q or gross efficiency of food conversion is generally between
0.1 and 0.35 for most of the functional groups except the fast
growing groups which often have higher values of P/Q and the
top predators which generally have lower values of P/Q (iii)
respiration/biomass (R/B) ratios are generally high for the small
organisms and low for the top predators (iv) respiration/food as-
similation (R/A) ratios are often less than 1 and the top predators
generally have higher R/A ratios compared to the lower trophic
groups (v) net efficiency of food conversion is often less than 1

P/B = Production/Biomass (/year); Q/B = Consumption/Biomass

for all the functional groups (vi) Production/Respiration (P/RA)
< 1.0. (Christensen et al., 2008; Heymans et al., 2016). In some
cases, the EE of the functional groups could be >1, which indicates
the demand of a functional group is too high to be sustainable
(Christensen et al., 2008). A high value of the EE also means “other
mortality” of that functional group is low, but the predation or
fishing mortality is high (Christensen et al., 2008). In order to
balance the EWE model properly the input parameters are gener-
ally adjusted in a manner that the EE does not exceed 1 (Harvey
et al,, 2012). The model is later balanced manually by adjusting
the biomass, P/B ratios, and diet compositions (Christensen and
Walters, 2004).

The Mixed Trophic Impact (MTI) analysis was carried out on
the EwWE software by using the Leontief (1951) matrix routine
(Ulanowicz and Puccia, 1990; Libralato et al., 2006). The MTI
emphasizes the nutritional interconnections among the different
functional groups and explores direct and indirect effects among
those functional groups through a complete food web analysis
(Christensen and Walters, 2004) and returns a value range —1
to 1.

Keystone species or group could be identified from the MTI
analysis (Valls et al., 2015). Presently, keystone index of Libralato
et al. (2006) has been used. Keystone species could be recognized
by plotting the relative overall effect (i), which is derived from
the MTI (my), against the keystoneness (KS;). The overall effect
(&) is defined as:

where, mj is derived from the MTI analysis as the product of
all net impacts for all the possible pathways of the food web
that connect prey i and predators j. The keystone value (KS;) of a
functional group was calculated as:

KS; = log [&i(1 — pi)]
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The modified input and output parameters of the Ecopath model of the Northern Bay of Bengal ecosystem off West Bengal, India.

Functional groups Trophic ~ Biomass Production/ Consumption/ Ecotrophic Production/ Flow to Net Omnivory Throughput Production/
level (t l(mz) Biomass Biomass efficiency Consumption detritus efficiency index (t/kmz/year) respiration
(lyear) (lyear) (Jyear) (t/km? jyear)

1 Elasmobranchs 4.182 0.930 0.613 3.064 0.919 0.200 0.616 0.250 0.211 2.756 0.333
2 Coastal tunas 3.900 0.080 0513 2.566 0.885 0.200 0.046 0.250 0.293 0.205 0.333
3 Harpadon nehereus 3.495 0.387 4.560 15.255 0.992 0.299 1.194 0.374 0.062 5.904 0.597
4 Scomberomorus spp. 3.718 0.180 3.390 11.831 0.988 0.287 0.433 0.358 0.113 213 0.558
5 Arius spp. 3.529 1.110 1.895 6.691 0.995 0.283 1.497 0.354 0.466 7.427 0.548
6 Lates spp. and Lutjanus spp. 3.604 0.760 1.690 5.690 0.950 0.297 0.930 0.371 0.094 4.324 0.591
7 Sciaenidae 3.809 0.710 2610 9.542 0.825 0.274 1.679 0.342 0.172 6.775 0.520
8 Muraenesox 3.493 0.089 0.472 2.358 0.945 0.200 0.044 0.250 0.417 0.21 0.333
9 Tenualosa ilisha 2.300 0.680 3.524 22.410 0.993 0.157 3.064 0.197 0.243 15.24 0.245
10 Leiognathidae 2.697 0.380 2.950 27.434 0.631 0.108 2499 0.134 0.377 10.42 0.155
11 Upeneus spp. 2.828 0.270 4510 15.481 0.964 0.291 0.880 0.364 0.439 4.18 0.573
12 Hemiramphus spp. 2.642 0.470 3.596 12.059 0.978 0.298 1.170 0.373 0.341 5.668 0.594
13 Rastrelliger kanagurta 2.833 0.483 3.500 17.796 0.988 0.197 1.739 0.246 0.441 8.639 0.326
14 Mugilidae 2.304 0.980 2.880 11.899 0.990 0.242 2.359 0.303 0.280 11.66 0.434
15  Polynemidae 3.066 0.210 4210 17.640 0.894 0.239 0.835 0.298 0.243 3.704 0.425
16 Caranx spp. 3.122 0.630 2.035 10.735 0.979 0.190 1.380 0.237 0.243 6.763 0.311
17 Carangidae 3.162 0.695 2220 7.950 0.987 0.279 1.124 0.349 0.236 5.525 0.536
18 Stromateidae 2.809 0.500 1.950 9.655 0.976 0.202 0.989 0.252 0.330 4.827 0.338
19 Sardinella longiceps 2.356 1.270 4.980 38.929 0.962 0.128 10.127 0.160 0.269 49.44 0.190
20 Engraulidae 2.790 1.300 3.555 19.910 0.976 0.179 5.288 0.223 0.347 25.88 0.287
21 Trichiuridae 3.293 0.320 1.860 9.549 0.964 0.195 0.633 0.243 0.024 3.056 0.322
22 Penaeid shrimps 2444 0.910 5.750 17.138 0.986 0.336 3.195 0.419 0.296 15.6 0.722
23 Non-penaeid shrimps 2444 0.710 13.430 25.336 0.983 0.530 3.757 0.663 0.296 17.99 1.964
24 Marine crust crab 2.754 0.882 4.690 17.701 0.893 0.265 3.565 0.331 0.478 15.61 0.495
25 Squid and cuttlefish 3.051 1.300 3.977 16.537 0.729 0.241 5.698 0.301 0.471 215 0.430
26 Benthos 2314 13.745 8.605 28.684 0.510 0.300 136.763 0.375 0.269 394.3 0.600
27 Zooplankton 2.111 10.000 40.000 119.700 0.657 0.334 376.575 0418 0.111 1197 0.717
28  Phytoplankton 1.000 13.000 100.000 0.655 448.944 0.000 1300

29  Detritus 1.000 36.537 0.616 0.401 1017

Values marked in Bold are calculated by the EwE software.

where, p; is the contribution of the functional group to the total
biomass of the food web.

The SOI is defined on the basis of the omnivory index (OI) of
each food web component. It indicates the variance of trophic
levels and formulated as:

n
Ol; = Y "(TL; — (TL; — 1))* % DGy
j=1
So, from the OI of each functional group the SOI could be calcu-
lated following the equation:

Y10l * log(Q))]
> log(Qi)
where Q; is the food intake of each consumer (Christensen and

Walters, 2004; Libralato, 2008).
The CI can be calculated by the following equation

Z}Z&k Cijk
ni(ni—1)
2
Cijx = joining between patch j and k (0 = unjoined, 1 = joined)
of the corresponding patch type (i), based on a user specified
threshold distance. n; = number of patches in the landscape of
the corresponding patch type (class). The CI and the SOI are
two indices that represent the complexity of the internal in-
terconnection within the ecosystem and help in characterizing
an ecosystem’s maturity and are likely to be higher in mature

environments (Christensen, 1995; Lira et al., 2018).

The FCI (Finn, 1976) exploits the Leontief matrix to evaluate
the quantity of material cycling within an ecosystem. The formula
is:

S0l =

a= (100)

n

FCl =
i=1

TST I

where [;; is the ith coefficient along the diagonal of the Leontief
matrix, S; = inflow to the ith compartment and TST = total
system throughput. The FCI and Finn’s mean path length (FML)
are used to measuring the degree of recycling in a system (Xu
et al, 2011).

Niche overlap is the proportion of prey and predators shared
by various functional groups. Pianka (1973) proposed the use of
the index of overlap resulting from the Lotka-Volterra equation
competition coefficients. The index, Oy, could be derived for two
species/groups j and k, from

n

(Pji * Py)

SN S L1
i=1 /(XL Pi® * Pi?)

where, P;; and Py; are the proportions of the resource i used by
species j and k, respectively. The index is symmetrical, and it
assumes a scale of 0 (no overlap) to 1 (identical diet or predator
compositions). If the index value is greater than 0.6 than it in-
dicates significant niche overlap between two functional groups
(Pianka, 1973).

3. Results

The model derived output data were summarized in Table 2.
The cluster analysis divided the 29 functional groups of the NBoB
model into 4 major classes (Fig. 2). Class 1 was composed of pro-
ducers i.e., phytoplankton and detritus (Fig. 2). Class 2 included
top predators i.e., elasmobranchs, coastal tunas, muraenesox, Sci-
aenidae, Harpadon nehereus, Scomberomous spp. Arius spp., Lates
spp. and Lutjanus spp. (Fig. 2). Class 3 was a combination of the
primary consumers and Class 4 was a mixture of the secondary
consumers (Fig. 2).

3.1. Trophic levels and trophic efficiency

Trophic levels (TL) of the different functional groups (see Ta-
ble 2) ranged from 1 to 4.182 (Fig. 3). The EE ranged between
0.510 and 0.995; however, for the majority of the functional
groups the EE values were close to 1 (Table 2). The Leiognathidae
had the lowest EE (i.e., 0.631) among the fish groups. The ben-
thos had the lowest EE (i.e.,, 0.510) among the non-fish groups
(Table 2). High EE values were evident for Arius spp., T. ilisha and
H. nehereus (Table 2).
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Fig. 2. Hierarchical cluster analysis of the trophic level of different functional groups of the Ecopath model built on the Northern Bay of Bengal ecosystem off West
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Fig. 3. Trophic interactions of the Ecopath model of the Northern Bay of Bengal ecosystem off West Bengal, India.

3.2. Summary statistics of the model

The sum of all consumption, exports, respiratory flows and the
sum of all flows into detritus were 1846.741 t/km?/year, 400.342
t/km?/year, 899.608 t/km?/year and 1017.021 t/km?/year, re-
spectively (Table 3). The TST of NBoB ecosystem was 4163.712
t/km?/year (Table 3). The MTL of the NBoB ecosystem was 3.146.
The SOI had a value of 0.276 and the CI was 0.269. The ratio of
total primary production/ total respiration (TPP/TR) was 1.445.
The ratio of TPP to total biomass (TPP/B) was 24.537 and the ratio
of total biomass/total throughput (B/TST) was 0.013 t/km?/year.
The FCI was 14.39% of the TST and the FML was 3.203.

3.3. Transfer efficiency of the model

Two main food chains, a detritus-based food chain and a
grazing food chain were identified (Fig. 4). The biomass of the
primary producers was 13.00 t km~2 y~! and the biomass of the
detritus was 36.54 t km~2 y~!. The energy flow along the grazing

food chain was 851.1 t km™2 y~! and through the detritus food
chain was 626.1 t km=2 y~! (Fig. 4). TL I was made of primary
producers and detritus, both of which were considered while
analyzing the energy flows associated with all functional groups
(Fig. 4). The total ecosystem transfer efficiency (TE) was 16.43%.
The TE of primary producers (16.28%) was lower than the TE of
detritus (16.63%) (Table 4). TE increased from TL II to TL V then
declined TL VI onwards (Table 4). The highest value (i.e., 21.21)
of the TE was observed at TL V of all flows (Table 4).

3.4. Mixed Trophic Impact analysis

The MTI of the most functional groups were influenced by the
functional groups that form the base of the food web such as de-
tritus, phytoplankton and benthos (Fig. 5). Elasmobranchs, Arius
spp., squid and cuttlefish, zooplankton, H. nehereus, Scombero-
mous spp., Lates spp. and Lutjanus spp., Sciaenidae and coastal
tunas have negatively impacted the trophic interactions of NBoB
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Table 3
System statistics of the Ecopath model of the Northern Bay of Bengal ecosystem off West Bengal, India.
Parameter Value Units
Sum of all consumption 1846.741 t/km? |year
Sum of all exports 400.342 t/km? |year
Sum of all respiratory flows 899.608 t/km? |year
Sum of all flows into detritus 1017.021 t/km? |year
Total system throughput 4163.712 t/km? |year
Sum of all production 1877.784 t/km? /year
Mean trophic level of the catch 3.146
Gross efficiency (catch/net p.p.) 0.007
Calculated total net primary production 1300.000 t/km? |year
Total primary production/total respiration 1.445
Net system production 400.392 t/km? |year
Total primary production/total biomass 24.537
Total biomass/total throughput 0.013 t/km? |year
Total biomass (excluding detritus) 52.981 t/km?
Total catch 9.408 t/km? |year
Connectance Index 0.269
System Omnivory Index 0.276
Shannon diversity index 2.306
Finn’s cycling index 14.39 % of total throughput
Finn’s mean path length 3.203 none
[2.473 [4.233 |2.226 [0.436
3238 8511 36.80 190.0 4.734 26.58 0.661 3341 0.0827
P ) I 0.130 11 0.162 v 0.210 v
13.00 26.27 10.32 2.810 0.524
626.1 7770 1057 1454 1848
448.9
2533
D
36.54
1017 507.7 53.55 6.022 0.767
|exports and catches
R TST(%) .
_consumption | TL |_predation
R 1E
flow from blmes | flow from
detritus Jrespiraion | 3o

Fig. 4. The trophic flows transmitted between the trophic levels of the Ecopath model of the Northern Bay of Bengal ecosystem off West Bengal, India. P: primary
producers; D: detritus; TST: total system throughput; TL: trophic level; TE: transfer efficiency. Units: t/km?/year.

Table 4

Transfer efficiency (calculated as geometric mean for TL II-1V) of different trophic levels of the Ecopath model of the Northern Bay

of Bengal ecosystem off West Bengal, India.

Source \Trophic level 1 il v \Y VI VII

Producer 13.09 15.77 20.88 21.29 20.03 18.79
Detritus 12.95 16.82 21.11 21.08 19.82 18.74
All flows 13.03 16.21 20.98 21.21 19.95 18.77

Proportion of total flow originating from detritus: 0.43
From primary producers: 16.28%

From detritus: 16.63%

Total: 16.43%

ecosystem (Fig. 5). Cannibalism had a significant negative influ-
ence among zooplankton. Trawl nets had the highest negative
impact on the whole ecosystem (Fig. 5). The MTI index showed
majority of the 29 functional groups had negatively affected the
trophic interactions of the NBoB ecosystem (Fig. 6). The high-
est total negative impact was showed by Sciaenidae (—1.653)
followed by the Arius spp. (—1.591), zooplankton (—1.518), elas-
mobranchs (—1.428). Functional groups such as the detritus (total
MTI is 3.834), phytoplankton (total MTI is 3.090), benthos (total

MTI is 0.391) had shown positive impacts on the other functional
groups of the NBoB ecosystem (Fig. 6).

3.5. Keystone index

The key functional group of the NBoB ecosystem was the
elasmobranchs (KS = —0.098). Among the higher trophic level
keystone indices of Sciaenidae, Arius spp., squid and cuttlefish and
H. nehereus were —0.157, —0.238, —0.292 and —0.343, respec-
tively. Among the lower trophic levels, the keystone indices of
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Fig. 5. Mixed Trophic Impact observed in the Ecopath model of the Northern Bay of Bengal ecosystem off West Bengal, India.
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Fig. 7. Keystone index of functional groups of the Ecopath model built on the Northern Bay of Bengal ecosystem off West Bengal, India.

phytoplankton, zooplankton and benthos were —0.199, —0.354
and —0.421, respectively (Fig. 7). Phytoplankton had the highest
relative total impact (RTI) in the NBoB ecosystem (1.0) followed
by elasmobranchs (0.97), Sciaenidae (0.843), Arius spp. (0.704),
zooplankton (0.651), and squid and cuttlefish (0.625) (Fig. 7).

3.6. Niche overlaps

Upeneus spp. and Polynemidae, and Caranx spp. and Carangi-
dae showed the highest levels of niche overlaps in terms of
their predators and preys (Fig. 8). Arius spp. and Engraulidae; H.
nehereus and marine crust crab; H. nehereus and Stromateidae and
Scomberomorus spp. and Carangidae, showed limited niche over-
laps (Fig. 8). Polynemidae and Trichiuridae; non-penaeid shrimps
and benthos; penaeid shrimps and Benthos showed low values of
predator overlap index but high values of the prey overlap index
(Fig. 8). Elasmobranchs and Sciaenidae, T. ilisha and Polynemidae;
H. nehereus and R. kanagurta had high values of the predator
overlap index but low values of the prey overlap index (Fig. 8).

4. Discussion
4.1. Ecotrophic efficiency and mean trophic level

Ecotrophic efficiency of a functional group is a measure of
the proportion of the production that is utilized by the next
trophic level through direct predation or fishing (Heymans et al.,
2016). Leiognathidae and Sciaenidae had the lowest EE among all
the fish groups of the NBoB ecosystem. It is possible that they
have fewer predators and are less exploited by the fisheries in
the region. The benthos and detritus have considerably lower EE
values among the non-fish groups of the NBoB. Arius spp., T. ilisha
and H. nehereus had high EE values. In terms of high EE values
of functional groups (small pelagic, penaeid shrimp), results have
similarities with Mustafa (2003) and Ullah et al. (2012) who
worked in the NBoB.

The results showed that the MTL of the NBoB ecosystem was
3.146. The MTL of NBoB increased in comparison to the previous

studies conducted by Ullah et al. (2012), Dutta et al. (2017) and
Das et al. (2018) (see Table 5). Predation and fishing of different
target species affect the stability, complexity and maturity of an
ecosystem (Hattab et al., 2013), which are possibly affecting the
trophic interactions of the NBoB and its MTL. T. ilisha is a highly
exploited fish in India and Bangladesh (Dutta et al., 2021a) and H.
nehereus is highly predated by itself (cannibalism). Traditionally
fishers of the NBoB region did not fish higher trophic levels and
the top predators (e.g., elasmobranchs, coastal tunas and Sci-
aenidae), fishers rather targeted species that are essentially small
pelagic. In recent years, however, there has been a noticeable
increase in fish movement towards the NBoB, which is linked
to ocean warming which may impact different trophic levels of
the food web (Burrows et al.,, 2014). An important new pattern
of winter fishing in the NBoB region is the transition from small
pelagic to demersal fishing (Dutta et al., 2014a). Further with the
advancement of boats and fishing techniques a section of fishers
has even started targeting top predators, which might be affecting
the MTL of the NBoB.

4.2. Summary statistics of the model

Results showed that the B/TST of NBoB was 0.013 t/km?/year.
The B/TST ratio generally remains small during the developmental
stage of an ecosystem, and it increases according to ecosystem
maturity (Odum, 1969; Christensen, 1995). Results have simi-
larities with Bohai Sea, China which too is at its early stage of
maturity (Rahman et al., 2019). The TPP/TR value is generally
small for ecosystems that are in the early stage of their maturity
and have less variety and number of predators (Christensen and
Pauly, 1993). In the current study TPP/TR was 1.445 possibly
because the biomass of detritus is high in NBoB ecosystem. The
Bangladesh part of the NBoB ecosystem has a TPP/TR ratio of
1.351 (Ullah et al., 2012); therefore, it is plausible that the NBoB
ecosystem is still in its early stage of maturity. In the present
study, the detritus flow (16.63%) is more than the producer’s flow,
which shows the significance of the detritus food chain in the
NBoB ecosystem. The gross efficiency of the fishery (catch/net
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cut-off has been set to 0.2.

Table 5
Comparison of present Ecopath model with the previous Ecopath models of the Northern Bay of Bengal (NBoB) ecosystem off West Bengal, India.
Ecosystem Authors Number of  MTL Throughput Net system Omnivory  Gross FCI Mean B/TST TPP/TR  Maturity
functional production index efficiency path
groups length
Ullah et al. 14 245 2628 264.235 0.224 0.0015 10 2.583 0.026 1.351 Developing
(2012) stage
Northern Dutta et al. 15 2.716 5220.574 423.962 0.352 0.001 10.59 2.991 0.009 1.321 Lower level
Bay of (2017) of maturity
Bengal Das et al. 32 3.115 4307.745 223.555 0.248 0.003 11.09 9.13 0.0196 1.2 Developing
(NBoB) (2018) stage
Present study 29 3.146  4163.712 400.392 0.276 0.007 1439 3.203 0.013 1.445 Early stage

of maturity

MTL = Mean Trophic Level; FCI = Finn’s Cycling Index; B/TST = total biomass/total throughput; TPP/TR = total primary production |/ total respiration.

primary production) from the NBoB is high (0.007) compared
to the global mean of 0.0002 (Christensen et al., 2008). In the
present study, FCI is 14.39% which indicates that the NBoB is
yet to reach its maturity and stability. The FCI of the present
study is higher than those of the previous studies conducted in
the NBoB (Ullah et al., 2012; Dutta et al., 2017; Das et al., 2018)
(see Table 5). The SOI had a value of 0.276. Results suggested
that the consumers of the NBoB ecosystem feed on the different
trophic levels. A low CI value (i.e., 0.269) of the NBoB ecosystem
possibly suggests its early stage of maturity and limited trophic
interactions where predators are competing for the similar prey
groups. Such a condition of an ecosystem was also observed by
Srithong et al. (2021) who focused on Andaman Sea of Thailand.

4.3. Transfer efficiency of the NBoB ecosystem

In general, trophic flows and biomass indicate pelagic com-
partment (plankton and small pelagic fish) dominated the NBoB
ecosystem. The increasing TE values from TL II to TL V explained
the efficiency of the food chain; however, the TE declined from
TL VI, which is consistent with the Lindeman’s theory (Lindeman,
1942). The total TE is 16.43%, higher than the 10% presumed
by Lindeman (1942), which is a reasonable approximation of
the average TE of aquatic ecosystems (Pauly and (Christensen,
1995)). The mean TE of the Bangladesh part of the NBoB is lower

10

(i.e. 5.9%) (Ullah et al., 2012) than the current results. Das et al.
(2018) documented a mean TE of 16.9% for the Indian part of
the NBoB ecosystem and such is close to the present result. A
High mean TE is not unusual for Jimo coastal ecosystem of China
which had a mean TE of 17.6% (Su, 2016) and the Gulf of Mexico
ecosystem had a mean TE of 11.4% (Geers et al., 2016). Such a
result possibly suggests high-energy fluxes to the TL and a better
efficiency of the NBoB ecosystem in transferring energy through
the different food chains. It is possible that in recent years species
composition predation pressure and fishing practices of the NBoB
ecosystem are undergoing changes (Dutta et al., 2014a,b; Bachok
et al., 2004; Dutta and Paul, 2021), which in consequence may be
affecting the material recycling process of the NBoB making that
process more efficient than the past.

4.4, Mixed trophic impact and keystone index

Both the detritus and phytoplankton groups have significant
positive impacts on the other functional groups of the NBoB
ecosystem which demonstrates its bottom-up structure. The MTI
analysis suggests that the NBoB food web is highly impacted by
the functional groups that mostly belong to the lower trophic
levels. For example, detritus had positive impacts on the benthos,
penaeid and the non-penaeid shrimps, marine crust crab, squid
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Growth parameters, mortality and exploitation rate of different fish species under the present functional group of the Ecopath model of the Northern Bay of Bengal
ecosystem off West Bengal, India along with the list of references for diet composition.

Sl Family/Genus/Species Common name Loo K (/year) A B Z (/year) F (/year) M (/year) E References References for diet
no (cm) composition
1 Elasmobranchs Sharks, Skates, Rays 207.40 0.19 0.004790 3.09 0.72 0.40 0.32 0.56  FishBase Rao (1964), FishBase
2 Coastal tunas Coastal Tunas 192.40 0.37 0.006000  3.19 158 1.04 0.54 0.66  FishBase Rohit et al. (2010),
Nootmorn et al. (2008),
Bachok et al. (2004);
Harpadon nehereus Bombay Duck 43.40 0.81 0.002400 3.05 433 3.03 1.30 0.70  Balli et al. (2011) Ghosh (2014)
4 Scomberomorus spp. Seer fish 66.15 1.20 0.029400 2.98 3.39 2.54 0.85 0.75 Present Study Devaraj (1999), Bachok
et al. (2004);
Arius spp. Sea Cat fish 42.00 0.66 0.018100 282 140 0.75 0.65 0.54  Present Study FishBase
6 Lates spp., Lutjanus Parches 143.00 0.10 0.019600  2.92 1.69 143 0.26 0.85 FishBase Bachok et al. (2004);
spp.
7 Sciaenidae Croakers 145.30 0.14 0.012800 294 261 1.81 0.80 0.69  Ghosh et al. (2010) Rao (1964); FishBase
8 Muraenesox Eels 203.40 0.06 0.003180 2.78 0.32 0.18 0.14 0.56  FishBase Chaudhuri et al. (2012,
2014);
9 Tenualosa ilisha Hilsa Shad 53.34 0.83 0.017900  2.87 3.15 244 0.71 0.77 Present Study Dutta et al. (2014b)
10 Leiognathidae Silver Bellies 21.10 0.32 0.014790 3.01 1.62 0.79 0.98 049  FishBase FishBase
11 Upeneus spp. Goat fish 21.40 0.63 0.004100 343 321 1.84 1.37 0.57 FishBase Prabha and Manjulatha
(2008)
12 Hemiramphus spp. Half Breaks 46.90 0.34 0.002310 3.00 146 0.75 0.71 051  FishBase FishBase
13 Rastrelliger kanagurta Indian Mackerel 29.19 0.94 0.000001 342 335 244 091 0.73  Present Study Sivadas and Bhaskaran
(2009)
14 Mugilidae Mullets 59.00 0.20 0.020000 296 0.98 053 0.45 054  FishBase FishBase
15 Polynemidae Indian Solomon 60.90 1.06 0.000004 3.11 421 3.16 1.05 0.75  Present Study Rao (1964)
16 Caranx spp. Kala Bangada 91.90 0.24 0.031800 2.93 1.03 0.56 0.47 0.54  FishBase Rao (1964), Bachok et al.
(2004);
17 Carangidae Bangada Rao (1964), Bachok et al.
(2004);
18 Stromateidae Butter fish, Pomfret 34.86 0.74 0.006400 3.12 1.93 1.19 0.74 0.62 FishBase FishBase
19 Sardinella longiceps Indian oil sardine 20.37 1.20 0.000020 284 353 235 1.18 0.67 Present Study Purusothaman et al. (2014).
20 Engraulidae Anchovies 28.50 0.07 0.000010  2.93 2.68 137 1.30 051 Fernandez and Chaudhuri et al. (2012,
Devaraj (1987) 2014);
21 Trichiuridae Hair tail Ribbon Fish 131.00 0.34 0.000550  3.05 1.26 0.71 0.55 0.56  FishBase Chaudhuri et al. (2012,
2014), Rohit et al. (2015)
22 Penaeid shrimps 35.70 121 5.13 31 2.02 0.61 Thomas (1972, 1980)
23 Non-penaeid shrimps 3.11 3.19 0.000012 291 13.43 2.56 10.87 0.19  Deshmukh (1993) FishBase
24 Marine crust crab 17.87 1.20 0.000042 3.06 4.69 2.85 1.84 0.61 Dash et al. (2013) FishBase
25 Squid and Cuttlefish 17.40 0.74 1.43 0.74 0.69 0.52 Kasim (1993) FishBase

Loo = asymptotic length; K = growth coefficient; Z = total mortality; M =natural mortality; F = fishing

and cuttlefish. Phytoplankton had positive impacts on zooplank-
ton and on the pelagic fish groups such as S. longiceps, Hemi-
ramphus spp. and T. ilisha. A similar finding was reported by Das
et al. (2018) in the NBoB, Vega-Cendejas and Arreguin-Sanchez
(2001) in a coastal lagoon of Yucatan Peninsula of Mexico, Xu
et al. (2011) in northern Hangzhou Bay of China, and Su (2016)
in Jimo coastal ecosystem of China.

In the NBoB ecosystem, elasmobranchs and phytoplankton
are the key predators and producers, respectively. The identi-
fication of elasmobranchs and the phytoplankton as keystone
complex of the NBoB ecosystem is associated with the fact that
those groups hold the whole ecosystem as a top predator and
as a producer, respectively. Those groups also have the greatest
influence in the food web in relation to their biomasses. Phyto-
plankton form the keystone group of the North Coast-Central Java
ecosystem (Buchary, 1999). Coll et al. (2006) identified micro and
meso-zooplankton and phytoplankton as the keystone functional
groups of the lower TL whereas dolphins are recognized as a
keystone group of the higher TL in the northern and central
Adriatic Sea. Essekhyr et al. (2019) identified pelagic sharks, large
demersal sharks and rays and small demersal sharks and rays as
keystone groups of the Moroccan Atlantic coast.

4.5. Niche overlap
Upeneus spp. and Polynemidae, and Caranx spp. and Carangi-

dae had shown high levels of niche overlaps in this study, which
possibly suggest competition for similar food items and habitat
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Mortality; E = exploitation rate; FishBase = Froese and Pauly (2021).

(Pianka, 1974). The maximum predatory overlap among the small
pelagic fishes of the NBoB possibly suggest their diverse prey
preferences that vary with their size class and the available food
supplies in different trophic levels of an ecosystem (Rashed-Un-
Nabi and Ullah, 2012). Navia et al. (2007) observed that the
shrimps (penaeid and stomatopods) and the benthic fish were
the main diets of elasmobranchs; further the diet breadth and
overlap of elasmobranchs were relatively low in the Pacific Ocean
off Colombia. In the recent years, presence of S. longiceps and R.
kanagurta increased in the BoB (Vivekanandan et al., 2016).

4.6. Exploitation impacts on the NBoB food web

Landing statistics of the West Bengal (India) suggest, Arius
spp., Sciaenidae, T. ilisha and H. nehereus are among the most im-
portant coastal-marine fisheries of the region (Dutta et al., 2016).
Top predators such as sharks, rays, tunas, Scomberomous spp.
were traditionally less in the NBoB but in recent years the local
fishermen are increasingly catching them from the NBoB without
modifying their traditional gears. The MTI analysis suggest that
in the NBoB ecosystem, trawl and bag nets had more negative
impacts on the functional groups compared to the gill net. Fishing
gears such as bottom trawling and bag net, small mesh size, illegal
catch of juveniles and gravid females of a few highly priced fish
species and unregulated bycatch are the major problems that are
adversely affecting the NBoB ecosystem (Dutta et al., 2016; Das,
2018; Begum et al.,, 2020). It is plausible that the use of non-
selective fishing gears has damaged the underwater habitat of the
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Table B.1
Diet matrix of the functional groups of the Ecopath model of the Northern Bay of Bengal ecosystem off West Bengal, India.
Prey\predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
1 Elasmobranchs 0.020 0.010
2 Coastal tunas 0010 0.010
3 Harpadon nehereus 0.030 0.050 0.080
4 Scomberomorus spp. 0.100  0.020 0.020 0.020
5 Arius spp. 0.100 0.040
6 Lates spp. and 0.060  0.040 0.070
Lutjanus spp.
7 Sciaenidae 0.080  0.080
8 Muraenesox 0.090 0.050
9 Tenualosa ilisha 0.050 0.090 0.020 0.080 0.080  0.150
10  Leiognathidae 0.050 0.040  0.050
11 Upeneus spp. 0.070 0.090 0.040 0.070
12 Hemiramphus spp. 0.080 0.100 0.100 0.150 0.030 0.060
13 Rastrelliger kanagurta 0.040 0.070 0.080 0.060 0.010 0.007
14  Mugilidae 0.130 0.110 0.070 0.030 0.050 0.100 0.130
15 Polynemidae 0.020  0.030 0.050  0.030 0.050
16 Caranx spp. 0.030 0.030 0.090 0.060 0.080 0.010
17  Carangidae 0.030 0.030 0.060 0.050 0.100 0.020
18  Stromateidae 0.090  0.020 0.050 0.010
19  Sardinella longiceps 0.120 0200 0.150 0.090 0.100 0.180 0.040 0.050 0.080 0.070 0.100 0.010
20  Engraulidae 0.070 0.070 0.100 0.100 0.050 0.110 0.060 0.030 0.020  0.030 0.050 0.050
21 Trichiuridae 0.080  0.060 0.050
22 Penaeid shrimps 0.120  0.040 0.050 0.070 0.020 0.040 0.050 0.040 0.040 0.070 0.050 0.050
23 Non-penaeid shrimps 0.120  0.050 0.040 0.090 0.100  0.010 0.050 0.070 0.060  0.040 0.100 0.100  0.050
24 Marine crust crab 0.080  0.080 0.100 0.050  0.090
25  Squid and cuttlefish 0.090 0.100 0.060 0.210 0.060 0.050 0.030 0.030 0.053 0.030
26  Benthos 0.150 0050 0.060  0.240 0.290 0.150 0350 0.150 0220 0.130 0450 0320 0.320 0.320 0.170  0.370 0300 0.260 0.070
27  Zooplankton 0270 0320 0.200 0400 0220 0.120 0210 0300 0320 0350 0320 0380 0.280 0.400 0400 0.050 0.160 0.200 0.100
28  Phytoplankton 0460 0.180 0.170 0450 0.190 0.450 0.070 0230 0510 0.200 0.100  0.100 0230 0.590
29  Detritus 0.120 0.110 0270 0.250  0.200 0.180 0300 0.100 0.140 0.120 0.100 0.170  0.150 0500 0500 0450 0270 0.500 0.310
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countless marine species that belong to the lower trophic levels
of the NBoB ecosystem, which in consequence may be a threat to
the existence of many top consumers (Das, 2018). In the Bay of
Bengal Large Marine Ecosystem, illegal, unreported and unregu-
lated (IUU) catches were estimated only for Myanmar (~9% larger
than the reported catch) and Sri Lanka (40% unreported of the
total reconstructed catch) (Harper et al., 2011). In the NBoB, India
and Bangladesh are the two major fishing countries that hardly
have reports of their [lUUs and discards. The IUUs, overfishing and
insufficient ‘Monitoring Control and Surveillance (MCS)' are the
key threats attached to open access fisheries in the region (Dutta
etal, 2016; Behera et al., 2017; Akester, 2019; Begum et al., 2020;
Dutta et al., 2021b). Increases in the community’s mean trophic
level, total flow to detritus, FCI and fluctuations of biomass are
the key indicators of the changes that the NBoB is undergoing. In
order to gain a stronger and mechanistic understanding of those
changes and effects on the NBoB, studies of functional traits are
required to narrow down the complex trophic interactions of the
core quantifiable aspects of the NBoB (O'Brien et al., 2018). In that
regard, the mixed trophic matrix allows for the inclusion of both
the direct and indirect trophic interactions (Libralato et al., 2006)
that might be ongoing in the NBoB. The present NBoB ecosystem
model (Ecopath) is a steady state one, however, it can be further
used for replicating the dynamic (Ecosim) changes of the NBoB;
therefore, regular monitoring of the different functional groups is
recommended.
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