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Muraenesox bagio (black eel) andCongresox talabonoides (brown eel) are twomajor

eels (Muraenesocidae) species which are commercially significant in the marine

catch of Bangladesh, but population dynamics and stock assessment of marine eel

fishery in Bangladesh are yet to be studied. This study is the first endeavour to analyze

the population dynamics and stock assessment of this marine eels collected from

July 2021 to May 2022 using three length-based methods namely TropFishR, the

Length Based-Spawning Potential Ratio (LB-SPR) & the length-Based Indicators (LBI)

and two catch-based methods including Depletion-Based Stock Reduction Analysis

(DB-SRA) and the Catch-Maximum Sustainable Yield (CMSY). A slightly positive

allometric growth pattern (b=3.10) for the black eel and a negative allometric

growth pattern (b=2.33) for the brown eel were observed in the length-weight

relationship. The parameters of von Bertalanffy Growth Function (VBGF) and the

linearized length-converted catch curve (LCCC) analysis for black eel and brown eel

were L∞=190.67cm and 166.63cm, k=0.18 year-1 and 0.16 year-1, and the total

mortality, Z=0.70 year-1 and 0.45 year-1. The eel fishery is calculated to be overfished

due to overexploitation and the stock’s spawning biomass (SPR=19% for black eel

and 21% for brown eel) is close to the limit reference point but well outside the

targeted range because the majority of the catches were found to have below-

maturity levels. This study advised an optimum length limit to catch from 93 to 114

cm for black eel and 83 to 101 cm for brown eel. Though the estimated reference

points of the CMSYweremore optimistic than those from the DB-SRA, the tendency

of the status of eel stock has been displayedmoving towards overexploitation from a

safe stock scenario. This study, therefore, recommended an annual landing limit of

250 mt as OFL (Over fishing limit) for the next ten years in association with existing

managementmeasures tomaintain the present stock biomass of eel fishery over the

BMSY level.

KEYWORDS

the Bay of Bengal, black eel (Muraenesox bagio), brown eel (Congresox talabonoides),
spawning potential ratio (SPR), overexploitation, mesh size regulation, over fishing
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1 Introduction

Common pike conger, Muraenesox bagio (Hamilton, 1822) is

commonly known as Black eel (greyish body coloration) and Indian

pike conger, Congresox talabonoides (Bleeker, 1853) is commonly

known as Brown eel (yellowish body coloration). These are twomajor

eel species, which are locally known asKamila substantially present in

Bangladesh marine fishing waters. But, the most dominant species is

the black eel. Based on an unpublished report, it is shown that the

catch of black eel is around 90% and the rest is brown eel. Black eel is

found all year round but brown eel is least come into view from

February to April (Personal communication). The maximum length

of black eel and brown eel are reported 200 cm and 250 cm

respectively (Fishbase). In terms of weight, adult black eels were

observed to have 2-3 times heavier than that of brown eels. Though,

consumer preference goes for brown eels more than black eels.

Thereby, the market price of brown eel is higher than black eel.

Due to the increased demand, a commercially significant fishery

resource like eel in Bangladesh marine waters is supposed to be

overfished. Overfishing is a major anthropogenic problem in the

marine ecosystem that has harmed ecosystem function and

diminished biodiversity (Worm et al., 2009).

The eel is a long-lived animal, with an average age the

maturation of 5-15 years for females, and a maximum observed

age of 84 years (Vøllestad, 1992; Dekker et al., 1998). Though, most

field studies have covered a few years only. The marine eel

population in the world is gradually declining. There are some

factors including overexploitation, water pollution, habitat damage,

and a decrease in the quality and quantity of freshwater inflow,

estuaries, and coastal habitats contributing to the decline of the eel

population in the world (Aprahamian and Walker, 2008; Jacoby

et al., 2015). The eel fishery constitutes one of the important fishery

resources in the marine catch of Bangladesh, but its population

potential and stock assessment are not well known. However, its

population has been exploited for years using uncontrolled fishing

gear due to the high economic value and demand of consumers at

home and abroad, especially exports to South-East Asian countries.

Besides, the fish maw of eels has huge demand in the export market

because of processed fish air bladder or swim bladder of eels like

Congridae andMuraenesocidae are highly priced for edible purposes

as well as medicinal value in many countries of Southeast Asia

(Akhilesh et al., 2022). To date, most of the studies in this kind in

Bangladesh are limited to the population dynamics and stock

assessment of other commercially important fin fish and shrimp

species (Barua et al., 2014; Barua et al., 2018; Barua, 2019; Alam et al.,

2021; Barua et al., 2022; Alam et al., 2022a; Alam et al., 2022b; Alam

et al., 2022c; Al-Mamun et al., 2021; Barua et al., 2023 and other

studies). But, studies on the population dynamics and stock

assessment of marine and estuarine eels of Bangladesh are yet to

explore. Accordingly, this is the first endeavour to study population

dynamics and stock assessment of both black and brown eels in the

Bay of Bengal Bangladesh waters. The novelty of this study is to

elucidate the life history parameters, assessing present stock status,

harvest strategy and finally to project a catch limit as management

measures for sustainable management and conservation of marine

eels in the Bay of Bengal Bangladesh waters.
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Length composition data are often utilized to analyze the stock

status and population dynamics when age composition data are

not easily available (Sparre and Venema, 1998). Therefore, in

data-limited fisheries where age determination has not been

achievable, length-based approaches are routinely utilized

(Morgan, 1985; Parsamanesh et al., 1998). Length-based models

outperformed some catch-based models when reliable prior data

was available because of the high sensitivity to catch history

scenarios and depletion levels (Pons et al., 2019). Three length-

based approaches and two catch-based methods have been used in

conjunction with this research to address the stock assessment of

the highly valued eel fishery in Bangladesh’s marine waters. Using

the “TropFishR” package (Mildenberger et al., 2017), estimating

life history traits like growth, mortality, and fisheries reference

points; using LBSPR (Hordyk et al., 2015a; Hordyk et al., 2015b) to

evaluate the impact of fishing on the stock’s spawning biomass;

and using LBI (Froese, 2004) to determine the selectivity pattern

of gears are all length-based methods for assessing stock of eel

fishery. There is no specific record of marine eels in the catch

composition of the national database due to the catch data of eels

is not particularly recorded in the artisanal mechanized sector.

Though, the catch data of marine eels has been distinctly

maintained in industrial catch log books from 2005-06 (MFO,

2022). Therefore, management efforts become difficult because of

the lack of well-managed inclusive catch data. But, understanding

of exploited fish population dynamics is essential with a view to

achieving maximum benefits and effective fishery management.

The DB-SRA, and the CMSY are two catch-based methods that

have been considered to estimate management reference points.

The DB-SRA method, which is particularly useful for the

assessment of data-limited fish stocks, has been accepted and

recommended by the Pacific Fisheries Management Council

(PFMC) and the National Oceanic and Atmospheric

Administration (NOAA) (Berkson et al., 2011; Alam et al.,

2022b). It is an alternate method of stock reduction analysis

(SRA) presented by Walters et al. (2006), which involved using

only catch data and not effort data. By including a depletion rate

(the ratio between current biomass and the initial carrying

capacity of the stock) in the SRA processes, Dick and MacCall

(2011) later developed the depletion-based stock reduction

analysis (DB-SRA). Based on life-history parameters (mainly the

intrinsic population growth rate r, carrying capacity K, and

natural mortality rate M), it estimates the minimum biomass

required to maintain current fishery catches without causing

extinction. Finally, the catch-MSY method (CMSY) was

suggested by Kimura and Tagart (1982) based on stock

reduction analysis. This surplus production-based Monte Carlo

method evaluates the stock biomass with the exploitation and

estimates fisheries reference points based on catch series and

resilience data (Froese et al., 2017).

The purpose of this study is to estimate growth parameters and

population dynamics of the marine eel fishery as an instrument in

eel resource stock assessment. The result of this study could be used

as scientific information for the sustainable management of marine

eel fishery resources in Bangladesh and form the foundation of

future research in this kind as well.
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2 Methodology

2.1 Study area and sampling method

For the stock assessment of marine eel fishery, length-weight

data were mainly collected from industrial trawlers which are

allowed to fish beyond 40 m depth of water column in

Bangladesh marine waters and partially from two large landing

centers of Bangladesh including Chattogram and Cox’s Bazar

where mainly landed fish from artisanal mechanized

boats (Figure 1).

A total of 2222 black eel and 1755 brown eel samples (both

sexes) were collected monthly from July 2021 to May 2022 as

length and weight data (Figure 2). Specimens were taken from

the onboard conditions after hauling at sea and from the

unloading state of trawlers and partially from two major

landing stations such as Chattogram and Cox’s Bazar. Data

collection crews of trawlers while on-board condition

randomly measured specimens. As for low landing, in some

cases, brown eel took 100% of the fish for measurement. In most

cases the catch of black eel becomes enormous and in this case,

samples were taken randomly. All samples of the eels were

measured their total length from the terminal mouth up to the

caudal tip using a ruler/measuring tape to the nearest 0.1 cm and

weighed their total weight using a digital balance to the nearest 1

g. Time series catch data from 2005-06 to 2021-22 were taken

from the Marine Fisheries Office under the Department of

Fisheries (MFO, 2022). Because there was no available data on

species-wise in Fisheries Resources Statistical Survey (FRSS)

database except for some commercially important fish and

shrimp species and groups.
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2.2 Length distribution

Samples were taken for measurement from July 2021 to May

2022 from the Bay of Bengal Bangladesh marine waters. Due to the

annual fishing ban, June is excluded from the sampling scheme

(MFA, 2020). Length frequency composition (Table 1 and Figure 3)

for two calendar years (2021-2022) was pooled into a single year

from January to December 2021 and displayed a length range as

total length (TL) from 35 to 176 cm for black eel and 42 to 159 cm

for brown eel. The average length of the black eel was 88.67 cm with

a standard deviation of 34.60 and that of the brown eel was 88.62 cm

with a standard deviation of 20.38. The weight of black eel ranged

between 64 g and 11000 g and that of brown eel ranged between 150

g and 5780 g. The mean weight of the black eel was 1775 g and that

of the brown eel was 1454 g. Both species showed lesser quantity in

total landings from February to April, particularly brown eels were

very minimum in catch quantity during field observation of above

reported months.
2.3 Length-weight relationship

The length-weight relationships were calculated by using the

formula W = aLb (Le Cren, 1951), which is expressed

logarithmically as

logW = loga + blogL (1)

Where W is the body weight of the fish in gram; L is the total

length of the fish in cm; ‘a’ and ‘b’ are parameters.
2.4 Stock assessment indicators

In the beginning, we estimated the fishery’s life history

parameters (growth and mortality), exploitation, and selectivity

by using a newly developed R package that was based on FAO

traditional stock assessment methods (Sparre and Venema, 1998;

Mildenberger et al., 2017). These methods were used for assessing

the life history parameters of both black and brown eels. Second, to

compute the Spawning Potential Ratio (SPR) as a function of

relative fishing mortality (F/M), we made use of an R package

referred to as LBSPR (Length-based spawning Potential Ratio). This

program was developed by Hordyk et al., (2015a). The SPR refers to

the unfished reproductive potentials that are still present in the

stock notwithstanding the high level of exploitation that has taken

place (Hordyk et al., 2015b). This biological reference point, which

is highly recommended for medium to long-lived species, has been

noted in the scientific literatures to estimate the influence that

current fishing pressure has on the stock’s reproductive capacity

(Hordyk et al., 2015a; Hordyk et al., 2015b). As an approximated

number, 40% SPR is commonly used as a benchmark for a fishery’s

sustainability and 20% as a limit reference point (Prince et al.,

2015). Then, we evaluated our length composition data with length

reference points (Froese, 2004; Cope and Punt, 2009) using Froese’s

(2004) length-based sustainability indicators. This was followed by
FIGURE 1

Map of the Bay of Bengal Bangladesh marine waters showing
industrial fishing zone (beyond 40 m depth colored by deep sky)
and the location of sampling sites (red circle) (Alam et al., 2022b;
Barua et al., 2022; Barua et al., 2023).
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a useful management prescription for overfishing. Finally, the

reasonable yield and management reference points were estimated

using two catch-based methods, the DBSRA, and the CMSY. Using

the DB-SRA approach, we projected biomass from time series catch

data to determine realistic yields and management reference points

(Dick and MacCall, 2011; Alam et al., 2022b) and the CMSY

method (Froese et al., 2017) to estimate fisheries reference points
Frontiers in Marine Science 04
from catch and prior range of resilience and justified to the outputs

of above methods.

2.4.1 Estimation of growth parameter
Using the seasonalized von Bertalanffy’s growth function

on the length-frequency data, the TropFishR package

(Mildenberger et al., 2017) computed the von Bertalanffy’s
FIGURE 3

The bar chart shows the length-frequency distribution and the curve shows the unimodal distribution of the size data of the black eel (Left) and the
multimodal distribution of the size data of the brown eel (Right) based on month-wise data collection from July 2021 to May 2022.
B

C D

A

FIGURE 2

Data collection on black eels and brown eels from an industrial fishing vessel during unloading at Karnafuly River, Chattogram, Bangladesh.
TABLE 1 The number of individuals of the monthly sample collections from July 2021 to May 2022.

Month Species Jul’21 Aug’21 Sep’21 Oct’21 Nov’21 Dec’21 Jan’22 Feb’22 Mar’22 Apr’22 May’22

Number of
individuals

Black eel 90 96 142 160 247 165 219 240 228 302 333

Brown
eel 90 91 126 109 201 101 199 186 231 194 227
fron
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growth parameters (k, L∞, and t0) (von Bertalanffy, 1938;

Mildenberger et al., 2017):

Lt = L∞(1 − e−k(t−t0) + s(t) − s(t0)) (2)

Where Lt is the length of the fish at age t, L∞ is the asymptotic

length in cm, k is the growth rate coefficient in year-1, t0 is the

theoretical age of a fish at which length is zero.

Fish in tropical waters rarely have significant changes in growth

between winter and summer (Froese and Pauly, 2000). The

preceding equation was adjusted so that s(t)-s(t0) equaled zero

because in this study the eel growth is not seasonal.

The fitting tool in TropFishR uses a bootstrapped Electronic

Length Frequency Analysis (ELEFAN) (Pauly and David, 1981;

Schwamborn et al., 2019). The parameter known as tanchor in

ELEFAN within TropFishR is what is utilized to define the

percentage of the year at which the von Bertalanffy growth curve

for a certain cohort crosses the length zero point (Taylor and

Mildenberger, 2017). For tanchor, the original seed values ranged

from 0 to 1 (Mildenberger et al., 2017).

Additionally, the growth parameter index (F′) was calculated

using the formula provided by Pauly and Munro (1984):

F 0 = log k + 2 log L∞ (3)

The priors L∞ and k are necessary components of TropFishR,

with the initial value of L∞ determined by applying a formula

presented by Pauly (1984):

L∞ =
Lmax
0:95

(4)

In which, Lmax is the maximum length of the fish that has been

measured. The average size of the 1% largest fish in the sample was

used to calculate Lmax . Then, we used L∞ ± 20% as the starting seed

value for L∞, and the range for k was set between 0.01 and 3. After

reorganizing the data according to the rule of thumb suggested by

Taylor & Mildenberger (2017), a suitable moving average (MA=7

for both black eel and brown eel) was then computed.
2.4.2 Exploitation rate and fishing mortality
A linearized length-converted catch curve (LCCC) was

generated using the available length data and growth parameters,

the slope of the regression line representing the declining portion of

the catch curve was used to derive the instantaneous total mortality

rate (Z) (Mildenberger et al., 2017). To determine natural mortality

(M), we applied the formula published by Then et al. (2015):

M = 4:118 �  k0:73 �  L −0:33
∞ (5)

When accurate estimates of maximum age are unavailable, this

formula was chosen from among other empirical formulas due to its

better predictive power. After that, we used the following formulas

to get the fishing mortality rate (F) and exploitation rate (E):

F = Z −M   (6)

E =
F
Z

(7)
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The rate of exploitation was then measured against the 0.5

threshold value suggested by Gulland (1971). Beverton and Holt

(1956) Yield Per Recruit (YPR) model provided additional

benchmarks against which the estimated fishing mortality and

exploitation rate were evaluated:
a) Fishing mortality and exploitation at maximum yield per

recruit (Fmax and Emax),

b) Fishing mortality and exploitation that reduces the

population to 50% of unfished spawning biomass (F0.5
and E0.5), and

c) Fishing mortality and exploitation that reduces the marginal

gain in yield per recruit to an arbitrary 10% of that at F=0

(F0.1 and E0.1).
2.4.3 Length-based spawning potential ratio
LBSPR is a generally accepted data-limited stock assessment

method (Hordyk et al., 2015a, Hordyk et al., 2015b). It calculates a

reference point of stock state (spawning Potential Ratio-SPR),

which has been thoroughly benchmarked in popular worldwide

literature and has a solid theoretical base (Prince et al., 2015; Pons

et al., 2019; Alam et al., 2022a; Barua et al., 2022). The LBSPR

technique assumes that the length composition of an exploited

population and the SPR are a function of relative fishing pressure

(F/M) and two life history ratios (M/k and Lm/L), where Lm is the

length at which 50% of a size class is mature (Alam et al., 2022a).

The LBSPR model requires the following input parameters: (i) the

M/k ratio, (ii) the asymptotic length (L ∞), and (iii) the variability

of length-at-age (CV L∞), which is likely expected to be between

fifty percent (L50%) and ninety-five percent (L95%) of a fish

population is mature (Alam et al., 2022a). In a data-poor fishery,

it is likely impossible to predict L∞; however, Lm is more easily

calculated, and an estimate of Lm/ L∞ can be used to estimate L∞.

The SPR (Prince 2015) is computed using maximum likelihood

methods to predict the length of the first capture of 50% (SL50%) to

95% (SL95%) of the population and the relative fishing mortality

(F/M).
The LBSPR model, which is equilibrium-based like many

length-based approaches, is predicated on the following tenets:

(i) asymptotic selectivity; (ii) growth accurately described by the

von Bertalanffy equation; (iii) normal distribution of length at

age; (iv) constant natural mortality rates over adult age classes;

and (v) constant growth rate across cohorts of stock

(Prince 2015).

2.4.4 Input parameters of LB-SPR
In this work, the computed values of L∞,M, and k of TropFishR

were employed as input parameters for LB-SPR. The length at 50%

sexual maturity (L50%) was then determined using the empirical

formula published by Froese and Binohlan (2000):

logL50  =  0:8979logL∞ − 0:0782 (8)

Using the equation given by Prince et al. (2015), the length at

95% sexual maturity was computed;
frontiersin.org
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L95 = 1:1� L50 (9)

Using the LB-SPR R package (Hordyk, 2015), available at:

https://CRAN.R-project.org/package=LB-SPR (accessed on 08

September 2022), we were able to conduct the LB-SPR analysis.

2.4.5 Length-based indicator
Three straightforward length-based indicators (LBI) based on

the principles “Let them spawn, let them grow, and let the mega

spawners live” were presented by Froese (2004) to maintain

sustainable fishing and prevent growth and recruitment

overfishing. Pmat,   Popt  and   Pmega are the symbols used to

represent these parameters, respectively.

With a target of 100%, the proportion of mature fish (Pmat,) in a

catch can be determined as the proportion of fish with a length at

sexual maturity (Lm) or more. Froese (2004) established as a target

for this indication that all fish be allowed to spawn at least once in

their lifetime before being caught, with the hopes that this would

both replenish and maintain a healthy spawning biomass

(Froese, 2004).

If we were able to catch every single fish that would equal a

catch rate of 100% (Popt = 100%). Popt can be expressed as:

Popt = Percentage of fish between 0:9� Lopt and 1:1� Lopt

(Froese, 2004)

Where,   log Lopt = 1:053� log (Lm) − 0:0565 (Froese and

Binohlan, 2000).

Pmega is the proportion offish caught that are at least 10% longer

than the optimum length ((≥1.1 Lopt) (Froese, 2004). No mega-

spawners should be caught at all (0%) as a motto of the

management approach. If no such plan exists, less than 20% of

mega-spawners in the capture should be tolerated at max (Froese,

2004). Finally, the three LBIs are summarized below:

Pmat   =oLmax
Lmat (PL) (10)

Popt =oL1:1Lopt
L0:9Lopt(PL) (11)

Pmega =oLmax
L1:1Lopt(PL) (12)

Where, PL is the percentage of fish in the catch in the length

interval L.

2.4.6 The DB-SRA model
The DB-SRA model accounts for uncertainty in the observed

time series of catches (Walters et al., 2006; Dick and MacCall, 2011)

by analyzing four Monte Carlo-drawn life history input parameters

and projecting the biomass ahead based on the number of removals

at each epoch. Natural mortality (M), the ratio of fishing mortality

that gives MSY to natural mortality (FMSY/M), the relative biomass

at maximum latent productivity (BMSY/K), and the relative biomass

depletion level for a specific recent year (Bt/K) were used as input

parameters for the model run. The study used the year t after the

last year of the time series as the reference year (here it is to be

2023). The DB-SRA model (Dick and MacCall, 2011) is predicated

on the concept of surplus production in the form of
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Bt = Bt−1 + P(Bt−a) − Ct−1 (13)

In the DB-SRA model, annual production is estimated by using

the Pella-Tomlinson-Fletcher production model (Fletcher, 1978)

and deriving peak latent productivity and MSY as

P(Bt−a) = gm
Bt−a

K

� �
− gm

Bt−a

K

� �n

(14)

The maximum productivity of stock under some conditions is

given by the product of the Pella-Tomlinson profile parameter (n)

and the stock"s carrying capacity (K).

m = Kn(n=n−1)UMSY (15)

m denotes the stock’s maximum sustainable yield (MSY) and is

a function of n, K, and exploitation at maximum sustainable yield

(UMSY). For the model runs, K was set at ten times the maximum

catch shown in the time series data. Age at sexual maturity was

approximated using the von Bertalanffy (1938) growth equation, the

age at maturity ( tm) was then calculated using the growth

coefficient ( k), L∞, and estimated Lm:

tm = t0 −
1
k

� �
ln½1- Lm

L∞

� �
� (16)

Based on the results of this study, the average age of sexual

maturity for black eels is 3.73 years and for brown eels it is 4.27

years, using the parameters Linf and k from the TropFishR program.

This is why the average age of maturity for both black and brown

eels population was set to 4 (=4.0) years for the model run.

The natural mortality, M was determined to be 0.20 year−1 for

black eel and 0.20 year−1 for brown eel using equation 5. The

averageM for both black and brown eels was determined to be 0.20

year−1. The distributions of K, MSY, BMSY, UMSY, and harvest

control rule as overfishing limit (OFL) can be calculated from the

distributions of the acceptable parameter sets.
2.4.7 The CMSY model
The CMSY model (Froese et al., 2017) uses a surplus

production-based Monte Carlo method to estimate fisheries

reference points of eel fishery from catch and prior range of

resilience (Martell and Froese, 2012; Froese et al., 2017). Typical

surplus production model using Schaefer model for CMSY which

selects “viable” r-k combinations from a possible range for the

maximal intrinsic rate of population growth (r) and the unexploited

population size (or carrying capacity, K). The proxy for the

resilience of studied marine eels in the Fishbase is medium, which

denotes prior r-ranges from 0.2 to 0.8 (Fishbase). And, the initial

relative biomass was set to a moderately exploited stock level of 0.4-

0.8 (Froese et al., 2017). CMSY computed the Schaefer function for

biomass dynamics using SPM as follows (Schaefer, 1954):

Bt+1 = Bt + rBt(1 −
Bt

K= ) − Ct (17)

Where Bt and Ct are biomass and catches in the year t; r is the

intrinsic rate of population increase; K is the carrying capacity; t is

the time increment.
frontiersin.org

https://CRAN.R-project.org/package=LB-SPR
https://doi.org/10.3389/fmars.2023.1134343
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Barua et al. 10.3389/fmars.2023.1134343
Then, the MSY and related fisheries reference points are

calculated as MSY=rK/4, fishing mortality corresponding to MSY

(FMSY) =0.5r, and biomass corresponding to MSY (BMSY) =0.5K

(Ricker, 1975; Barua et al., 2018). Indicators such as the current

fishing mortality rate relative to that at MSY (F/FMSY) and the

current population biomass relative to that at MSY (B/BMSY) were

employed in this investigation (FAO, 1999). For a sustainable stock,

the expected criteria were F/FMSY ≤ 1 and B/BMSY≥1.
3 Results

3.1 Length-weight relationship

Using the length-weight equation, the relationship between

length (Total length) and body wet weight (g) showed a slightly

positive allometric growth for black eel and a negative allometric

growth for brown eel (Eq. 1). Weight and length were related by the

formula W=0.0015L3.1 (R2 = 0.88) for black eel and that of

W=0.025L2.33 (R2 = 0.87) for brown eel (Figure 4). The parameter

of the length-weight equation “a” and “b” was used as input

parameters in the estimation of yield per recruit of TropFishR.
3.2 Results of growth parameters and
mortality estimation by TropFishR

3.2.1 Growth parameters
The growth parameters were determined using the von Bertalanffy

growth equation of Electronic Length Frequency Analysis (ELEFAN)

in the TropFishR R package (Table 2 and Figure 5). For black eel, the

estimated growth parameters were 190.67 cm for L∞ and 0.18 year-1 for

the growth coefficient and for brown eel, the estimated growth

parameters were 166.63 cm for L∞ and 0.16 year-1 for k. The value

of k indicated both species of eel would grow at a slow rate to reach the

asymptotic lengths if given the option to develop spontaneously. The

goodness of fit value (Rn) of 0.22 for the black eel and 0.25 for the

brown eel was found in the growth performance indexes (F′), which
were 3.63 for the black eel and 3.59 for the brown eel. The same values

(0.40) of tanchor for both black and brown eels indicate growth curves

when approaching length zero were on 26 May.
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3.2.2 Exploitation and fishing mortality
Based on a linearized length-converted catch curve, total mortality

(Z) was calculated using TropFishR computer package. Z has been

calculated to be 0.70 year-1 for black eel and 0.45 year-1 for brown eel.

The natural mortality rate (M) was found to be 0.20 year-1 for both

black eel and brown eel. The fishingmortality rate (F) was estimated to

be 0.50 year-1 for black eel and 0.25 year-1 for brown eel by subtracting

M from Z. The estimated and compiled biological reference points for

fishing mortality and exploitation are displayed in Table 2. The catch

curve and the output of the YPR model are depicted visually in

Figures 5A, B. The estimated current fishing mortality (Fcurrent =0.50

year-1) is higher than presumed Fmsy (F0.1 =0.38 year-1) and lower

than the maximum reference fishing mortality (Fmax = 0.64 year-1) for
FIGURE 4

Length-weight relationship of black eel (left) and brown eel (right) from Bangladesh marine waters.
TABLE 2 Growth parameters, mortality, and exploitation rates of eels
assessed by TropFishR.

Parameters Black eel Brown eel

Growth parameters

Asymptotic length (L∞) 190.67 cm 166.63 cm

Growth coefficient (k) 0.18 year-1 0.16 year-1

tanchor 0.50 year 0.40 year

Growth performance index (F′) 3.63 3.59

Rn value 0.22 0.25

Mortality and Exploitation

Natural Mortality (M) 0.20 year-1 0.20 year-1

Total Mortality (Z) 0.70 year-1 0.45 year-1

Fishing Mortality (Fcurrent) 0.50 year-1 0.25 year-1

Fmax 0.64 year-1 0.65 year-1

F0.1 0.38 year-1 0.38 year-1

F0.5 0.34 year-1 0.23 year-1

Current Exploitation (Ecurrent) 0.71 0.57

Emax 1.25 1.50

E0.1 0.74 0.88

E0.5 0.67 0.53
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black eel. In brown eel, the estimated current fishing mortality

(Fcurrent=0.25 year-1) is lower than both F0.1(=0.38 year-1) and Fmax

(=0.65 year-1). The estimated current exploitation rates, Ecurrent for

both black eel (=0.71) and brown eel (=0.57) was higher than the

threshold exploitation rate (Eopt=0.5 (Le Cren, 1951) and lower than

the maximum exploitation rate for both black eel (Emax=1.25) and

brown eel (Emax=1.50).

For the black eel, the length at first capture (Lc) was determined

to be 48.87 cm and the length at 95% probability of capture was

56.32 cm, given the current level of gear selectivity when the total

mortality (Z) is 0.70 year-1. For brown eel, the length at first capture

(Lc) was estimated to be 58.89 cm and the length at 95% probability

of capture was 69.77 cm, given the current level of gear selectivity

when the total mortality (Z) is 0.45 year-1. The highest yield of the

YPR model can be achieved when Fmax and Emax are 0.64 year
-1 and

1.25, respectively for black eel and 0.65 year-1 and 1.50, respectively

for brown eel. Half of the stock biomass may also be obtained as the

annual yield when F0.5 and E0.5 were at 0.34 year-1 and 0.67,

respectively for black eel and 0.23 year-1 and 0.53, respectively for

brown eel. The biologically optimum yield for both marine eels

could be attained when F0.1 =0.38 year
-1 and E0.1 =0.74 for black eel

and F0.1 =0.38 year-1 and E0.1 =0.88 for brown eel.
3.3 Results from length-based spawning
potential ratio

3.3.1 Estimation of life history ratio and size
of maturity

Two LHR (L∞ and M/k) were extracted from the findings of

TropFishR analysis and used as input parameters for LB-SPR
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analysis. LB-SPR’s input parameters were then calculated from

the sizes at which 50% (L50%) and 95% (L95%) of maturity were

reached (Table 3).

3.3.2 Length selectivity and maturity
The mean estimates of 50% selectivity (SL50%) and 95%

selectivity (SL95%) for black eel were 50.22 cm and 58.05 cm

respectively, while the mean estimates for brown eel were 60.01

cm and 77.06 cm, showing that a small meshed net is utilized in

fishing (Table 4). Selectivity curves of fishing gear for both types of

eels were drawn (Figure 6). The ogive curve demonstrated that the

mean length of black eels at the time of their initial capture was

approximately one-half of the mean length at the time of their

maturity. The fact that the average estimate of F/M for black eel was

1.14 and for brown eel, it was 1.3, both of which are higher than the

threshold of F/M=1, indicates that additional fishing efforts have

been put out into the fishery.

The values of the spawning potential ratios, selectivity

parameters, and ratio of the fishing and natural mortality rates

are given in Table 4.
3.3.3 Spawning potential ratio
This analysis revealed that the SPR for the years 2021-2022 of

19% for black eels and 21% for brown eels is close to the limit

reference point (LRP) of 20%. It is assumed that the length

composition data used in this study are steady-state data

(Hordyk et al., 2015a; Hordyk et al., 2015b) (Figure 6C and

Table 4). Since the calculated SPRs (0.19 and 0.21) are well below

the desired reference point (0.40), the stock is formally

considered overfished. The use of a lower-meshed trawl net in
A B C

A B C

FIGURE 5

The result of TropFishR shows: For Black eel, (A) the von Bertalanffy growth curve and length-frequency distribution of the Black eel (L∞ = 190.67
cm, k = 0.18 year−1); (B) the green, violet, yellow and black dashed lines represent F0.5 = 0.34 year−1, Fmax = 0.64 year−1, F0.1 = 0.38 year−1 and
Fcurrent=0.50 year−1 respectively; (C) relative YPR contour map in response to different fishing mortality and different length at first capture (Lc) of
48.87 cm. For Brown eel, (A) the von Bertalanffy growth curve and length-frequency distribution of the Brown eel (L∞ = 166.63 cm, k = 0.16 year−1);
(B) the green, violet, yellow and black dashed lines represent F0.5 = 0.23 year−1, Fmax = 0.65 year−1, F0.1 = 0.38 year−1 and Fcurrent=0.25 year−1

respectively; (C) relative YPR contour map in response to different fishing mortality and different length at first capture (Lc) of 58.89 cm.
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the fishery is demonstrated by other metrics too, such as mean

length at initial capture smaller than the length at maturity

(50.22cm< 93.16cm for black eel, and 60.01cm< 82.54cm for

brown eel).
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3.4 Results from length-based indicators

According to the data analysis of the catch composition, only

13.82 percent and 33.22 percent of the fish were of optimum sized

(Popt) for black eel and brown eel, respectively, while 30.15 percent

and 52 percent of the fish were of mature size (Pmat) for those

species. The proportion of older, larger fish, known as mega-

spawners (Pmega), was 16.34% for black eel and 18.64% for brown

eel (Table 5). Maximizing marine eel fisheries production requires

targeting length classes (Lopt ± 10% of Lopt) between 94 cm and 114

cm for black eel, and between 82 cm and 101 cm for brown

eel (Figure 7).

In the decision tree, the sum of the three proportions (Pmat, Popt,

and Pmega) is called Pobj (0.59 and 1.04 for black eel and brown eel

respectively) and provides comprehensive information for

distinguishing selectivity patterns. However, using the decision

tree showed that both eel stocks were likely to be overfished, with

probabilities of overfishing were 7% for black eel and 100% for

brown eel in the target reference point (TRP) and the limit reference

point (LRP), respectively.
3.5 Results from DB-SRA

3.5.1 Landing trend
The maximum catch of 646 mt for marine eels was

observed in 2019. In the final year of the data (2022), the

catch was 597 mt, which was 264 mt in 2006. From 2011

through the end of the study, catch rates rose steadily with

minor fluctuations (Figure 8A).
TABLE 3 Input parameters for LB-SPR analysis.

Parameters Value

Black Eel Brown Eel

L∞ 190.67 cm 166.63 cm

k 0.18 year-1 0.16 year-1

M 0.20 year-1 0.20 year-1

M/k 1.13 1.25

Length at 50% maturity (L50%) 93.16 cm 82.54 cm

Length at 95% maturity (L95%) 102.48 cm 90.80 cm
TABLE 4 Outputs from LB-SPR analysis.

Parameters Black eel Brown eel

SL50% (cm) 50.22 60.01

SL95% (cm) 58.05 77.06

F/M 1.14 1.3

SPR 0.19 0.21
A B C

A B C

FIGURE 6

The result of the LB-SPR model shows: For Black eel, (A) Maturity and selectivity curve from the fitted LB-SPR model when L50% = 93.16 cm and L95% =
102.48 cm; (B) the distribution of mean selectivity parameters (SL50% and SL95%), fishing mortality to natural mortality (F/M=1.14), and spawning potential
ratio, SPR=0.19; (C) Observed size data (sample) against an estimated size composition at a target SPR (0.4). For Brown eel, (A) Maturity and selectivity
curve from the fitted LB-SPR model when L50% = 82.54 cm and L95% = 90.80 cm; (B) the distribution of mean selectivity parameters (SL50% and SL95%),
fishing mortality to natural mortality (F/M=1.3), and spawning potential ratio, SPR=0.21; (C) Observed size data (sample) against an estimated size
composition at a target SPR (0.4).
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3.5.2 Stock analysis based on DB-SRA
model results

The mean carrying capacity (K) of the population was 5576

metric tons before the start of commercial fishing. As a result,

fishing has reduced the biomass of the population by more

than 72% (assuming K = initial biomass). The estimated mean

MSY for marine eel is 419 metric tons, however from 2013

through the end of the study year, this level was exceeded by

slightly lower in consecutive years from 2016 to 2017

(Figure 8A). As a result, population biomass declined below

the mean of the estimated BMSY of 2309 metric tons (Table 6;

Figures 8B, 9A).

Since the predictedMSY values from 2013 to the end of the time

series were less than the recorded catches except some dip in 2016

and 2017, this suggests that the fisheries are continually overfished

every year, with an exploitation rate that is much greater than the
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meanUMSY estimates of 0.18. After the study year (2022), eel biomass

was at its lowest point, and estimates for the reference year (2023)

reveal that it will not be able to produceMSY (B2023<BMSY) if removal

rates (Figure 9A) are maintained at their current levels.

The yearly landing limit of 250 metric tons (below OFL)

has resulted in steady biomass growth, reversing the trend of

continuous stock biomass decline for the eel population. After 10

years, the biomass of this species will have increased by 95% (2,945

mt) with this current annual catch limit (Figure 9B).
3.6 Results from CMSY

From 2012, the catch statistics showed a steady rise

(Figure 8A). The catches of the Eel population were close to

MSY in 2013 and 2014 but exceeded this predicted MSY of 491
TABLE 5 The result of LBI based on the indicators, and a decision tree proposed by Froese (2004) and Cope and Punt (2009) respectively.

Species Lm Lopt Pmat Popt Pmega Pobj Stock condition Probability of being SB< RP

Black Eel 93.16 104 30.15 13.82 16.34 0.59 SB< RP 7% for TRP, and
7% for LRP

Brown Eel 82.55 91.58 51.91 33.22 18.68 1.04 SB< RP 100% for TRP, and
100% for LRP
TRP is the target reference point and LRP is the limit reference point.
B

A

FIGURE 7

Length frequency distribution of the Black eel (A) and Brown eel (B) show the L∞, Lopt, and Lopt ± 10% of Lopt.
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mt from 2018 (Figure 10; Table 7). The ratio of estimated

fishing mortality, F to FMSY was higher than 1, indicating that

overfishing was going on. Relative biomass estimates were close

to BMSY of 1740 mt, but at the end of the study year (2022), they

were below the threshold (0.94). The changes in the stock status

of eel fishery over the years show a tendency to move from a

healthy stock to an overfished stock conducted by overfishing

pressure at the end of the study (Figure 10; Table 7).
4 Discussion

4.1 Length-weight relationship

Before executing TropFishR, the length-weight parameters ‘a’ and

‘b’ were determined because they are used as input parameters for YPR

analysis within the package. Seasonally, the regression coefficients (b) of

the weight-length relationship of the eels may vary. The captured black

eels appear pretty hefty. The variance of the exponential value of the

length-weight relationship, as represented by the ‘b’ value, is greater in

the black eel than in the brown eel. The ‘b’ value, therefore, implies

slightly positive allometry for black eels and negative allometry for
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brown eels (Wootton, 1992; Piria et al., 2014). Positive allometry in fish

may be attributable to greater proficiency in feeding (Saikia et al., 2011)

and improved environmental conditions for the species’ existence. Bura

Gohain andGoswami (2013) also observed the effect of food availability

and other parameters linked with positive allometric growth. This is

because eels can easily hunt their natural food source. This length-

weight relationship in fishes can be affected by habitat, area, seasonal

effect, degree of stomach fullness, gonad maturation, sex, health, and

variances in observed length ranges, among others (Tesch, 1971). Tesch

(2003) found that the seasonal dietary patterns of tropical eels differed

significantly from those of their temperate counterparts. Compared to

the winter season, eels take more food during the summer. The

majority of studies estimating slope ‘b’ are found near this research

(>2) (Table 8). The study of Koh et al. (2019) on same genus

(Muraenesox cinereus) found positive allometric (b>3), which is

correspondent to the estimated ‘b’ value of blackeel (M. bagio) in our

study. Parameter ‘a’ of the LWRmay alter daily, seasonally, or based on

the type of environment, while ‘b’ does not vary significantly over the

years (Bagenal and Tesch, 1978).
4.2 Size category

Length frequency composition revealed a length range of 35 to 176

cm for black eels and 42 to 159 cm for brown eels as total length (TL).

The size distribution reveals that the average length of collected black

eel specimens is 105.5 cm, with 77% of samples below this length class,

whereas the average length of collected brown eel samples is 100.5 cm,

with 75% of samples falling below this length class. This depicts a

higher proportion of young fish in the catch for both eels.
4.3 Growth parameters, mortality,
and exploitation

Using length composition data, the von Bertalanffy Growth

Function (VBGF) model generates a growth curve under the
A B

FIGURE 8

Shows (A) Historical catches of eels with MSY estimates; (B) Biomass projections for eels from accepted (black) and rejected (white) model runs.
TABLE 6 Parameters estimate from DB-SRA model with 95% CI.

Parameters Mean LCI (2.5%) UCI (97.5%)

MSY 419 333 509

BMSY 2309 1777 2927

FMSY 0.30 0.18 0.47

UMSY 0.18 0.12 0.26

OFL 280 105 550

B2023 1512 646 2694

K 5576 4295 6460
LCI and UCI indicate lower and upper confidence intervals.
(Unit: catch and biomass is in mt; F is in year-1).
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premise that the model follows the assumption (Pitcher and Hart,

1982). For successful fisheries management, a thorough conception

of the species’ life history parameters (Hilborn andWalters, 1992) is

recommended. A remarkable variation among the growth

parameters has been observed in different stock studies on

eels (Table 9).

The growth parameters of length infinity (L∞) for the black and

brown eels in the present study were found to be 190.67 cm and

166.63 cm, respectively, while the growth coefficients (k) were 0.18

year-1 and 0.16 year-1, respectively (Figure 4), which are both

consistent with other studies of k of various eel species from

different regions (Table 9), specifically the study on Muraenesox

cinereus (Watari et al., 2013; Koh et al., 2019). When compared to

the maximum observed lengths of 175.5 cm and 156.5 cm for black

eels and brown eels, respectively, the calculated asymptotic lengths,

L∞=190.67 cm and 166.63 cm for both species, were seen in the

present investigation, which falls within the accepted range. In

comparison to other research conducted in other parts of the world,

the L∞ and growth coefficient (k) exhibit results that are comparable

to those of other regional researches (Table 9). The lower ‘k’ value

indicates that it has required a longer time to reach the asymptotic

length and increase the life span as well (Hunter et al., 2015).
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Accordingly, the life span of a black eel would be 16.66 years and

that of a brown eel would be 18.75 years.

Studies on the eel’s growth strategies were mainly observed to

conduct in freshwater eels and temperate regions (Table 9) (Tzeng

et al., 2000; Yalcin-Ozdilek et al., 2006; Amir et al., 2009). k and L∞
growth parameters revealed that there was a difference in those

parameters between different species and geographic regions, such

as those collected in tropical and others caught in temperate

regions. Therefore, the growth parameters were found to be

varied between the two studied species of black and brown eels.

During a species’ life span, growth parameters might also be altered

based on the stock. Due to sex differences and environmental

conditions, the growth of the series of the cohort in a particular

species may vary. Sex differences are typically easy to detect based

on their rate of growth (Sparre and Venema, 1998). The eel’s growth

parameters are not uniform. All those growth parameters of L∞, K,

and t0 are supposed to be influenced by some factors like sex, water

column depth, and population size (Tesch, 2003).

Creating a sustainable management plan for an exploited fish

stock is required to tune the existing and desired levels of fishing

mortality and exploitation. In the study on fish populations, there

are two categories of mortality: natural mortality (M) and fishing
B

A

FIGURE 9

shows (A) Biomass trend with 90% (black) & 50% (grey) CI for eel fishery during study years; (B) When catch quota is 250mt, biomass projection for
the next ten years with CI (Dots indicate the BMSY for the respective years).
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mortality (F). In this investigation, natural mortality was estimated

using the method suggested by Then et al. (2015). Based on length

data, the catch curve was linearized to estimate the total mortality

rate (Z). For black eels, Z was found to be 0.70 year-1, M to be 0.20

year-1, and F to be 0.50 year-1. For brown eels, Z was found to be

0.45 year-1, M to be 0.20 year-1, and F to be 0.25 year-1. Here, the

current fishing mortality was above M for both black and brown

eels, which indicates present fishing strategy is not within

sustainable limits. It is fact that fishing mortality is heavily

influenced by natural mortality, which is largely dependent on

several variables (King, 1997). Ideally, fishing mortality is equal to

natural mortality. But it is observed a higher F than M that

addresses considering the result of other assessment methods

before drawing any conclusion.
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Besides, another key parameter of TropFishR package is

exploitation, which is 0.71 for black eels and 0.57 for brown eels.

When the exploitation ratio is greater than 0.5 or the condition is F
M=

> 1, the stock is regarded as overfished (Gulland, 1971). The eel

populations in Bangladesh’s industrial fisheries have been overfished

as a result offishing operations carried out by highly modernized active

fishing trawlers. In addition to a variety of commercially important

species, both eels are landed by active fishing gears with high

exploitation rate than recommended. Additionally, the mean length

at first capture, Lc for black eels (=48.87 cm) and brown eels (=58.89

cm) shows significant losses of juvenile fish from the stock. However, to

prevent overexploitation, it is advised to allow young spawners to breed

at least once during their lifetime (Martell and Froese, 2012).

In comparison to other investigations, the present study

estimated the lowest natural mortality. In this calculation, the M/

k ratio for black and brown eels was 1.13 and 1.25, respectively,

falling within the range of 1.12 to 2.50 for the majority offish species

(Beverton and Holt, 1957).
4.4 Stock condition analysis based
on LBSPR

In a population that is being heavily fished, the Spawning

Potential Ratio (SPR) represents the percentage of natural, unfished

reproductive production that remains (Walters et al., 2006). The SPR

method has become more popular as a tool for developing a fishery

management strategy, especially in poorly managed or data-limited

fisheries. Using information about length data from the landing base,
FIGURE 10

The schematic output of the CMSY algorithm. Time series catches relative to estimated MSY are shown in the upper left panel with a 95% confidence
interval (grey). The upper right and lower left panels indicate the movement of relative biomass (B/BMSY) and exploitation (F/FMSY), the lower right panel
shows changes in the stock status of eel fishery over the years with 50% (off-white), 80% (grey) and 95% (black) confidence intervals.
TABLE 7 Parameters estimate from CMSY model with 95% CI.

Parameters Mean LCI (2.5%) UCI (97.5%)

MSY 491 346 695

BMSY 1740 1050 2880

FMSY 0.28 0.20 0.39

B2022 1630 1400 2180

F2022 0.36 0.27 0.43

B/BMSY 0.94 0.81 1.26

F/FMSY 1.3 0.97 1.51
(Unit: catch and biomass is in mt; F is in year-1). LCI and UCI indicate lower and upper
confidence intervals.
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Hordyk (Hordyk et al., 2015b) created the straightforward SPR

technique. For recruitment overfishing in a less resilient fish

population, an SPR value of 40% is regarded as a proxy for the

Maximum Sustainable Yield (MSY) (Nugroho et al., 2017). There has

been a decline in both selectivity and adult stock, which has led to a

simultaneous decrease in SPR and spawning fish size.

In this research, the outputs of TropFishR were used as input

parameters for LBSPR analysis. The reason for this is that the

LBSPR method is extremely delicate to the values of its input

parameters (L, k, M, L50, L95). The aforementioned parameters

have been shown to observe some variations among previous

studies. Accordingly, it is more prudent to use input parameters

from the same study rather than those from other studies (Alam

et al., 2022a). The life history ratio (LHR) ofM and k, were 1.13 and

1.25 for black eels and brown eels respectively, which denoted a

moderately slow growth rate of eels to reach their maximum length.

As a result of incorporating LBSPR strategies into marine and

coastal eel fisheries, the eel stock has been reasonably over-exploited

(F/M=1.14 and 1.3 for black eel and brown eel, respectively), and the

reproductive potential thereby left to the stock is low (0.19 for black

eel and 0.21 for brown eel). As the SPR value drops, the proportion of

smaller fish in the capture increases, indicating that the stock is

overfished by young eels. Although the targeted SPR is 40%, this is

not possible in many commercially exploited stocks, such as both eels

stock, due to historical catch driven by indiscriminate fishing ranging

from juvenile to brood fishes using gears ranging from the coastal
Frontiers in Marine Science 14
water push net for shrimp PL collection (Barua, 2019) to deep sea

trawling with poor surveillance (Alam et al., 2022a). This resulted in

growth and recruitment overfishing, which has persisted in the

fishery over the last decade.

If we zoom-in on our focus, we can see from eel stocks in the

Bay of Bengal Bangladesh waters, the average total SPR was

around 20% and the total value of F/M was greater than 1

showing that the fishing pressure was relatively high. SPR is a

critical indicator for fisheries governance in data-limited fisheries

like Bangladesh. The proxy of optimal effort (F40%) is

recommended to maintain demersal fish life history. To

maintain sustainable catches from the demersal fishery,

fishermen need to keep their efforts within the Fmsy, with the

use of approved mesh sizes, especially for trawling (Yonvitner

et al., 2020). The sustainability of stocks can be assessed by the

level of sustainability so that the risk of vulnerability and

degradation can be anticipated by regulating fishing techniques

to achieve sustainability in fishing operations.
4.5 Stock condition analysis based on LBI

To further analyze the catch composition, we applied the

sustainability indicators developed by Froese (2004) to

determine the proportion of mature fish (Pmat), optimally bigger

fish (Popt), and mega-spawners (Pmega). To avoid overfishing and
TABLE 8 Estimates of the relationship between the body weight-length of different species of eels from several regions of the world.

Location Species TL range (cm) a b r Growth pattern Source

Indonesia Anguilla anguilla 18-70 .0066 2.72 0.911 Negative allometry Piria et al., 2014

Taiwan A. japonica 27.2-50.2 <0.001 3.50 – Positive allometry Shiao et al., 2003

Indonesia A. marmorata 24-160 0.060 2.27 0.858 Negative allometry Utama et al., 2018

Korea Muraenesox cinereus 60-135 (Female) 0.0002 3.53 0.98 Positive allometry Koh et al. 2019

40-95 (Male) 0.0001 3.57 0.97 Positive allometry

Bangladesh Muraenesox bagio 35-176 0.0015 3.10 0.938 Positive allometry Present study

Congresox talabonoides 42-159 0.025 2.33 0.932 Negative allometry
TABLE 9 Summary of estimated population parameters of eels in different water bodies of the world.

Location Species L∞ (cm) k (year)-1 Ref.

Kaoping River, Taiwan Anguilla japonica 77.79 (TL) 0.17 Tzeng et al., 2000

Asi River, Turkey A. anguila 67.57 (TL) 0.37 Yalcin-Ozdilek et al., 2006

West Sulawesi, Indonesia A. marmorata 202 (TL) 0.20 Amir et al., 2009

West Seto Island Sea, Japan Muraenesox cinereus 126.40 (TL) (F) 0.19 Wateri et al. 2013

80.70 (TL) (M) 0.33

Southern waters, Korea M. cinereus 138.37 (TL) (F) 0.18 Koh et al. 2019

99.0 (TL) (M) 0.13

Bay of Bengal, Bangladesh Muraenesox bagio 190.67 (TL) 0.18 Present study

Congresox talabonoides 166.63 (TL) 0.16
Tl-Total length, F-Female, M-Male
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ensure future fish populations, a fishery’s gear selectivity should

only target fish at the optimal size (Froese, 2004). Even while more

juvenile and immature black eels (about 70%) and brown eels

(48% of the total) were caught, the proportion of adults, or mega-

spawners, was not alarmingly low (16.34 percent for black eels and

18.68 percent for brown eels). Despite this, the calculated Popt for

black eel is lower (13.82%) than it is for brown eel (33.22%). Since

few fish survive to breed, it follows that few fish attain sexual

maturity. This finding is consistent with the LB-SPR finding that

there are not many spawning-capable adults in the population

(19% for black eel and 21% for brown eel). Unfortunately,

fishermen frequently choose not to voluntarily employ

responsible fishing gear (Eayrs and Pol, 2019), leading to an

abundance of juvenile and small-sized fish in the catch. For this

reason, it is usual for governments to specify either the sorts of

gears that must be used or the minimum size of the mesh that

must be used. Selective fishing methods increase the yield per

recruit of the desired species by regulating active fishing days and

decreasing the discard rate of juveniles (MacLennan, 1992). The

management of mesh size was essential, but the type of mesh was

also crucial. Diamond mesh is commonly used in industrial trawl

nets in Bangladesh. Many fishermen avoid switching to square

mesh cod-end nets because they are afraid of losing their catch.

Ates et al. (2010) reported that switching a 44 mm diamond mesh

cod-end to a 40 mm square mesh cod-end increased the mean

retention length (SL50) in the demersal trawl fishery (Ates et al.,

2010). Another study found that increased catch quality and

reduced discards by switching from a 40 mm diamond mesh to

a 40 mm square mesh (Rajeswari et al., 2013). Many studies have

found that square meshes are extremely effective in increasing the

selectivity of trawls, hence their use is strongly encouraged

(Rajeswari et al., 2013; Madhu, 2018).
4.6 Parameters show the variations
between the black eel and brown eel

Muraenesox bagio and Congresox talabonoides are two different

species of congrid eels, which are substantially found in Bangladesh

territory. The following life history parameters Table 10 that display

the variations between this two eel species.
TABLE 10 Parameters show the variations between two eels.

Parameters Black eel Brown eel

Growth coefficient (b) 3.1 2.33

Growth parameters

L∞ 190.67 cm 166.63 cm

k 0.18 year-1 0.16 year-1

Z 0.70 year-1 0.45 year-1

M 0.20 year-1 0.20 year-1

Fcurrent 0.50 year-1 0.25 year-1

(Continued)
F
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TABLE 10 Continued

Parameters Black eel Brown eel

Ecurrent 0.71 0.57

Maturity and spawning potential

Maturity (Lm) 50 cm 60 cm

Length selectivity (SL50%) 93 cm 82.5 cm

SPR 0.19 0.21

Length-based indicators

Lopt 104 cm 91.5 cm
4.7 Stock condition analysis based
on DB-SRA

There is no time series data of eels in the national database; this

study relied solely on industrial capture data to conduct its catch-

based estimate of the marine eel stock, comprising both black eel

and brown eel recorded together in the industrial catch logs. The

data on industrial catches is limited given that it only spans the last

17 years, but what little there is it can shed light on the current state

of the stock and projections for its biomass in the future. DB-SRA is

a stock reduction analysis that can analyze the current stock status

based on catch records, and it works particularly well for stocks that

have had a steady fall in abundance over the time series (Dick and

MacCall, 2011). For the DB-SRA method to provide a reliable

assessment of stock status, it is preferable to have complete capture

records dating back to the beginning offisheries (Dick and MacCall,

2011), though it is likely to be impossible in many developing

fisheries where it has to be a mean of livelihood for coastal fishers.

Because of the high degree of removal, stock biomass has been

declining since the fisheries began. This is because catches have

often exceeded the OFL Limit. Stock biomass decline exacerbated

the problem, and by the end of the referenced year (2022), these

fisheries were unable to produce MSY due to insufficient biomass.

Any sustainable harvest strategy must take MSY into account, and

DB-SRA can assist reduce the uncertainty in this estimation (Dick

and MacCall, 2011).

The results of the DB-SRA model suggest that there has been a

decline in the biomass of eel stocks in the deep seas of Bangladesh,

suggesting that action is needed to restore these populations.

Although maintaining the annual fishing ban during the breeding

season has proven to be effective since its inception, it is likely that

other effective measures, such as the establishment of catch limits or

quotas, should be considered in tandem with this strategy to

increase the biomass of the stocks above the BMSY. However, in

this study, forecasts were made using different catch limits to

guarantee the sustainable expansion of the species’ biomass

resource. The OFL is an effective instrument for optimizing yield

without jeopardizing the long-term viability of the stock biomass.

Using the OFL’s projected numbers, if we can bring it in 250 metric

tons annually, we can reverse the declining trend in biomass. By

2033, with these catch limits; biomass will have nearly reached the
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BMSY threshold. Total allowable catch (TACs) for the industrial eel

fishery in Bangladesh marine waters is then recommended based on

this study.
4.8 Stock condition analysis
based on CMSY

Though TropFishR, LBSPR, LBIs, and DB-SRA have provided a

thorough understanding of the current state of the fishery’s

exploitation and stock biomass, a Monte Carlo Method-CMSY

has also been used in this study to assess the stock status using

catch-resilience and catch data to compare the accuracy of the

estimates provided by earlier methods (Martell and Froese, 2012;

Froese et al., 2017). The estimated results of CMSY were more

optimistic than those from the DB-SRA given the low input data

needed. According to the results of CMSY analysis, the eel

population in Bangladesh’s offshore waters has an intrinsic

growth rate that indicates the stock can replenish itself by 57

percent annually. Therefore, the stock’s overall mortality should

not go over this cap. However, the high fishing mortality and

exploitation rate are now seen, as evaluated by this method, to

reveal the stock’s worrying situation.

Despite the ratio of F/FMSY being above the threshold, the

predicted MSY, BMSY, and ratio of B/BMSY all pointed to the

stock’s sustainability. Even though the stock status was in the

recovery zone at the start of the time series, the stock status plot

(Figure 10) shows the stock biomass movement from the safe zone

to the highly exploited zone. If overfishing and overexploitation let

to continue, this fishery won’t produce MSY in the next years

because of the medium resilience, which keeps the stock biomass

near the reference point. To manage the eel fishery sustainably, the

estimated MSY through using the CMSY method is around 18%

lower than the fish landed in 2022, which is concerning.
4.9 Management recommendations

The analysis of TropFishR, LB-SPR, and LBI shows that the

fishing mortality rate for black eels is now high whereas it is

relatively low for brown eels. The fishery’s stock biomass is

already overfished, as shown by the LB-SPR, DB-SRA, and other

studies, even though the estimated reference points from CMSY

were more optimistic than those from the DB-SRA. Therefore, the

main management goal should be to prevent the depletion of stock

spawning biomass, and it is advised that fishing mortality should be

reduced. Because the estimated length at first capture (Lc) and mean

gear selectivity (SL50%) is considerably smaller (nearly half) than the

mean length of first sexual maturity (Lm) for black eels but shows

little difference for brown eels, imposing size limits for the catch

may help to sustain the stock biomass and reduce fishing mortality.

There should be a minimum length requirement before a fish can be

caught, and this study indicates 93 centimeters for black eels and 83

centimeters for brown eels. In this way, every juvenile fish has a fair

chance to reproduce and reach its full potential size. Once again,
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this research calculated the length, recommending a maximum

capture size of 93–114 cm for black eels and 83–101 cm for brown

eels. Although this length range accounts for a very high percentage

of the catch, only 14% of black eels and 33% of brown eels are

caught every year. For black eels, however, a bigger proportion of

mega-spawners were recorded than the optimal size of fish,

suggesting that larger individuals are available. Mega-spawners

should not be captured if at all possible. It is recommended that

industrial trawl fishing should be urged to use square-meshed nets

and apply mesh size limitations to address this issue. This will allow

juvenile fish to reach their full potential in length, compensating for

the deliberate no-fishing of mega-spawners. Although this strategy

would have initially resulted in lower annual production, it would

have gradually increased to its maximum level and steadily

improved the present spawning potential ratio for both eel

populations from almost limit reference points (20%). To reduce

fishing pressure from the current F/M (=1.14 for black eel and 1.3

for brown eel) and bring fishing mortality to the FMSY level, it is

advised to reduce the number of fishing vessels and active

fishing days.

The time series though not longer enough, but the catch-based

analysis does provide sound guidance on the trend and the subtle

projections of the stock’s present state. The current catch quantity is

significantly larger than the MSY calculated using either the DB-

SRA or CMSY methodologies. As a result, the current eel stock

biomass is below the BMSY level, and the dynamics of the stock

status are shifting into the overexploitation zone from the

sustainable scenario. To increase the stock’s biomass beyond the

BMSY level for obtaining a sustainable yield, it is expected that a

catch limit will be enforced in tandem with the yearly fishing

moratorium. In addition, the pressure of overfishing and

overexploitation on fish populations could be reduced with the

use of a buy-back programme (Göktay et al., 2018) of fishing vessels

in a specific range of large-size vessels for the industrial fishing

sector. The biomass trend will reverse from declining to increasing

within the following decade if the annual total allowable catch

(TAC) of eels is set at 250 mt.
5 Conclusion

In this study, three length-based approaches and two catch-

based methods were used to undertake a thorough and rigorous

stock assessment of the marine eel fishery, one of the commercially

significant fisheries in the maritime waters of Bangladesh. Statistics

on catches and the maximum sustainable yield (MSY) indicated that

the fishery is overfished due to intense fishing pressure. After

summarizing the findings, the following information about this

study has been suggested:
I A slightly positive allometric growth pattern (b=3.10) for

black eel and a negative allometric growth pattern (b=2.33)

for brown eel were observed in the length-weight

relationship;
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Fron
II. The estimated L∞=190.67cm and 166.63cm, k=0.18 year-1

and 0.16 year-1, the total mortality, Z=0.70 year-1 and 0.45

year-1 values for the black eel and brown eel, respectively,

were the VBGF life history parameters;

III. The eel fishery is calculated to be overfished due to

overexploitation and the stock’s spawning biomass

(SPR=19% for black eel and 21% for brown eel) is close

to the limit reference point but well outside the targeted

range because the majority of the catches were found to

have below-maturity levels;

IV. The recommended minimum length for the catch is >93

cm for black eel and >83 cm for brown eel; This study

advised an optimum length limit to catch from 93 to 114

cm for black eel and 83 to 101 cm for brown eel;

V. The status of eel stock has been displayed moving towards

overexploitation from a safe stock scenario, this study

therefore, recommended an annual landing limit of

250mt as OFL for the next ten years in association with

the existing management measures to maintain the current

stock biomass of eel fishery over the BMSY level.
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