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Introduction

Sustainable fisheries management relies heavily on accurate stock assessments to
inform decisions such as setting catch limits, implementing conservation measures,
and ensuring the long-term health of marine ecosystems. Traditional stock assessment
methods often require extensive data, which is not always available, particularly for
small-scale, artisanal, or newly developed fisheries. Unlike well-monitored fisheries,
where robust datasets enable precise evaluations, data-limited fisheries require
innovative methodologies to determine the status of fish stocks. Data-limited fisheries
face several challenges, including:

e Lack of historical data: Many small-scale and artisanal fisheries do not have
long-term data records.

e Resource constraints: Limited financial and human resources to conduct
comprehensive surveys.

e Ecological complexity: Variability in fish populations and environmental
conditions complicates stock assessment.

e Technological limitations: Limited access to advanced technologies and
methodologies.

Despite these inherent difficulties, various methods and approaches have emerged,
specifically tailored to address the constraints of limited data. The lack of conventional
datasets prompts a shift towards alternative strategies, necessitating a departure from
traditional stock assessment norms. In response, the scientific community has devised
a range of methodologies uniquely attuned to extracting valuable information from
data-limited situations.

These approaches can be broadly categorized into two main themes. First, length-
based assessments are a key component of data-limited fisheries management.
Without comprehensive catch data, these assessments use available size-frequency
distributions to infer population parameters and gauge the health of fish stocks.
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This method leverages the valuable information within the size structure of the
population, offering a nuanced perspective on the dynamics of these fisheries.

Secondly, approaches based on catch, production, effort, and biomass form the other
major category of methodologies for data-limited fisheries. These multifaceted
approaches utilize available data on catch, production, effort, and biomass, allowing
scientists and resource managers to synthesize a comprehensive understanding of the
fishery's status. By integrating diverse datasets, these methods strive to fill information
gaps, providing a holistic view of the complex interplay between fishing activities and
fish stock dynamics.

These innovative approaches offer a promising path for informed decision-making and
sustainable resource management in the face of data constraints. By exploring length-
based assessments and catch/production/effort/biomass-based approaches,
researchers and practitioners can unlock valuable insights, paving the way for effective
conservation and exploitation strategies in fisheries with limited data availability. Here
are some common methods for assessing the stock status of data-limited fisheries:

Stock status plots

For the management of marine fisheries, it is essential to assess marine fish stocks.
Measurement of the exploitation status of fish stocks is the key to their assessment.
Well-developed fish stock assessment techniques are adopted by many countries to
evaluate their marine fish stocks and these methods heavily depend on the ability to
estimate the abundance or biomass of both the exploited and unexploited fish stocks.
However, the efficacy and reliability of the stock assessment techniques are debatable,
especially when it comes to applying the techniques uniformly over various types of
fisheries practised around the world. The use of indicators gives a fair representation
of the stock status of all countries and can be compared. One such set of indicators is
Stock Status Plots (SSP).

Stock-status plots are bivariate graphs that summarise the status of the multispecies
fisheries of a fished area or ecosystem over time (e.g., "developing,” "fully exploited,"
"overexploited,” etc.). These plots are extremely helpful for explaining, at a glance, the
changing status of multispecies fisheries, even though they have limitations.

According to FAO (1984), the evolution of fishery over time can be described by the
following phases — (i) pre-development, (ii) growth, (iii) full exploitation, (iv) over-
exploitation, (v) collapse and (vi) recovery. The data behind generating the stock status
plots are the time series of fish landings which can picturize the changes in abundance
and species composition.
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Fishing effort is another factor that is taken into consideration to capture the scenario
of stock fluctuations under intense and moderate levels of fishing to study the stages
of the development of fisheries (Csirke and Sharp, 1984) and plot the relationship
between abundance, fishing effort and total catch at each stage.

Grainger and Garcia (1996) conceived the first version of the Stock Status Plots (SSP)
by fitting time series of landings with polynomials, and classifying their slopes, i.e.:

1. Flat slope at a minimum: undeveloped;

2. Increasing slopes: developing fisheries;

3. Flat slope at a maximum: fully exploited;

4. Decreasing slopes: senescent fishery (collapsed).

This led to the graph reproduced here as Fig. 1, which formed the basis for inferences
on the status of global fisheries. Grainger and Garcia’s (1996) main finding was that
catch increases were not possible in many cases, and that increased exploitation would
result in lower catch rates. This highlighted the fact that even total landings may
provide a false sense of security when the development phase is not taken into
account.

% Senescent

(Decreasing catches)

% Fully developed
(stagnating catches)

% Developing
(Growing catches)

Percentage of resources

% Undeveloped
(Low catches)

vvvvvvvvvvvvvvvvvvvvvvv

V= Y e v e v e W e Wm W = e e ™ v v e e e -

Fig. 1. Evolution of the state of world resources from 1950-1994, based exclusively on
statistical trends for 200 major stocks (Grainger and Gracia, 1996).

{Source: https://www.seaaroundus.org/doc/Methods/StockStatusMethod/Method-SSP-new-June-08-
2015.pdf}

Froese and Kesner-Reyes (2002), in their analysis of time series of catch data from ICES
and FAO concerning the resilience of species towards fishing, simplified the approach
of Grainger and Garcia (1996) by omitting polynomials from their analyses and
designating stock status relative to the historically maximum catch. They defined the

ICAR- Central Marine Fisheries Research Institute


https://www.seaaroundus.org/doc/Methods/StockStatusMethod/Method-SSP-new-June-08-2015.pdf
https://www.seaaroundus.org/doc/Methods/StockStatusMethod/Method-SSP-new-June-08-2015.pdf

Training Manual on Fisheries Management Practices and Techniques

fishing status of over 900 stocks as undeveloped, developing, fully exploited, over
fished, or collapsed. The designations they used are presented in Table 1.

Table 1. Criteria used to assign development stages to fisheries (Froese and Kesner-Reyes
(2002)

Status of Fishery Criteria

Undeveloped Year before maximum catch and catch is less than 10% of maximum
value

Developing Year before maximum catch and catch is 10 - 50% of maximum value

Fully exploited Catch larger than 50% of maximum value

Over fished Year after maximum catch and catch is 10 - 50% of maximum value

Collapsed/Closed  Year after maximum catch and catch is less than 10% of maximum

value

The typical transition of a fishery from undeveloped through fully exploited, to
collapsed or closed is shown in Fig. 2. The benefit of this method for interpreting trends
in fisheries was that it did not require fitting polynomial curves to the time series of
catches of each stock. " 100
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Fig. 2. Typical transition of a fishery as illustrated by a time series of catch data transiting
from undeveloped through fully exploited, to collapsed, (or closed).

{Source: https://www.seaaroundus.org/doc/Methods/StockStatusMethod/Method-SSP-new-June-
08-2015.pdf}

More recently, Pauly et al. (2008) created (and coined the name for) ‘Stock Status Plots’
for a UNEP compendium on Large Marine Ecosystems (LMEs; Sherman and Hempel
2008). They modified the definitions of Froese and Kesner-Reyes (2002) slightly, such
as to produce graphs of the percentage of stocks by status and percentage caught by
stock status over time (Table 2). One of the main modifications was the combination
of the previous categories ‘undeveloped’ and ‘developing’ into a single ‘developing’
category.
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Pauly et al. (2008) presented stocks as time series of species, genus, or family for which:
1) The first and last reported landings are at least ten years apart;
2) There are at least five years of consecutive catches; and
3) The catch in a particular area (LME) is at least 1,000 tonnes.

Higher taxonomic groupings and pooled groups were excluded. Two plots were
created for each LME. The first was a plot of the number of stocks by status. To contrast
the decline of (stock) biodiversity and bulk catch status, Pauly et al (2008) also
developed a second plot type, i.e., graphs of percentage catch by stock status over
time. These plots, which they called status’ plots, jointly with the ‘stock-status’ plots
referring to stock numbers, tended to confirm that biodiversity is affected by fishing
more strongly than bulk catch.

Table 2. Criteria used by Pauly et al. (2008) to interpret the status of a fishery resource

Status of Fishery  Criteria

Undeveloped Year < max. landing AND landing <10% of max. value
Developing Year < max. landing AND landing 10-50% of max. value
Fully exploited Landing> 50% of max. value

Overexploited Year > max. landing AND landing 10-50% of max. value
Collapsed Year > max. landing AND landing <10% of max. value

One of the critical comments on the previous versions of the stock-status plots was
that by definition the percentage of undeveloped or developed stocks was zero in the
final year of the time series. To address this, counted stocks that have a peak in catch
in the final year of the time series as ‘developing.” Additionally, in cases where stocks
have recovered (e.g., through management actions), the ‘stock- status plots’ do not
take stock recovery into account. Norway provides an excellent example of this, e.g.,
with regards to Atlantic herring, whose catch increased to a maximum in 1966 and then
plummeted to a minimum in 1979. Thereafter, the catch gradually increased through
the 1980s and early 1990s as a result of management rebuilding actions and remained
above 50% of the maximum catch through the 2000s. This recovery should not be
reclassified as a ‘developing’ stock; rather an additional category, 'rebuilding’ (initially
labelled as ‘recovering’), is defined when the stock drops to ‘collapsed’ status and then
recovers.
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To implement this, a ‘post-maximum minimum’ was defined as the minimum landings
occurring after the maximum landings. This modification also addresses the former
concern that, by definition, the percentage of developing stocks is zero in the final year
of the time series. Because ‘recovering’ is a form of stock (re-)development (hence now
called ‘rebuilding’), it is displayed within the ‘developing’ category in the plots, and
thus better demonstrates the amount of improvement in the status of stocks within a
particular area (See Fig. 3, top).

The final criterion for determining the stocks’ status by area is presented in Table 3. To
better view the overall trend and remove anomalous peaks in the stock-catch status
plots, one can use a three-year running average to smooth the curves.

Table 3. Criteria used by Kleisner and Pauly et al. (2011) and Kleisner et al. (2013) to interpret
the status of a fishery resource. This requires the definition of a post-maximum-minimum
(post-max. min.): the minimum landing after the maximum catch

Status of Fishery Criteria

Rebuilding Year of landing > year of post-max. min. landing AND post-

(Recovering) max. min. landing <10% of max. landing AND landing is 10-
50% of max landing

Developing Year of landing < year of max. landing AND landing < or =
50% of max. landing OR year of max. landing =final year of
landing

Exploited Landing> 50% of max. value

Over exploited Year of landing > year of max. landing AND landing is
between 10-50% of max. landing

Collapsed Year of landing > year of max. landing AND landing <10%

of max. landing

The Sea Around Us’ SSPs are created in four steps (Kleisner and Pauly 2011). The first
step is the definition of a stock. We define a stock to be a taxon (either at species,
genus or family level of taxonomic assignment) that occurs in the catch records for at
least 5 consecutive years, over a minimum of a 10-year time span, and which has a
total catch in a given area of at least 1000 tonnes over the time span. Secondly,
assessment of the status of the stock is to be done for every year, relative to the peak
catch. Thirdly, the graph of number of stocks by status is created by tallying the number
of stocks in a particular state in a given year, and presenting these as percentages.
Finally, the cumulative catch of stock by status in a given year is summed over all stocks
and presented as a percentage in the catch by stock status graph, or stock-catch-status
plot (SCSP). The combination of these two Figures represents the complete SSP (Fig.
3).
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Fig. 3. Example of a Stock Status plot (as per criteria used by Kleisner and Pauly et al. (2011)
and Kleisner et al. (2013)); rebuilding stocks in the upper right corners of the graphs (see text).

R Package: SSplots

Pauly et al. (2008) created (and coined the name) 'Stock Status Plots' for a UNEP
compendium on Large Marine Ecosystems (LMEs, Sherman and Hempel 2008). Stock
status plots are bivariate graphs summarizing the status (e.g., developing, fully
exploited, overexploited, etc.), through time, of the multispecies fisheries of a fished
area or ecosystem. This package contains two functions to generate stock status plots
viz, SSplots_pauly() (as per the criteria proposed by Pauly et al,2008) and
SSplots_kleisner() (as per the criteria proposed by Kleisner and Pauly (2011) and
Kleisner et al  (2013). The package is available  https://cran.r-
project.org/web/packages/SSplots/index.html

Usage
SSplots_pauly (data,lower.lt,upper.lt, tsplots)

Arguments

Data dataset
lower.lt | lower limit
upper.lt | upper limit

library (SSplots)
data(SampleData)
SSplots_pauly(data=SampleData,lower.lt=10,upper.lt=50, tsplots=FALSE)
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Note: tsplots=TRUE for generating the time series plots for each resource. In that case,
it is advisable to set a working directory and the number of time series plots generated
will be equal to the number of resources.

The second function available is SSplots_kleisner.
Usage
SSplots_kleisner(data,lower.It,upper.lt, tsplots, MA)

Arguments

Data Dataset

lower.It | lower limit
upper.lt | upper limit
Tsplots | time series plot
MA moving average

library (SSplots)
data (SampleData)
SSplots_kleisner(data=SampleData,lower.lt=10,upper.lt=50,tsplots=FALSE, MA=FALS)

Note 1: Here, post-maximum-minimum (post-max-min) indicates the minimum
landings occurring after the maximum catch.

Note 2: tsplots=TRUE for generating the time series plots for each resource. In that
case, it is advisable to set a working directory and the number of graphs generated will
be equal to the number of resources.

Note 3: MA=TRUE for using the running average of order 3 (a three-year running
average was used to smooth the curve).

CMSY and BSM Approach

Surplus production models, introduced by (Graham, 1935) are commonly used for
assessing the state of fish stocks. These models view the population as one unit of
biomass, with all individuals having the same growth and mortality rates. The surplus
production models deal with the entire stock, the entire fishing effort and the total
yield obtained from the stock. It is used to determine the optimum level of effort that
is the effort that produces the maximum yield that can be sustained without affecting
the long-term productivity of the stock, or the maximum sustainable yield (MSY).
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Surplus production models assume that variation in population biomass results from
increases due to growth and reproduction and decreases from natural and fishing
mortality. Surplus production models use Catch-Per-Unit-Effort (CPUE) as input. The
data, which represent a time series of years, are usually collected from the commercial
fishery. The model is based on the assumption that the CPUE is proportional to the
biomass of the fish in the sea.

Catch Maximum Sustainable Yield (CMSY) is a method for estimating maximum
sustainable yield (MSY) and related fisheries reference points (Bmsy, Fmsy) from catch
data and resilience, developed by Froese et al. (2015). It is an advanced implementation
of the Catch-MSY method of Martell & Froese (2013).

Schaefer model is one of the most popular surplus production models which is given
by the following equation:

B
B.. =B +rBt(1_?t)_Ct’ C, =0EB,

where B:+1is the exploited biomass in the subsequent year t+1, B: is the current
biomass, r is the intrinsic growth rate, k is the carrying capacity, C: is the catch in the
current year t, E: is the fishing effort at time t and g is the catchability coefficient. Surplus
production models use CPUE as an index of biomass (i.e., CPUE, =qB,).

The above equation has been modified to account for reduced recruitment at severely
depleted stock sizes, a linear decline of surplus production, which is a function of
recruitment, somatic growth, and natural mortality is incorporated if biomass falls
below V4 k (Froese et al., 2017).

B., =B +4%(1-%)r8t -C,, if % <0.25

The term 4Bt/k assumes a linear decline of recruitment below half of the biomass that
is capable of producing MSY.

There are two possible cases when using a time series of catch to estimate the fisheries
reference points:

Case 1: when a measure of fishing effort is available

Case 2: when fishing effort is not available (data-poor situation)

ICAR- Central Marine Fisheries Research Institute



Training Manual on Fisheries Management Practices and Techniques

Case 1 is based on the delay difference model to describe nonlinear population
dynamics. The State-space model allows the incorporation of random errors in both
the biomass dynamics equations and the observations. Because biomass dynamics are
nonlinear, the common Kalman filter is generally not applicable for parameter
estimation. However, it is demonstrated by (Meyer and Millar, 1999) that the Bayesian
approach can handle any form of nonlinear relationship in the state and observation
equations as well as realistic distributional assumptions. Difficulties with posterior
calculations are overcome by the Gibbs sampler in conjunction with the adaptive
rejection Metropolis sampling algorithm (Millar and Meyer, 1999; Froese et al. 2017).
This approach has been named (BSM-Bayesian Schaefer Model) and is fitted to catch
and standardized fishing effort data.

CMSY estimates biomass, exploitation rate, MSY, and related fisheries reference points
from catch data and the resilience of the species. A prior estimate for biomass (B)
relative to carrying capacity (k) i.e. B/k has to be given. Next probable ranges for the
maximum intrinsic rate of population increase (r) and carrying capacity (k) are given as
inputs which then are filtered with a Monte Carlo approach to detect ‘viable’ r-k pairs.
An R package named RZjags (Yu-Sung and Masanao, 2015) was used for sampling the
probability distributions of the parameters with the Markov chain Monte Carlo method.
This package provides wrapper functions to implement Bayesian analysis in JAGS
(Plummer, 2003). The convergence of the MCMC model is assessed using Rubin and
Gelman Rhat statistics, automatically running an MCMC model till it converges, and
implementing parallel processing (using a doparallel package in R) of an MCMC model
for multiple chains. The r-ranges for the species under assessment, the proxies for the
resilience of the species as provided in FishBase (Froese et al, 2000; Froese and Pauly,
2015) and then converted as given by Froese et al. (2017).

Both approaches were implemented using R studio (https://www.rstudio.com/). The
inputs of the time series of catches and information on species resilience are required
for running the code and generating the outputs. To run the code, the R-libraries
required are RZjags, coda, parallel, foreach, doParallel, gplots, mvtnorm, snpar,
neuralnet, and conicfit.

Data Description

Indian mackerel, Rastrelliger kanagurta, is an important pelagic fish resource of Andhra
Pradesh. The resource is assumed to exist as a single stock along the coastline of
Andhra Pradesh (A.P.). The coastline of Andhra Pradesh, which is 974 kilometres long
is spread over nine coastal districts viz., Srikakulam, Vizianagaram, Visakhapatnam, East
Godavari, West Godavari, Krishna, Guntur, Prakasam and Nellore (FRAD, 2018). Several
gears have been found to harvest mackerel almost throughout the year. Like any other
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tropical pelagic fish, mackerel also exhibited seasonal and annual fluctuations in
landings.

The mackerel landing was estimated from the commercial landings along the coast of
A.P. using a scientifically planned sampling design based on a stratified multi-stage
random sampling technique (Sukhatme, 1958; Srinath et al, 2005), where the
stratification is done over space and time. A time series of catch and effort (in hours
of operation) from 1997 to 2022 taken from the National Marine Fishery Resources
Data Centre (NMFDC) of CMFRI, Kochi has been used for the analysis.

The annual landings of Indian mackerel in Andhra Pradesh ranged from a low of 7903t
(2007) to a high of 55631t (2014) during the study period (Fig. 4).

20 40 60
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Fig. 4: Time series of Indian mackerel landings from 1997 to 2022 (The blue line is the three-

year moving average, maximum and minimum landings are denoted with red dots)

The standardised fishing effort during the study period indicated an increasing trend
with the maximum fishing effort exerted in 2022 (Fig. 5).
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Fig. 5: Time series of standardised fishing effort during 1997-2022
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FishBase (Froese et al., 2000; Froese and Pauly, 2015) has provided the proxies for the
resilience of various fish resources and used to set the prior r-ranges by converting as
(0.6 — 1.5 for High; 0.2 — 0.8 for Medium; 0.05 — 0.5 for Low and 0.015 — 0.1 for Very
low) given by Froese et al. (2017). Prior ranges for g are obtained as follows:

_ 0.250,4,CPUE, ,, _ 05, CPUE,,,

qlow qlow
Cmean and C

mean

where qguow is the lower prior for the catchability coefficient for stocks with high recent
biomass, rpgm is the geometric mean of the prior range for r, CPUEmean is the mean of
catch per unit effort over the last 5 or 10 years, and Cpmean is the mean catch over the
same period. where gnign is the upper prior for the catchability coefficient for stocks
with high recent biomass, raign is the upper prior range for r. Prior ranges for r, k and
q are 0.2-0.9, 92.6 — 624 and 0.000111 - 0.003 respectively.

Once the prior values were given as inputs along with the landings data, the next step
in the analysis is to search for viable r-k pairs (Fig. 6). The grey colour indicates the
viable r-k pairs that fulfilled the CMSY conditions.

The most probable r-k pair is marked by the blue cross, with the indication of
approximate 95% confidence limits. The black dots show the estimates of the BSM
method, with the red cross indicating the 95% confidence limit.
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Fig. 6. Search for viable r-k pairs

Once the r-k pair was selected the relative biomass along with confidence limits was
predicted by both the CMSY and BSM methods (Fig. 7). The bold curve (blue colour) in
Fig. 4 is the relative biomass predicted by CMSY, with confidence limits (dotted curves).
The normal curve (red colour) indicates the relative biomass predicted by BSM, and the
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dots indicate the CPUE data scaled by BSM and corrected for effort creep. The
horizontal dashed line indicates biomass at MSY (Bmsy) and the dotted line indicates
half of Bmsy.

The relative biomass plot indicated that in the starting years, the biomass in relation to
carrying capacity was low. This result
follows based on the prior estimates of B/k
that we had given. The low relative
biomass could be a reflectance of the
lower yields from the fishery which was
operating at lower fishing effort during the
initial years of the study period. From 2005
onwards the fishing effort has been
steadily increasing which has also resulted
in higher landings since 2005. During this | | | | |
period the relative biomass was above 2000 2010 2020
MSY levels. The overfished status of Indian

mackerel along the AP coast is further Fig. 7. Relative biomass
highlighted in the CMSY/BSM output

showing catch relative to MSY over biomass relative to unexploited stock size (Fig. 8).
The red line indicates BSM predictions for exploitation and relative stock size, with the
dots showing predicted catch per predicted biomass as scaled by BSM, and the blue
line indicates estimates by CMSY. The indentation of the parabolas below 0.25 k (half
of Bmsy) results from the inclusion of a stock-recruitment model which assumes
reduced recruitment at low stock sizes.

Relative biomass B/k
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Fig. 8. The ratio of catch to MSY and relative biomass (B/k) over years
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The points which are above the curve indicate overfishing and shrinking of biomass
and the points below the curve indicate sustainable exploitation and growth of the
stock. Here, the points are clustered around the equilibrium curve, thus giving
confidence in the assessment.

The estimates of MSY and model parameters along with their confidence limits are
shown in Table 4. It can be seen from the table that the estimate of MSY is very close
to both approaches with smaller confidence in the case of BSM. As BSM takes into
account CPUE, further management plans have been derived based on the BSM results.
The landings of Indian mackerel since 2016 have fallen below the estimated MSY.

Table 4. Estimates of MSY and model parameters along with confidence limits

Parameters CMSsY BSM
MSY 23500 25100
(17900 — 29600) (19000 - 35500)
R 0.301 0.283
(0.18 -0411) (0.169 - 0.498)
K 312000 355000
(234000-490000) (193000-628000)
Relative biomass in last year 0.37 0.566
(B2022/k) (0.214 - 0.534) (0.439 - 0.686)
Exploitation F/(r/2) in last year 1.15 0.676
(0.618-2.78) (0412 -1.11)
q - 0.000418
(0.000228- 0.000805)
Bmsy - 178000
(96500- 314000)
Fishing mortality (Fmsy) - 0.142
(0.0845 - 0.249)
Fmsy IN last year - 0.096

(0.0488 - 0.194)
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Fig. 9. Catch in comparison to MSY and (B/ Bnsy) over the years

The plots of landings vs MSY and that of B/Bmsy (Fig. 9) also indicate the over-fished
status of Indian mackerel along the AP coast from 2012 to 2015. The horizontal dashed
line in the first plot indicates MSY with a lower and upper confidence limit of MSY in
grey colour. The bold curve in the second plot is the biomass predicted by BSM, with
confidence limits (grey colour). The horizontal dashed line indicates Bmsy and the
dotted line indicates half of Bmsy. The solid line is above the Bmsy line indicating that
current biomass is slightly more than biomass at MSY. Ideally, this ratio should be as
high as possible. Levels near 1 indicate that the biomass of the stock of Indian mackerel
along the AP coast is just at the threshold of being unhealthy.

F/Fusy

o | I I
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Fig. 10. Development of biomass and exploitation relative to Bms, (vertical dashed line)
and Fnsy (horizontal dashed line) for Indian mackerel along the AP coast
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Fig. 11. F/Fmsy over time for Indian mackerel along the AP coast

The plots of current fishing mortality (F) in relation to F at MSY (Fmsy) (Fig. 10 and 11)
indicated that the current fishing mortality is lower than fishing mortality at MSY.
However, since current biomass is above the threshold of Bmsy the stock can be thought
to be reaching a sustainable level.

A common misconception of Bayesian analyses is that the priors determine the results.
It is true that if grossly wrong priors are provided as input to both CMSY and BSM, the
results will be wrong. But that is true for any model provided with wrong data. If instead
reasonable priors are provided, as in Fig. 12, shows, the priors (light grey) inform the
results, with posterior understanding (dark grey) of the stock has been improved
compared to prior perceptions. The lower the prior-posterior variance ratio (PPVR), the
more the posterior knowledge is improved relative to prior knowledge.

BSM prior & posterior distributions for Indianmackerel CMSY prior & posterior distributions for Indianmackere!

Na

B 2017

Fig. 12. Comparison of prior and posterior densities (same area under curves) for resilience or
productivity (r), unexploited stock size (k), maximum sustainable yield (MSY), and relative stock
size (B/k) at the beginning, the end, and an intermediate year of the available time series of
catch data, for Indian mackerel in the AP coast.
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The retrospective analysis, (a comparison of results if the last one, two, or three years
of data are omitted from the analysis) for each set of years and a new graph (Fig. 13)
is produced for comparing the predicted time series of exploitation (F/Fmsy) and
relative stock size (B/Bmsy). In the example for Indian mackerel in the AP coast (Fig.
10), the results are not changed much by omitting years. If, however, the predictions
for all years differ substantially from those without the last year, i.e. in the presence of
a strong retrospective discrepancy, then it might be prudent to, e.g. not increase
allowed catch until the data for the last year are confirmed.

Retrospective analysis for Indianmackerel
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Fig. 13. Comparison of predictions for exploitation (F/Fmsy) and relative stock size (B/Bmsy)
when the last 1-3 years are omitted from the analysis, here for Indian mackerel in the AP coast.

Length Based Indicators (LBls)

Froese (2004) proposed three length-based indicators (LBIs) to assess the exploitation
of fish stocks for managing recruitment and growth overfishing. Indicator 1 (‘let them
spawn') is the proportion of mature fish in the catch, with a target of letting 100% of
mature fish spawn at least once before getting caught. Indicator 2 ('let them grow’) is
the proportion of fish in the catch at +10% of the optimum length (Lopt) that maximizes
yield and revenue with a target of 100% in the catch. Indicator 3 (let the mega-
spawners live') is the proportion of large, old fish (fish of optimum length + 10%), with
a target of 0% in the catch. These LBIs use length-frequency data from a sampled fish
stock or assemblage, which can be easily collected or already available for most inland
fisheries (Froese, 2004). The LBIs combine life-history characteristics, such as length at
first maturity (Lmat), to define target values.

Based on the indicators proposed by Froese (2004), Pmat (the proportion of fish larger
than Lmat in the catch), Popt (the proportion of fish at optimal harvest length of Lopt), and
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Pmega (the proportion of fish larger than Lopt + 10%, or mega spawners) can be worked
out using the following equations:

LmaX
Prat= Lo PLy e (1
1.1L,
Popt = 20_9 L:;tt Pl (2)
LmaX
Prega = DIV Lopt P, (3)

where PL is the proportion of catch in length class L; Lmat is the length at which 50% of
the population matures; Lmax is the maximum length, and Lopt is the length at which
maximum yield is possible which can be derived following Beverton (1992), as Lopt =
Lo * [3/(3+M/K)]. The major assumption here is that the length composition in catch is
representative of the stock. Based on the indicator framework proposed by Froese
(2004), values of Lmat, Lopt, Pmega, Lmax, and L. were superimposed on length-frequency
distributions.

The Froese (2004) LBIs are not always sufficient to protect stocks from overfishing,
especially for multi-gear fisheries, due to inadequate knowledge of gear size selectivity,
which is important for sufficiently interpreting target values (Cope and Punt, 2009), so
Cope and Punt (2009) proposed a new measure, Popj, which is the sum of Pmat (equation
1), Popt (equation 2), and Pmega (equation 3). Application of Pop enhanced the
recommendations of Froese (2004) by distinguishing fishery selection and informing
whether the current SSB was at or above target SSB RP under a range of selectivity. A
decision tree (Cope and Punt, 2009) describes fishery selectivity using Pobjand the ratio
of Lmat/Lopt. Depending on selectivity, Pmat or Popt are compared to an empirically
established SSB RP to infer whether the population is fished above or below the SSB
target or limit RP. If Popj < 1, selectivity does not follow the Froese (2004) sustainability
recommendation, whereas if Popj > 1, selectivity follows the Froese (2004) sustainability
recommendation. Using the decision tree of Cope and Punt (2009), if Pobj < 1 and Popt
+ Pmga= 0, the fishery selects small, immature fishes, and if Popt + Pmga= > 0, the fishery
selects small, optimal-sized or all but largest fishes. If Popj = 1-2, the fishery selects
mature fish. If Popj = 2 and Popt < 1, the fishery selects optimally sized fishes, and if Popt
= 1, the fishery selects optimally sized fishes. Cope and Punt (2009) also suggested
trade-offs of indicators for the decision tree and suggested means for identifying the
probability that SSB was below the target reference point (TRP) of 0.4 SSBo or the limit
reference point (LRP) of 0.25 SSBo, or both, using trigger values for Popj at Lmat/Lopt <
0.75 or Lmat/Lopt = 0.9. A practical application of these indicators can be found in Suresh
et al. (2023).
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Growth-Type-Groups Length-Based-Spawning-Potential-Ratio (GTG-LBSPR)

The Growth-Type-Groups Length-Based-Spawning-Potential-Ratio (GTG-LBSPR)
approach assumes that selectivity is size-dependent, rather than age-dependent, as in
the selectivity of the LBSPR model (Hordyk et al., 2016), which is centred on the impact
of fishing on spawning biomass per recruit. In the absence of fishing, a population can
reach its full unexploited spawning potential (100%), whereas fishing reduces the
unexploited spawning potential by removing spawners. This model uses von
Bertalanffy growth parameters (Lo = asymptotic length and K = growth coefficient),
M/K ratio, length at 50% and 95% maturity (Lmat and Lmatos), length at 50% and 95%
selectivity (SLso and SlLos), and F/M ratio. The model assumes that the fishery is at
equilibrium, selection is logistic, and the length-frequency represents a steady-state
exploited population (Hordyk et al, 2015a). The GTG-LBSPR assumes that the length
composition of the catch results from overall fishing mortality, which necessitates that
length composition data are from the predominant fleet or multiple fleets treated as
one aggregate fleet (Hordyk et al, 2015a). Length frequency data collected from all
sampling stations and landing centres were pooled as a composite annual length
frequency of catches to satisfy the assumption. The model uses maximum likelihood
to estimate length at 50% and 95% selectivity (SL50 and SL95) and relative fishing
mortality (F/M) that reduce the difference between observed and predicted length
frequency of the catch. The corresponding SPR is then calculated as an indicator of
stock status (Hordyk et al., 20154, b; Prince et al., 2015). The SPR defines the proportion
of remaining reproductive potential of stock under any fishing pressure (Goodyear,
1993; Mace and Sissenwine, 1993; Walters and Martell, 2004), which is used to set
target and limit RPs of SPR (Hordyk et al.,, 2015b). An unfished stock has SPR equal to
1 (100%), and SPR equals zero when all mature fish are harvested before spawning.
Prince et al. (2015) considered an SPR of 40% or 0.4 as a proxy for MSY, and 20% or
0.2 was considered a minimum threshold, below which recruitment would be impaired
(Walters and Martell, 2004; Prince et al, 2015). The open source 'R’ software, version
4.0.3 (R Core Team 2021) with the LBSPR package (version 0.1.6), was used to estimate
selectivity, relative fishing mortality, and SPR, and to simulate the expected length
composition and yield curves. Dependence of SPR, SSB/SSBo, and relative yield on
relative fishing mortality can provide easily understood fishery status indices and
adjustments in exploitation needed to sustain harvest (Hordyk et al., 2020). Life-history
parameters (Lo, K, and M) are sources of uncertainty if data quality is poor (Brooks et
al., 2010; Prince et al,, 2015; Hordyk et al., 2015b; Maria et al., 2022), so the uncertainty
of the deterministic SPR was addressed using a stochastic approach to re-estimate SPR.
The stochastic SPR considers a more extensive range of Lo and M/K than a single
bootstrapped deterministic estimate.
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Summary

Although there are several methods which are commonly used by numerous research
and governance bodies of various countries to assess their marine fish stocks, their
effectiveness relies heavily on estimating the abundance or biomass of both exploited
and unexploited fish stocks. Nevertheless, the reliability and effectiveness of these
stock assessment techniques are always subject to debate, particularly regarding their
uniform application across diverse types of fisheries practiced worldwide. A summary
of some of the methods along with the data requirements, major outputs and
reference for details and model assumptions are given in Table 1.

Table 1. List of selected methods along with data requirements, major outputs and key
references” (adapted from Jayasankar et al., 2024)

Si Methods/Models | Input data Major model outputs | Key references
No. requirements for details and
model
assumptions
1. Stock Status Plots | Time-series of Status of the stocks Pauly et al.
catch over years (2008); Kleisner

and Pauly (2011);
Kleisner et al.
(2013); Pauly et
al. (2008);
Varghese and
Jayasankar
(2023); Varghese
et al. (2023)

2. Biomass dynamics | Time-series of Estimates of carrying | Graham (1935);
models / Surplus catch and Index | capacity (K); Schaefer (1954,
production models | of abundance Population growth 1957); Ricker

rate (r); Maximum (1975); Fletcher
Sustainable Yield (1978); Gulland
(MSY); Predicted (1983), Fox
biomass (B); Biomass (1970); Pella and
at MSY (BMSY); Tomlinson

Fishing mortality (F); (1969); Shepherd
Fishing mortality at (1982); Ludwig
MSY (FMSY) and Hilborn
(1983), Freon et
al (1990), Punt
(1994); Restrepo
and Legault
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(1998);
Sathianandan et
al. (2021)

3. CMSY Time-series of Estimates of carrying | Froese et al.
catch and capacity (k); r; MSY; (2018);
species Relative biomass (B/k); | Palomares and
resilience BMSY; F; FMSY; F/ Froese (2017);

FMSY; B/ BMSY Froese et al.
(2021); Varghese
el al.(2020);
Suresh et al.
(2021)

4. BSM Time-series of k; r; Catchability (q); Froese et al.
catch and Index | MSY; B/k; Biomass (2018);
of abundance BMSY; F; FMSY; F/ Palomares and

FMSY; B/ BMSY Froese (2017);
Froese et al.
(2021); Varghese
et al (2020);
Suresh et al.
(2021)

5. AMSY A time series of | Maximum sustainable | Froese et al.
CPUE (or index value (MSYq) of (2020)
of biomass), relative catch Cq;
prior ranges for | relative carrying
r and relative capacity (kq), or the
stock size (Bt/k) | CPUE, if there were no

fishing; F/ FMSY; B/

BMSY

6. LBls Length- Pmat; Pmega; Popt; Pobi; Froese (2004);
frequency data | decision tree based Cope and Punt
over years; Lmat, | on these measures (2009); Suresh et
Lopt, Lmax, and Le al. (2023)

7. LBSPR Case1: Casel: Simulated Hordyk et al.
Asymptotic length composition (2015a, b and ¢);
length (Loo); based on the inputs Hordyk et al.
instantaneous provided (2016); Suresh et
growth rate (K); al. (2021)

M/K ratio
(natural
mortality
divided by von
Bertalanffy K
coefficient);
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Length at 50%
maturity
(Lmat50);
Length at 95%
maturity
(Lmat95);
Length at 50%
selectivity
(SL50); Length at
95% selectivity
(SL95); F/M ratio
or SPR; Bin
Width; Bin
Maximum; Bin
Minimum
Case2: Length-
frequency data;

Case2: Estimated
Spawning Potential
Ratio (SPR)

only” SIR model
Time-series of
catch

Catch/ Maximum
Sustainable Yield
(MSY); Biomass at
MSY (BMSY); Fishing

M/K ratio;
Lmat50; Lmat95
8. LBB Length- Z/K; M/K; F/K; Lc; Froese et al.
frequency data | Lc_opt (Optimum (2018)
over years; Loo; Length at First
Lc (Length Capture); Lmean;
where 50% of Lopt; F/M; B/BO
the individuals
are retained by
the gear-Length
at first capture)
and Lmat50, if
available
9. JABBA Time-series of Estimates of carrying | Winker et al.
catch, CPUE (or | capacity (K); r; MSY; (2018)
Index of predicted biomass (B);
abundance) and | BMSY; F; FMSY,
standard error Projection of the
of CPUE (if reference points
available); priors | under defined
forr, Kand B/K | scenarios
10. Sraplus Case 1: "Catch- | Case 1: Ovando et al.

(2021)
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mortality (F); Fishing
mortality at MSY
Case 2: (FMSY); F/ FMSY; B/
Time-series of BMSY:; Rate of
catch, Fisheries depletion

Management Case 2:

Index (fmi) and Catch/ Maximum

Swept Area Sustainable Yield

Ratio (sar) (MSY); Biomass at

MSY (BMSY); Fishing
mortality (F); Fishing
mortality at MSY
(EMSY); F/ EMSY; B/
BMSY; Rate of
depletion

*Only selected few methods/tools/models available for fish stock assessment are listed
Conclusion

In conclusion, the methods for assessing data-limited fisheries emphasize the need for
context-specific considerations, acknowledging the inherent uncertainty compared to
assessments with comprehensive data. Despite this uncertainty, tailoring approaches
to each fishery's unique conditions enhances the relevance of insights. The key lies in
combining multiple assessment methods and involving stakeholders. This collaborative
approach not only mitigates data limitations but also fosters a more comprehensive
understanding and commitment to sustainable practices. In navigating the
complexities of data-limited fisheries, a balanced and tailored strategy ensures
informed decisions that account for ecological, social, and economic factors.

References

Beverton RJH (1992) Patterns of reproductive strategy parameters in some marine
teleost fishes. J. Fish Biol. 41: 137-160

Brooks EN, Powers JE and Cortés E (2010) Analytical reference points for age-structured
models: application to data-poor fisheries, ICES J. Mar. Sci. 67: 165-175.

Cope JM and Punt AE (2009) Length-based reference points for data-limited situations:
Applications and restrictions, Mar. Coast. Fish. Dyn. Manag. Ecosyst. Sci. 1: 169-
186.

Fletcher RI (1978) Time-dependent solutions and efficient parameters for stock
production models. Fish. Bull., 76: 377-388.

ICAR- Central Marine Fisheries Research Institute



Training Manual on Fisheries Management Practices and Techniques

Fox WW (1970) An exponential surplus-yield model for optimising exploited fish
populations. Trans. Am. Fish. Soc., 99: 80-88.

FRAD CMFRI (2018) Marine Fish Landings in India-2017, Technical Report, CMFRI,
Kochi.

Freon P, Mullon C and Pichon G (1990) Climprod: A fully interactive expert-system
software for choosing and adjusting a global production model which accounts
for changes in environmental factors. In: Kauasaki T, Tanaka S, Toba Y and
Taniguchi A (Eds.), Long-term variability of pelagic fish populations and their
environment. Pergamon Press, Oxford, UK, p. 347-357.

Froese R (2004) Keep it simple: three indicators to deal with overfishing. Fish Fisheries.
5: 86-91.

Froese R and Kesner-Reyes K (2002) Impact of fishing on the abundance of marine
species. ICES CM 2002/L: 12, 15 p.

Froese R and Pauly D eds (2015) FishBase. World Wide Web electronic publication.
www.fishbase.org, version 524 © 2016 John Wiley & Sons Ltd.

Froese R, Demirel N, Coro G and Winker H (2021) User Guide for CMSY++. GEOMAR,
Kiel, Germany, 17 p.

Froese R, Demirel N, Coro G, Kleisner KM and Winker H (2017) Estimating fisheries
reference points from catch and resilience, Fish and Fisheries, 18, 506-526

Froese R, Palomares MLD and Pauly D (2000) Estimation of life-history key facts. In:
FishBase 2000: Concepts, Design and Data Sources (eds R. Froese and D. Pauly),
ICLARM, Philippines, p. 167-175; 344 p

Froese R, Winker H, Coro G, Demirel N, Tsikliras AC, Dimarchopoulou D, Scarcella G,
Palomares, MLD, Dureuil M and Pauly D (2020) Estimating stock status from
relative abundance and resilience. ICES J. Mar. Sci., 77(2): 527-538.

Froese R, Winker H, Coro G, Demirel N, Tsikliras AC, Dimarchopoulou D, Scarcella G,
Probst WN, Dureuil M and Pauly D (2018) A new approach for estimating stock
status from length frequency data. ICES J. Mar. Sci., 75(6): 2004-2015.

Goodyear CP (1993) Spawning stock biomass per recruit in fisheries management:
Foundation and current use. In: Smith SJ, Hunt JJ, Rivard D (eds.) Risk Evaluation
and Biological Reference Points for Fisheries Management. Canadian Special
Publications of Fisheries Aquatic Sciences, pp 67-81

ICAR- Central Marine Fisheries Research Institute



Training Manual on Fisheries Management Practices and Techniques

Graham M (1935) Modern theory of exploiting a fishery, and application to North Sea
trawling. Journal de Conseil International pour I'Exploration de la Mer, 10, 264—
274.

Grainger RJR and Garcia S (1996) Chronicles of marine fisheries landings (1950-1994):
trend analysis and fisheries potential. FAO Fisheries Technical Paper 359, 51 p.

Gulland JA (1983) Fish stock assessment. Food and Agricultural Organisation of the
United Nations, Rome, Italy and Wiley, Chichester, UK, 241 p.

Hilborn R and Walters CJ (1992) Quantitative Fisheries Stock Assessment: Choice,
Dynamics and Uncertainty. Chapman and Hall. 587 p.

Hordyk AR, Kotaro O, Jeremy DP and Carl JW (2020) A simple length-structured model
based on life history ratios and incorporating size dependent selectivity:
application to spawning potential ratios for data-poor stocks. Can. J. Fish. Aquat.
Sci. https://www.researchgate.net/publication/302982941

Hordyk AR, Loneragan NR and Prince JD (2015c). An evaluation of an iterative harvest
strategy for data-poor fisheries using the length-based spawning potential ratio
assessment methodology. Fish. Res., 171: 20-32.
https://doi.org/10.1016/j.fishres.2014.12.018.

Hordyk AR, Ono K, Prince JD and Walters CJ (2016) A simple length-structured model
based on life history ratios and incorporating size-dependent selectivity:
application to spawning potential ratios for data-poor stocks. Can. J. Fish. Aquat.
Sci. 13: 1-13.

Hordyk AR, Ono K, Sainsbury KJ, Loneragan N and Prince J (2015a) Some explorations
of the life history ratios to describe length composition, spawning-per-recruit, and
the spawning potential ratio. ICES J. Mar. Sci. 72: 204-216.

Hordyk AR, Ono K, Valencia S, Loneragan N and Prince J (2015b) A novel length-based
empirical estimation method of spawning potential ratio (SPR), and tests of its
performance, for small-scale, data-poor fisheries. ICES J. Mar. Sci. 72: 217-231.

Jayasankar J, Eldho Varghese, Gopalakrishnan A, Vivekanandan E., Ganga U., Prathibha
Rohit, Sreepriya V. and Judith Das (2024) Quantitative fishery assessment in
tropical waters: Stock dynamics and strategy options, Indian J. Fish., 71 (1): 163-
173.

Kleisner K and Pauly D (2011) Stock-Status Plots of fisheries for Regional Seas. pp. 37-

ICAR- Central Marine Fisheries Research Institute



Training Manual on Fisheries Management Practices and Techniques

40 In: Christensen V, Lai S, Palomares MLD, Zeller D and Pauly D (eds.), The state of
biodiversity and fisheries in Regional Seas. Fisheries Centre Research Reports 19(3),
University of British Columbia, Vancouver.

Kleisner K, Zeller D, Froese R and Pauly D (2013) Using global catch data for inferences
on the world’s marine fisheries. Fish and Fisheries 14(3): 293-311.

Kristin ~ Kleisner and Daniel Pauly (2015) Stock-Status Plots  (SSPs),
https://www.seaaroundus.org/stock-status-plots-method

Ludwig D and Hilborn R (1983) Adaptive probing strategies for age-structuredfish
stocks. Can.J. Fish. Aquat. Sci., 40: 559-69.

Mace PM and Sissenwine MP (1993) How much spawning per recruit is enough? In:
Smith SJ, Hunt JJ and Rivard D (eds.) Risk evaluation and biological reference
points for fisheries management. Canadian Special Publications in Fisheries and
Aquatic Sciences, 120, pp. 101-118

Maria GP, Marta C-R, Catarina M, Alberto R, Ivone F, Alexandre A-F, Cristina S, Francisco
|, Jose R and Santiago C (2022) This is what we know: Assessing the stock status
of the data-poor common sole on the Iberian coast. Estuar. Coast. Shelf Sci. 266:
107747.

Martell S and Froese R (2013) A simple method for estimating MSY from catch and
resilience. Fish and Fisheries, 14(4), 504-514.

Millar RB and Meyer R (1999) Nonlinear state-space modeling of fisheries biomass
dynamics using metropolis-hastings within gibbs sampling. Technical Report
STAT9901. Department of Statistics, University of Auckland, Auckland, New
Zealand, 33 p.

Ovando D, Hilborn R, Monnahan C, Rudd M, Sharma R, Thorson JT, Rousseau Y and Ye
Y (2021) Improving estimates of the state of global fisheries depends on better
data. Fish Fish. https://doi.org/10.1111/faf.12593.

Palomares MLD and Froese R (2017) Training on the use of CMSY for the assessment
of fish stocks in data-poor environments. Q-quatics Technical Report, Workshop
report submitted to the GIZ by Quantitative Aquatics, Inc., 58 p.

Pauly D, Alder J, Booth S, Cheung WWL, Christensen V, Close C, Sumaila UR, Swartz W,
Tavakolie A, Watson R and Zeller D (2008) Fisheries in Large Marine Ecosystems:
Descriptions and Diagnoses. pp. 23-40 In: Sherman K and Hempel G (eds.),

ICAR- Central Marine Fisheries Research Institute



Training Manual on Fisheries Management Practices and Techniques

The UNEP Large Marine Ecosystem Report: a Perspective on Changing Conditions
in LMEs of the World's Regional Seas. UNEP Regional Seas Reports and Studies
No. 182, Nairobi.

Pella JJ and Tomlinson PK (1969) A generalised stock production model. Bull. Inter-Am.
Trop. Tuna Comm., 13: 421-458.

Plummer M (2003) JAGS: A program for analysis of Bayesian graphical models using
Gibbs sampling. In: Proceedings of the 3rd International Workshop on Distributed
Statistical Computing (DSC 2003) March 20-22, Vienna, 2003. (eds K Hornik, F
Leisch and A Zeileis), Vienna Technical University, Vienna pp. 20— 22.

Prince J, Hordyk AR, Valencia SR, Loneragan NR and Sainsbury KJ (2015) Revisiting the
concept of Beverton-Holt life-history invariants with the aim of informing data-
poor fisheries assessment. ICES J. Mar. Sci. 72: 194 - 203.

Punt A. E. (1994) Assessments of the stocks of Cape hakes, Merluccius spp. off South
Africa. S. Afr. J. Mar. Sci., 14: 159-186.

Restrepo V. R. and Legault CM (1998) A stochastic implementation of an age-
structured production model. In: Funk F, Quinn Il TJ, Heifetz J, lanelli JN, Powers
JE, Schweigert JF, Sullivan PJ and Zhang C-I (Eds.), Lowell Wakefield Fisheries
Symposium Series No. 15, International Symposium on Fishery Stock Assessment
Models for the 21st Century, October 1997. Alaska, USA, pp. 435-450.

Ricker W. E. (1975) Computation and interpretation of biological statistics of fish
populations. Bull. Fish. Res. Bd. Can., 191: 382.

Sathianandan TV, Mohamed KS, Jayasankar J, Kuriakose S, Mini KG, Varghese E,
Zacharia PU, Kaladharan P, Najmudeen TM, Koya KM, Sasikumar G, Bharti V,
Prathibha R, Maheswarudu G, Augustine SK, Sreepriya V, Alphonsa J and Deepthi
A (2021) Status of Indian marine fish stocks: Modelling stock biomass dynamics
in  multigear fisheries. ICES J. Mar. Sci, 78 (5): 1744-1757.
https://doi.org/10.1093/icesjms/fsab076.

Schaefer MB (1954) Some aspects of the dynamics of populations important to the
management of the commercial marine fisheries. Bull. IntAm. Trop. Tuna Comm.,,
1: 25-56.

Schaefer MB (1957) A study of the dynamics of the fishery for yellowfin tuna in the
eastern tropical Pacific Ocean. Bull. Inter-Am. Trop. Tuna Comm., 2: 247-268.

ICAR- Central Marine Fisheries Research Institute



Training Manual on Fisheries Management Practices and Techniques

Setyadji B, Andrade HA and Proctor CH (2018) Standardization of catch per unit effort
with high proportion of zero catches: an application to black marlin Istiompax
indica (cuvier, 1832) caught by the indonesian tuna longline fleet in the eastern
indian ocean, Turish. Journal of Fisheries & Aquatic Science, 19(2), 119-129

Shepherd JG (1982) A family of general production curves for exploited populations.
Math. Biosci., 59: 77-93. https://doi.org/10.1016/0025-5564(82)90110-9.

Sherman K and Hempel G editors (2008) The UNEP Large Marine Ecosystem report: a
Perspective on Changing Conditions in LMEs of the World's Regional Seas. UNEP
Regional Seas Reports and Studies No. 182, United Nations Environment
Programme, Nairobi. 852 p.

Sparre P and SC Venema (1992). Introduction to tropical fish stock assessment. FAO
Fisheries Technical Paper, 306/1: 376 pp.

Srinath M, Kuriakose S and Mini KG (2005) Methodology for the estimation of marine
fish landings in India, CMFRI Special Publication No. 86, p.57

Sukhatme PV (1958) Sampling technique for estimating the catch of sea fish in India,
Biometrics, 14 (1), 78-96

Suresh VR, Varghese E, Sajina AM, Karna S. K., Mohanty SK, Sethi PK, Mukherjee M,
Banik SK, Jayasankar J, Manas HM, Mukherjee, J, Manna RK and Panda D (2023)
Assessment of data-limited fisheries: A case study of three finfish species in
Chilika lagoon, India, Fish. Manag. Ecol., 30: 182-202.

Varghese E and Jayasankar J (2023) Stock Status Plots (SSPs) Training manual on new
paradigms in fish stock assessment. Bay of Bengal Programme Inter-
Governmental Organization (BOBP-1GO), Chennai, India and ICAR-Central Marine
Fisheries Research Institute, pp.139-147.

Varghese E, Jayasankar J, Sreepriya, V., Gills R and Dalal A. (2023) SSplots: Stock Status
Plots (SSPs). https://cran.r-project.org/web/packages/SSplots/index.html.

Varghese E, Sathianandan, TV, Jayasankar J, Kuriakose S, Mini KG and Muktha M (2020)
Bayesian State-space Implementation of Schaefer Production Model for
Assessment of Stock Status for Multi-gear Fishery. Journal of the Indian Society
of Agricultural Statistics, 74(1), 33-40.

Varghese E, Jayasankar J and Suresh VVR (2023) Methods for assessing the stock status
of data limited fisheries. In training manual on International Workshop-cum-

ICAR- Central Marine Fisheries Research Institute



Training Manual on Fisheries Management Practices and Techniques

Training on Fisheries Management and Aquaculture, CMFRI Training manual
series 35/2023, 267p.

Vivekanandan E (2005) Stock assessment of tropical marine fishes. ICAR, New Delhi,
115 p.

Walters CJ and Martell SID (2004) Fisheries Ecology and Management. Princeton
University Press, Princeton, NJ.

Winker H, Carvalho F and Kapur M (2018) JABBA: Just Another Bayesian Biomass
Assessment. Fish. Res. 204: 275-288. https://doi.org/10.1016/].fishres.2018.03.010

Yu-Sung S and Masanao Y (2015) R2jags: Providing wrapper functions to implement
Bayesian analysis in JAGS.

ICAR- Central Marine Fisheries Research Institute





