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Abstract
This study examines the population dynamics, growth parameters, exploitation status, and yield potential of Aristeus 
alcocki, a commercially significant deep-sea shrimp species in the North Indian Ocean. The species, identified as a prime 
candidate for certification by the Marine Stewardship Council, underscores the need to comprehend its fishery status for 
sustainable management. However, in recent years, frequent rise and falls in the landings and its corresponding CPUE 
has raised concern about the species. So, this study was designed to clarify the growth performance, stock status, and 
population dynamics of the mentioned species gathered from Kollam off Sakthikulangara along the Kerala coast, India. 
In this study, catch and effort data from 2007 to 2022 were utilized for the CMSY + + analysis, while biological data and 
population parameter estimations were based on data from 2017 to 2022. Size distribution analysis revealed peak abun-
dances within specific size groups, with a sex ratio of 3.46 skewed towards females. Sex-specific differences were evident 
in length-weight relationships, with rapid growth rates observed for both. Findings of length-weight relationship analy-
sis suggested a negative allometric growth trend for male (b = 2.69), female (b = 2.61), and pooled (b = 2.69) A. alcocki. 
Population parameters were evaluated utilizing the TropFishR package. Evaluation of VBGF-based growth parameters (L∞ 
and K) for male, female, and pooled categories indicated a higher asymptotic length for females (22.1 cm) compared to 
males (13.7 cm), and a higher growth coefficient in males (0.74 yr−1) compared to females (0.73 yr−1). The growth per-
formance index (Ø′) remained consistent above 2.2 across these categories. Total instantaneous mortality (Z = 3.34 yr−1), 
fishing mortality rate (F = 1.86 yr−1) was estimated for pooled A. alcocki through length-converted catch curve analysis. 
The current exploitation rate (0.56) was found to be lesser than the Emax value (0.75) derived through Thompson and Bell 
analysis for pooled data. Thomson and Bell analysis revealed that standing stock (45.6%) and spawning stock biomass 
(32.9%) of which the earlier was below the reference limit (50%) while the latter was above the reference point limits of 
25% respectively. The CMSY/BSM method revealed that the stocks of red ring fishery harvested by trawls in Kerala are 
currently in a healthy state (Bcur/Bmsy = 1.23), with a sustainable exploitation of Fcur /Fmsy = 0.52 which is well below the 
critical threshold of 1. Based on these findings, the study suggests maintaining the existing fishing pressure to safeguard 
the stability of the A. alcocki population, underscoring the crucial need to grasp the species’ current fishery status for 
sustainable management.
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Introduction

The primary goal of fishery stock assessment is to assess the 
status of a fish stock and offer scientific recommendations 
to ensure its sustainable management in fisheries. While 
fishing stocks have the potential for renewal, their status is 
affected by various factors. Key aspects such as exploitation 
rate, fishing season, and catch sizes are influenced by fish-
ing activities and can be administered to promote the stock’s 
sustainability. An in-depth understanding of the stock’s con-
dition allows researchers and fisheries managers to fore-
cast potential yields and determine the necessary effort for 
sustainable resource utilization (Hilborn and Walters 1992; 
Beverton and Holt 1957). Effective stock assessment is cru-
cial for balancing the ecological and economic aspects of 
fisheries management (Quinn and Deriso 1999).

Growth in crustaceans is irregular and influenced by 
various biotic components (like maturity, age, food quality 
and quantity, presence of predators, moult frequency, and 
growth increments) and abiotic parameters (such as salinity, 
dissolved oxygen, photoperiod, and temperature) (Hartnoll 
2001; Dall et al. 1990; Lizarraga et al. 2008). Short-lived 
species like shrimps rely heavily on environmental fluc-
tuations for their population dynamics, with regional dif-
ferences in population structure often attributed more to 
environmental diversity than to genetic factors (Miazaki 
et al. 2021; García and Reste 1981). Estimating age data 
directly or through age frequency poses challenges since 
shrimps do not possess durable hard structures (King 2013; 
Cadrin and Secor 2009). As a result, population param-
eters are typically derived from length-frequency data. The 
length-weight relationship is a key method that provides 
reliable biological data and is crucial in fishery assess-
ments. It helps determine the “condition factor,” a measure 
of growth and feeding intensity (Ricker 1975) and has sig-
nificant implications for the reproductive cycle in species 
(Froese 2006; Welcome 1979).

Deep-sea shrimps such as Aristeus alcocki, generally 
known as the ‘Indian deep-sea shrimp, locally known as red 
ring’ is a significant target species within the family Aris-
teidae, inhabiting the depths of the North Indian Ocean. 
Characterized by its deep-sea habitat, A. alcocki thrives at 
bathymetric ranges between 300 and 500 m, making it a 
prominent catch for deep-sea bottom trawlers operating in 
the region. The species is a prime candidate for certification 
by the Marine Stewardship Council, highlighting the impor-
tance of understanding its fishery status for sustainable 
management. A. alcocki contributed 20% to the total deep-
sea shrimps during 2007–2020 and catch trend analysis of 
the landings and cpue showed a stable position during 2022 
(Chakraborty et al. 2022). However, recent fluctuations in 
landings and corresponding catch per unit effort (CPUE) 

have raised concerns about the sustainability of this fish-
ery. In light of these concerns, a comprehensive study was 
undertaken to assess the growth performance, stock status, 
and population dynamics of A. alcocki along the southwest 
coast of India.

A wide range of studies have been carried out on A. 
alcocki along the southwestern coast of India, covering 
various aspects such as its identification distinct from A. 
semidentatus (Suseelan 1989), morphological analysis, 
and molecular phylogeny (Chakraborty et al. 2015). Truss 
morphometry (Purushothaman et al. 2018a), reproductive 
biology (Purushothaman et al. 2018b), food and feeding 
(Purushothaman et al. 2020), and genetic diversity stud-
ies have also been reported (Purushothaman et al. 2020b). 
And a study by Chakraborty et al. (2018a) provided infor-
mation regarding the population parameters of A. alcocki. 
Information on the biometric parameters of the species is 
crucial for analyzing its developmental changes and obtain-
ing accurate catch estimates through statistical models (Rao 
1988). Therefore, this study aims to describe the life history 
parameters, spawning potential ratio (SPR), exploitation 
status, reference points for sustainable fishery management 
of A. alcocki based on commercial catches from the south-
west coast of India.

Materials and methods

Study area and data collection

Aristeus alcocki specimens sourced from the eastern 
Arabian Sea were collected from commercial multiday 
trawl hauls landed at the Sakthikulangara fisheries harbor 
(8°56’60.78"N/76°32’34.27"E) off the coast of Kollam, 
Kerala (Fig. 1). In this study, catch and effort data from 
2007 to 2022 were utilized for the CMSY + + analysis, 
while biological data and population parameter estimations 
were based on data from 2017 to 2022. Sampling was con-
ducted every two weeks spanning from 2017 to 2022, with 
the exception of June and July, coinciding with the yearly 
fishing ban enforced by the Kerala Department of Fisheries 
within marine waters. The unprocessed samples were care-
fully transported into the laboratory maintaining freshness 
where A. alcocki was identified following the literature of 
Suseelan (1989) and Chan et al. (2017). Sex determination 
was assessed by examining the thelycum in female and pet-
asma in males. A total of 3084 female and 900 male speci-
mens were used for recording the dimensions, including 
total length (TL: measured from the rostrum tip to the telson 
tip) and carapace length (CL: measured from the posterior 
orbit margin to the outer carapace end), were meticulously 
measured to the nearest 0.01 mm utilizing electronic digital 
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calipers. Furthermore, the total body wet weight (W) was 
accurately recorded to the nearest 0.0001 g utilizing a Met-
tler Toledo, ME203E (Mettler, Greifensee, Switzerland) 
electronic weighing balance.

The sex ratio of A. alcocki was analysed using the Chi-
square test (χ2) (Snedecorand Cochran, 1967) based on the 
data from 2017 to 2022. Monthly length-frequency data of 
the specimens between January 2017 and December 2022 
was collected at fortnightly intervals and raised to the 
monthly estimates of Kerala by multiplying with the rais-
ing factors derived using landing data collected from the 
National Marine Fishery Resources Data Centre (NMFDC) 
of the Central Marine Fisheries Research Institute (CMFRI), 

Kochi. Catch and effort data for the period 2007–2022 were 
also sourced from the FRAEED - CMFRI, Kochi. Catch per 
unit effort (CPUE) was derived from this data to analyze the 
fishing trend of A. alcocki from Kerala. Subsequently, length 
frequency dataset was aggregated into groups delineated by 
0.5 cm length-class intervals. The length-frequency distri-
bution of the sample was used to estimate the total catch for 
the sampling day, based on the sample weights. The data 
collected from different sampling days within a month were 
combined to calculate the total catch in numbers, which was 
then extrapolated to estimate the monthly catch. This data 
was used to analyse the growth parameters of A. alcocki for 
TropFishR analysis.

Fig. 1  Location of sampling area 
of A. alcocki along southwest 
coast of India
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(ELEFAN S.A. and ELEFAN G.A.) facilitate the optimiza-
tion of the VBGF (Mildenberger et al. 2017). The growth 
parameters were assessed for male, female and pooled data 
of A. alcocki. These estimations were conducted by fitting 
the VBGF model to the length frequency data as described 
by Taylor and Mildenberger (2017): 

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

Lt is the length of a fish at age t, L∞ is the asymptotic length 
in cm, K is the growth rate and t0 is the theoretical age when 
length = 0. Here S(t)-S(t0) was set to zero as the amplitude 
of seasonal growth oscillation is assumed to be minimum in 
a tropical fishery (Froese and Pauly 2000).

The parameter tanchor in ELEFAN within TropFishR is 
used to define the fraction of the year where yearly repeat-
ing growth curve crosses length zero for a given cohort. The 
range of initial seed values for tanchor was 0 to 1.

The growth performance index (Ø′) was calculated based 
on the growth parameter estimates following the equa-
tion: (Pauly and Munro 1984)

∅′ = log K + 2 logL∞

Prior value of L∞ required by TropFishR and an initial seed 
value of L∞ was calculated from the following formula pro-
posed by Pauly (1984).

L∞ = Lmax/0.95

 Where, Lmax is the observed maximum length of the shrimp, 
which was taken from the mean of the 1% of largest shrimp 
present in the sample.

The approximate maximum age (tmax) is the life span that 
shrimp of a given population would reach. Using the param-
eters of the von Bertalanffy growth function, Pauly (1980) 
calculated it as:

tmax = t0 + 3/K

Optimum length of exploitation (Lopt)

The optimum length (Lopt), representing the percentage of 
fish caught at their ideal size, is generally slightly greater 
than Lm. It can be readily determined using growth and 
mortality parameters or through empirical equations pro-
posed by Froese and Binohlan (2000).

Lopt = ((3/(3 + M/K)) ∗ L∞

 Where, L∞ is asymptotic length, M is natural mortality rate 
and K is growth coefficient.

Length-weight relationship

The parameters (‘a’ and ‘b’) defining the connection among 
total length and wet weight were calculated separately for 
male, female and pooled A. alcocki using the best model-
ling approach following the method suggested by Dash et 
al. (2023a). The suitability of nonlinear power regression 
model and the log-transformed linear model was deter-
mined by evaluating the variance distribution structure of 
the residuals. An information theoretic criterion, i.e., Akaike 
Information Criterion (AICc) was used for multi-model 
comparison following the method recommended by Dash 
et al. (2023b).

Linear Model, log (W) = log (a) + b × log (L)
+ϵ , ϵ ≈ normal (0, σ 2) � (1)

Nonlinear Model, W = a × Lb + ϵ , ϵ ≈ normal (0, σ 2)� (2)

Where W is the body weight in g, L is the total length of the 
shrimp in cm and a and b are the model coefficients.

The coefficient ‘b’ provides valuable information about 
the shrimp’s condition and helps determine whether somatic 
growth is isometric (b = 3) or allometric (b < 3; negative allome-
tric and b > 3; positive allometric) (Ricker 1973; Spiegel 1991).

Analysis of covariance (ANCOVA) was employed (Trop-
FishR) package (v 1.6.4) to test the homogeneity (equality) 
of regression slopes between male and female individuals.

The Fulton’s condition factor (K) of the shrimps was 
determined from the relationship (Fulton 1902) 

K = 100 W/L3

Growth parameters

The TropFishR package (Taylor and Mildenberger, 2017) 
was adopted to evaluate the growth and population param-
eters (mortality parameters as well as the biological ref-
erence points) of A. alcocki. TropFishR is a package that 
includes procedures like Electronic Length Frequency 
Analysis (ELEFAN), length-converted catch curve (LCC), 
and cohort analysis (CA).

The Von Bertalanffy (1938) growth function parameters 
(L∞, K, and t₀) were estimated using two innovative optimi-
zation methods within the ELEFAN framework: ELEFAN 
with simulated annealing (ELEFAN S.A.) and ELEFAN 
with a genetic algorithm (ELEFAN G.A.), both integrated 
into the Tropical Fisheries Analysis (TropFishR) package 
(v1.6.4). The method yielding the best scoring fit (highest 
Rn value) was selected for further analysis in this study. 
Notably, the newly implemented ELEFAN approaches 
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In this study, the Thompson and Bell model was employed 
to establish biological reference points and to devise input 
control strategies, such as limiting fishing effort. The param-
eter F was adjusted within the Thompson and Bell model 
to determine fishing mortality, which was then used to esti-
mate yield and biomass trajectories. All analyses were con-
ducted using the TropFishR package within the statistical 
computing software ‘R’ (version 3.4.2).

Biological reference points

The estimated exploitation values were then compared to a 
reference threshold of 0.5, which Gulland (1971) proposed 
as the upper limit for sustainable exploitation of a species. 
The relative yield per recruit and relative biomass per recruit 
at various fishing levels were estimated using the Trop-
FishR package. The estimated fishing mortality (F) values 
were then compared with reference points derived from the 
Thompson and Bell model, including: (a) the fishing mortal-
ity that produces the maximum biomass per recruit (Fmax), 
(b) the fishing mortality corresponding to a 50% reduction 
in the biomass of the unexploited population (F0.5), and (c) 
the fishing mortality associated with 10% of the initial slope 
of the yield-per-recruit curve (F0.1). Maximum sustainable 
yield (MSY), maximum economic yield (MSE) total stand-
ing stock biomass and spawning stock biomass (SSB) at 
different fishing levels were estimated using Thompson and 
Bell bioeconomic model (TBEM).

Length-Based spawning potential ratio (LB-SPR)

The LB-SPR analysis was conducted using the LB-SPR R 
package, with the estimated values of L∞, M, K, and the 
M/K ratio from TropFishR serving as input parameters. The 
analysis aimed to estimate the length at first sexual matu-
rity (Lm50) for the assessed species, ensuring that all indi-
viduals (100%) are able to spawn at least once before being 
caught. This approach is intended to support the rebuilding 
and maintenance of healthy spawning stocks. The values of 
Lm50 and Lm75 in terms of total length were referred from 
the work of Purushothaman et al. (2018b).

Stock status of A. alcocki

The stock status of A. alcocki was assessed using a Bayes-
ian State-Space Model (BSM) based on the Schaefer model 
(Schaefer 1954), following the methodology outlined by Fro-
ese et al. (2017). The analysis utilized the CMSY + + R package 
to obtain preliminary estimates of essential fisheries reference 
points, including the Maximum Sustainable Yield (MSY), 
fishing mortality at MSY (Fmsy), biomass at MSY (Bmsy), 

Fishing mortality parameters and exploitation ratio

The growth parameters determined for pooled sex by ELE-
FAN G.A method (L∞=23.6 cm and K = 0.73 yr-1) were used 
to analyse the population parameters. The total instanta-
neous mortality rate (Z) was derived utilizing the length-
converted catch curve analysis method outlined by Pauly 
(1983), employing the aggregated length frequency dataset. 
Additionally, the instantaneous natural mortality rate (M) 
was calculated using the empirical formula developed by 
Then et al. (2015), necessitating the utilization of the VBGF 
growth parameters for accurate implementation:

M = 4.118 × k0.73 × L∞
−0.33

The selection of this formula over other empirical formu-
lations was made due to its superior accuracy in predict-
ing maximum ages, particularly when precise estimations 
are unavailable, as noted by Hordyk et al. (2015a). Subse-
quently, utilizing the estimated Z and M values, the instan-
taneous fishing mortality rate, F, was determined via the 
equation: F = Z - M. The exploitation ratio (E) was then 
computed using the expression E = F/Z (Ricker 1975) repre-
senting the proportion of the population subjected to fishing 
pressure that eventually succumbs to exploitation.

The stock size was determined using Jones’ length-con-
verted cohort analysis (CA), an enhanced version of Pope’s 
virtual population analysis (VPA) tailored for length data, 
which is incorporated into TropFishR. This cohort analysis 
necessitates the parameters a and b from the length-weight 
relationship, the estimated value of F, along with other esti-
mates derived from prior analyses. The CA calculates stock 
size by using the total estimated catch in terms of numbers. 
Once these parameters are determined, the total weight 
of the sample is calculated by multiplying the number of 
individuals in each length class by the respective weight 
for that class. A raising factor is calculated by dividing the 
reported total catch (in numbers) by the sum of the total 
weight for each length class over the study period. This 
factor is employed to estimate the number of species that 
would have been captured, based on the distribution pattern 
observed in the samples. This is done by multiplying the 
frequencies within each length class by the expansion fac-
tor. It is essential that the catch vector accurately represents 
the entire stock, and the cohort analysis does not allow for 
length classes exceeding Linf. Here, length frequency, L∞, 
and K are input parameters used. Cohort analysis estimates 
stock size by using the total catch in numbers as a reference, 
providing insights into natural mortality, fishing mortality, 
and the number of survivors within each length group (Tay-
lor and Mildenberger 2017).
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deep-sea prawns, primarily pandalids, at depths ranging from 
190 to 350 m off Kollam. Fishing trips typically last between 6 
and 12 days. Trawlers targeting the ‘red ring’ operate continu-
ously throughout the day, whereas those targeting other deep-
sea prawns fish exclusively during daylight hours. The number 
of hauls per day ranges from 3 to 5, with each haul lasting 4 to 
5 h. The fishery remains active for 6 to 8 months, from Septem-
ber to May, with peak activity between December to February.

Catch and effort of A. alcocki

The annual estimated average catch of A. alcocki during 
2007–2022 was above 1800 tonnes with a cpue of 0.54 Kg/
hr contributing to 19.9% in the total deep-sea catch. How-
ever, when considering only the effort spent specifically on 
deep-sea shrimp fishing, the CPUE would be twice as high. 
The annual catch trend of A. alcocki displays fluctuations 
rather than a consistent pattern of increase or decrease. Con-
sidering the catch of A. alcocki during the period from 2007 
to 2022, decrease was observed in both catch and CPUE 
during 2016. Subsequently, a notable increase was noticed 
in 2017 with a steep fall during 2019–2020 which followed 
a rise in catch till 2022. The highest catch and CPUE of A. 
alcocki was recorded in 2018, while it showed a declining 
trend in the subsequent years. However, the trend reversed, 
with the catch increasing again and reaching to about 2200 
tonnes by 2022, coinciding with an increase in CPUE. The 
graph depicting the curve of CPUE has been given in Fig. 2.

Length composition and length-weight relationship

The size distribution of A. alcocki ranged between the size 
class6.8–22.8 cm TL (mean ± SD: 14.5 ± 4.11) in females 
and 6.8–12.8 cm TL (mean ± SD: 9.8 ± 1.947) in males based 
on the pooled data (2017–2022). The most abundant indi-
viduals belong to the size groups ranged between 14.3 and 
16.3 cm and 8.8–9.8 cm TL for both females and males.

The length-frequency distributions of red ring shrimp 
during 2007–2022 by sex, are shown in Fig. 3. The K-S 
test indicated a significant difference between the length-
frequency distributions of the sexes overall (D obs. = 
0.8387, D crt. = 2.2e-16, p < 0.05). The TL ranged between 
80 and 225 mm for females (mean = 155 ± 4.40 mm) and 
65–130 mm for males (mean = 98 ± 1.94 mm). There was 
a significant difference (t = 1.669 e-16, p < 0.05) in the TL 
between sexes. Overall sex ratio obtained for the complete 
sample was 3.5:1.0 (22.5% males, 77.5% females) showed 
statistically significant difference from the expected 1:1 
(χ2 = 38.44, p < 0.05). Throughout the study period, the 
monthly sex ratio indicated a higher proportion of females.

Length-weight relationship of the individuals of A. 
alcocki was represented in Fig. 4. The parameters (a and b) 

relative stock size (B/Bmsy), and exploitation rate (F/Fmsy). 
This assessment incorporated long-term catch and abundance 
time-series data (expressed as catch per unit hour, CPUH), 
species resilience, and qualitative stock status information for 
A. alcocki over the period 2007 to 2022. The BSM utilized a 
Monte Carlo method to select the most plausible biomass tra-
jectory for future years, based on a modified Schaefer surplus 
production model as described in the equation below.

Bt+1 = Bt + 4
(

Bt

k

)
r

(
1 − Bt

k

)
Bt − Ct

 Where, Bt+1 is the biomass in the next year, Bt is the pres-
ent biomassand Ct is the present year catch where, Bt+1 is 
the biomass in the next year,Bt is the present biomass and.

Ct is the present year catch, r is the intrinsic population 
r at e and k is the carrying capacity. The modified Schaefer 
surplus production model uses an extramultiplier of 4Bt/k 
(which is 1 at 0.25k but becomes zero at zero k), that linearly 
decreases recruitment towards zero at zero k only when the 
biomass falls below 0.25k (i.e., Bt/k < 0.25). JAGS program 
with the Markovchain Monte Carlo process was used to sam-
ple the probability distributions of the parameters (Plummer 
2003; Thorson 2014). The managerial reference point (MSY, 
Fmsy, Bmsy) was derived using the geometric means of the 
resulting density distributions for r, K, and MSY.

Results

Deepsea shrimp fishery

Along the Kerala coast, two distinct types of deep-sea prawn 
trawling operations exist, differentiated by their target prawn 
species. One operation focuses on the ‘red ring’ prawn, con-
ducted at depths greater than 350 m, while the other targets 

Fig. 2  Graph representing the curve of CPUE of A. alcocki from the 
period 2007–2022

 

1 3

   70   Page 6 of 18



Journal of Coastal Conservation           (2025) 29:70 

Growth parameters

The growth parameters were estimated using the von Ber-
talanffy growth equation through the ELEFAN method, 
which includes both ELEFAN SA and ELEFAN GA within 
the TropFishR package. These two optimization techniques 
allow for the simultaneous estimation of the growth rate (K) 
and the asymptotic length (L∞). In both ELEFAN methods, 
the most critical setting is the maximum number of gen-
erations, which was set to 100 in this study. The results are 
presented in Table 1. Initially, the parameters are selected 
randomly within the defined intervals, and as the process 
progresses, the variability in the parameters decreases, 
becoming more concentrated around local maxima (Fig. 5).

for the length-weight regression of female, male and pooled 
data of A.alcocki were calculated separately and represented 
as follows:

Female : W = 0.0161L2.56(r2 = 0.72) 
Male : W = 0.0131L2.69(r2 = 0.89) 
Pooled: W = 0.0245L2.56 (r2 = 0.88)
According to the statistical test ANCOVA, a high sta-

tistical significance (p < 2.2 e−16) was found in length, 
between sex and the interaction between length and sex 
(p < 1.66 e−16) of the species A. alcocki. Wald test for isom-
etry (null hypothesis b = 3) yielded a p value of 2.2e-16 
(p < 0.05) indicating significant results. Both females and 
males displayed similar patterns, exhibiting strong negative 
allometric growth.

Fig. 3  Total length (TL) fre-
quency distribution of female 
and male A. alcocki along the 
southwest coast of India during 
2017–2022
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coefficient (K). The growth performance index (Ø′) was 
2.13, and the goodness of fit value (Rn_max) was 0.19. The 
value of t0 was estimated as −0.0035 yr. Both sexes of A. 
alcocki entail ‘K’ values higher than 0.5 which showed fast 
growth rate.

There was significant difference found among L∞, K, 
and t0 values of sexes and pooled data. In A.alcocki  maxi-
mum reported age (tmax) determined was found to be around 
4.01 yr and 4.02 yr for female and male respectively. The 
optimum length (Lopt) calculated for A.alcocki was 12.2 
cm (Given the similar trends observed in the results, and to 
enhance clarity and brevity, only the detailed results from 
the ELEFAN/GA method are presented.)

Yield per recruit

Virtual Population Analysis (VPA) illustrates the logistic-
shaped fishing pattern across different length classes (repre-
sented by the red line in the plot) and provides the number 
of survivors and the fishing mortality for each cohort during 
the specified period. However, the exploitation started from 
the length group above 6.0 cm, fishing mortality reached in 
a noticeable level from the length group between 7.8 and 
14.3 cm. The length group of 14.8–18.3 cm was more sus-
ceptible to the fishing gear, and the peak fishing mortality 
was observed within this length range (Fig. 6).

Exploitation and fishing mortality with biological 
reference points

The estimated value of total mortality for pooled Aalcocki 
(Z) based on a linearized length converted catch curve using 
TropFishR is 3.34 yr−1. The natural mortality rate (M) was 

Our study found that ELEFAN GA provided the best 
goodness of fit (Rn_max), and as a result, it was chosen to 
estimate the growth parameters for our subsequent analysis. 
The best fit to the length frequency distributions was obtained 
by the growth parameters as L∞ = 23.7 cm, K = 0.735 yr−1, 
Rn_max = 0.198 for female individuals. Afterwards, t0 was 
calculated as −0.0020 yr. The growth performance index of 
the female population was calculated as Ø′ = 2.61.

The average estimated growth parameters for male indi-
viduals were 13.69 cm for L ∞ and 0.731 yr⁻¹ for the growth 

Table 1  Growth parameters, mortality, and exploitation rates of 
A.alcocki calculated by using tropfishr
Growth parameters male female pooled
Asymptotic length, L∞ (cm) 13.69 22.06 15.15789
Growth coefficient, k (yr−1) 0.73 0.73 0.715839
Longevity, tmax (yr) 4.01 4 5
Growth performance index, Ø′ 2.14 2.55 2.22
 Mortality and exploitation
 parameters pooled
Natural mortality, M (yr−1) 1.48
Total mortality, Z (yr−1) 3.34
Fishing mortality, Fcur 1.86
Fmax 2.32
F01 0.701
F025 3.72
Ecur 0.556
Emax 0.748
E01 0.22
E025 0.71
Lc = Lc_opt(cm) 12.2
Lc/L∞ 0.542
F/M 1.256
M/K 2.02

Fig. 4  Length-weight relationship 
of A. alcocki
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Fig. 5  Graphical fit of the esti-
mated growth curve of A. alcocki 
plotted using the length fre-
quency data (ELEFAN G.A.) set-
ting a moving average (MA) = 5. 
A: L∞ = 22.06 cm and K = 0.73 
yr−1 for female; B: L∞ = 13.69 
cm and K = 0.73 yr−1 for male; 
C: L∞ = 15.16 cm and K = 0.72 
yr−1 year for pooled. ELEFAN 
method with genetic algorithms. 
Green dots indicate the running 
maximum value of the fitness 
function, while blue dots indicate 
the mean score of each iteration 
A: male; B: female; C: pooled A. 
alcocki
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Fig. 5  (continued)
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determined as 1.48yr−1 based on the method developed by 
Then et al. (2015). M was then subtracted from Z to obtain 
the fishing mortality rate (F) of 1.86 yr−1. The graphical 
outputs of the catch curve and YPR model are depicted in 
Fig. 7, respectively. Biological reference points for fishing 
mortality and exploitation were also represented in Table 1.

The current fishing mortality calculated for the pooled 
data (Fcur =1.86 yr−1) was lower than the maximum reference 
fishing mortality (Fmax = 2.32 yr−1) with proxy Fmsy (F0.1 = 
0.7 yr−1 and F0.5= 0.75 yr−1). The calculated current exploita-
tion rate (Ecur = 0.56) was lesser than the maximum reference 
exploitation (Emax = 0.748) with proxy Emax (E0.1 = 0.22 yr−1 
and E0.5=0.24 yr−1). Based on the Thompson & Bell model, 
biologically maximum yield may be attained when the Fmax 
and Emax values are 2.32 yr−1 and 0.75 respectively.

Fig. 7  The result of TropFishR. 
A: yield and biomass per recruit 
analysis when F0.5 = 0.75 yr−1, 
F0.1 = 0.70 yr−1, Fmax = 2.32 yr−1; 
B: relative YPR contour map 
in response to different fishing 
mortality and different length at 
first capture (Lc)

 

Fig. 6  Results of Jones’ length-based cohort analysis (VPA) of A. 
alcocki with the reconstructed population structure (survivors, natural 
losses and catch) in numbers per length class. Fishing mortality rate by 
length class of the species indicated by a red line in the plot
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stock biomass remains around 2000 tonnes and the cor-
responding spawning stock biomass remains above the 
limit, with a reference value of 32.9% which is higher than 
the maximum reference value of 25% (Fig. 9). Spawning 
Potential Ratio (SPR) of A. alcocki was at 0.51 for the year 
2017–2022 which is far higher than the reference value of 
0.40 (Fig. 10).

Stock status assessment

The Bayesian Schaefer surplus production model (BSM) 
applied to Aristeus alcocki provided critical insights into the 
stock’s status and sustainability. Using catch and abundance 
data (CPUE, i.e., catch per unit effort) from 2007 to 2022, 
along with prior knowledge on resilience and depletion sta-
tus, the analysis estimated key management parameters and 
indicators (Hilborn and Walters, 1992).While primarily used 
in data-poor scenarios to provide rough estimates of MSY 
and Fmsy, the Bayesian Schaefer surplus production model 

Length converted catch curve analysis revealed that 50% 
of the shrimp species vulnerable to fishing mortality (Lc50%) 
at the TL of 12.8 cmor when it attain at age of tc50 = 1.064 
yr. The total length at 75% and 95% capture (Lc75% and 
Lc95%) was computed as 14.2 cm and 16.1 cm, respectively 
and the corresponding age at tc75% and tc95% was also 
observed as 1.25 yr−1 and 1.56 yr−1 respectively. When F0.5 
and E0.5 are at 0.75 yr−1 and 0.24 respectively, half of the 
stock biomass might also be acquired as the annual yield. 
When F0.1 = 0.701 year−1 and E0.1 = 0.22 respectively, the 
biologically sustainable yield could be obtained (Fig. 8).

Spawning stock biomass and spawning potential 
ratio

Analysing the spawning stock biomass (SSB) of A. alcocki 
alongside the yield obtained in tonnes reveals that both 
standing stock and spawning stock biomass decrease with 
increasing yield. At the current yield level, the standing 

Fig. 8  The result of TropFishR. 
A: length-converted catch curve 
of pooled A. alcocki, estimated 
Z = 3.34 yr−1; B: the selectivity 
function of the catch curve
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the initial level (k) of 13.0 thousand tonnes (Bcur/Bmsy=1.23) 
suggesting that the stock biomass is 23% higher than the 
level required to achieve MSY. The carrying capacity (K) 
is estimated at 13.0 thousand tonnes (95% CI: 11.3–21.8), 
with a maximum sustainable yield (MSY) of 2.71 thousand 
tonnes (95% CI: 2.36–3.79). The current fishing mortality 
(Fcur​/Fmsy​) is 0.52, indicating that fishing pressure is almost 
half compared to the level required to attain MSY. The Kobe 
plot (Fig. 11D) revealed that there is a high probability (88%) 
that the stock in the final year of assessment (i.e., 2021) was 
in the green zone, which indicates that the stock biomass and 
fishing pressure are healthy and sustainable. The Kobe plot is 
also providing insight into the long-term performance of the 
stock, where it can be seen that the stock was in a rebuilding 
phase (yellow zone) for almost a decade from 2007 to 2014, 
during which the gradual decrease in targeted fishing pres-
sure would have helped in the revival of stock biomass to a 
healthy and sustainable level (green zone).

(BSM) can also complement data-moderate and data-rich 
approaches. Its utility lies in reconstructing the abundance 
and exploitation trajectories of a population over extended 
time frames. For Aristeus alcocki, initial estimates of deple-
tion status (B/k), biomass status (B/Bmsy), exploitation status 
(F/Fmsy​), and key management reference points (i.e., MSY, 
Bmsy and Fmsy) were obtained. These estimates were derived 
using catch and abundance data (CPUE, i.e., catch per unit 
effort) from 2007 to 2022, combined with prior knowledge 
on the species’ resilience and depletion status. The findings 
are summarized in Table 2 and illustrated in Fig. 11. The 
results indicate that the current biomass relative to carry-
ing capacity (Bcur/k) is 0.614 at a high level compared to 

Table 2  Resilience, initial and current exploitation and stock biomass 
status (BSM approach)
Parameters Mean CI Parameters Mean CI
r 0.84 0.617–

1.13
MSY (1000 
tonnes)

2.71 2.33–
3.35

k or B0 (1000 
tonnes)

13.00 9.43–
18.40

Catch(1000 
tonnes)

1.82

Bcur(1000 
tonnes)

7.98 3.63–
11.70

Catch/MSY 0.99 0.53–
1.36

Bmsy(1000 
tonnes)

6.50 4.71–
9.21

Bcur/k 0.61 0.30–
0.77

Fmsy 0.42 0.31–
0.57

Bcur/Bmsy 1.23 0.61–
1.54

Fcur 0.52 0.31–
0.89

Fcur/Fmsy 0.52 0.44–
1.56

Fig. 10  Function plots: (A) the expected (equilibrium) size structure 
of the catch and the expected unfished size structure of the vulnerable 
population, (B) the maturity and selectivity-at-length curves, (C) the 
von Bertalanffy growth curve with relative age, and (D) the SPR and 
relative yield curves as a function of relative fishing mortality

 

Fig. 9  Spawning stock biomass 
(SSB) of A. alcocki
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The length-weight relationship established for the deep-
sea shrimp species A. alcocki in the current study reflects 
the length classes observed in commercial catches during 
the specified period. Analysis of the calculated ‘b’ values 
for both male and female A. alcocki reveals their negative 
allometric growth (b < 3.0). It is clear that the species gain 
length compared to weight, given that ‘b’ <3. However, the 
growth was more negatively allometric (b < 3) in females 
compared to males. This aligns with the findings of Mane et 
al. (2019), who reported that females, while typically larger 
in size than males, possess a relatively longer rostrum that 
grows at a faster rate. This disproportionate growth of the 
rostrum results in a lack of corresponding weight gain, lead-
ing to negatively allometric growth. Similarly, previous stud-
ies have noted that females tend to be heavier than males in 
certain crustacean species (Suseelan and Rajan 1989). Fur-
thermore, the biological parameters (‘a’ and ‘b’) determined 
in this study corroborated well with the reports on A. anten-
natus (Deval and Kapiris 2016) while in other deepsea cari-
dean shrimp, Heterocarpus chani showed positive allometry 
(Kuberan et al. 2022) from the Kerala coast. Effective fish-
eries management relies on accurate body weight data of 
species for catch regulation and biomass assessment. The b 
value is unique to each species and fluctuates with factors 
such as sex, age, seasonal changes, physiological conditions, 

Discussion

The present study using the catch and effort data of A.alcocki 
from 2007 to 2022 was analysed to gain a comprehensive 
understanding of the species’ catch. The average yield of A. 
alcocki was recorded to be over 1800 tonnes during this period. 
Given that multiple deep-sea shrimp species are caught using 
a single gear in our tropical fisheries, analyzing the catch 
and effort of a single species may not yield optimal results. 
However, the fluctuations in annual catch and CPUE over the 
study period underscore the need for continuous monitoring 
and adaptive management strategies. The significant decline 
in catch during certain years followed by subsequent recov-
eries indicates the potential impact of environmental and 
anthropogenic factors on shrimp populations. Fluctuations in 
fishing efforts are primarily attributed to cyclonic storms in 
the Arabian Sea and the COVID-19 pandemic, which signifi-
cantly reduced the number of active fishing days during the 
season. Additionally, the demand-driven nature of the fishery 
along the coast means that any change in demand directly 
impacts landings. The species is typically landed from Sep-
tember to May, with peak fishing activity occurring between 
December and February. Sustainable management practices 
should aim to stabilize these fluctuations to ensure a steady 
supply of this commercially valuable species.

Fig. 11  Relative stock biomass 
and exploitation status of A. 
alcocki from southwestern Indian 
waters using the BSM approach
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population throughout the year. In the present study, the 
length at first recruitment was found to be in the range of 
6.0–6.5 cm. The VPA results indicate that males in the size 
class of 8.3–9.8 cm and females in the size class of 17.3–
19.3 cm experience the highest rates of fishing mortality. 
According to Paramasivam et al. (2018), the size at matu-
rity for females of A. alcocki collected from the southwest 
coast of India ranges between 12.0 and 17.0 cm, with these 
females belonging to maturity stages III and IV. For males, 
the size at maturity was found to be between 8.0 and 9.0 cm. 
These findings suggest that both male and female A. alcocki 
have sufficient time to reach maturity, reproduce, and con-
tribute offspring to the population.

The ‘optimum length’ (Lopt) indicates the size at which a 
stock’s average weight and population number are at their 
highest, a key factor in sustainable fisheries management. 
For A. alcocki, the Lopt of 12.2 cm aligns with the Lm val-
ues reported by Paramasivam et al. (2018) for similar spe-
cies. This could ensure that newly recruited individuals 
have the opportunity to join the stock before being exposed 
to fishing pressure.

The estimated total mortality (Z), fishing mortality (F), 
and current exploitation (E) rates for A. alcocki are lower 
than the biological reference points in the heavily fished 
waters off the Southwest coast of India. The natural mortal-
ity rate (M) could be defined as the instantaneous rate of 
population decay on an annual basis due to fisheries-inde-
pendent factors such as predation, starvation, disease and 
senescence. M is one of the most important parameters that 
critically influence the outcome of fisheries stock assess-
ment. Nevertheless, it is also the most difficult parameter 
to estimate due to a dearth of unbiased tagging data or age-
composition data in the absence of fishing (Maunder et al. 
2023). There is evidence that suggests that M varies over 
time, age and sex of the species (Gislason et al. 2010); yet, 
for ease of analysis and modeling simplicity, a constant M is 
usually assumed for a stock (Johnson et al. 2015). Gulland 
(1983) noted that species with higher natural mortality can 
generally tolerate higher fishing mortality since the fish-
ery targets those that would otherwise succumb to natural 
causes. The natural mortality rate for A. alcocki (1.48), 
being close to the fishing mortality rate (1.86), indicates that 
the fishery is sustainable at current levels. These findings 
provide valuable insights for the effective management and 
sustainability of the A. alcocki fishery. M, calculated from 
general empirical relationships based on life history theory, 
has been well reviewed by Then et al. (2015) and Maun-
der et al. (2023) and the same has been used in the present 
study. The approach simply assumes that 99% of the fish in 
an unexploited stock die due to only natural causes when 
they reach Lmax which results in an overall survival of 1% 
at tmax (Srinath 1998; Alagaraja 1989). Effective resource 

growth rates, and nutritional status. According to Bagenal et 
al. (1978), the value of parameter ‘b’ remains relatively sta-
ble throughout the year, whereas parameter ‘a’ may fluctuate 
based on biological and environmental factors. Parameter ‘a’ 
indicates body shape and condition for the same value of ‘b’ 
(Froese 2006). In the present study, A. alcocki exhibited a 
slight difference in ‘a’ values between the sexes, with males 
at 0.0131 and females at 0.0161.

The overall sex ratio (3.46 : 1.01) observed in the current 
study, based on data from 2017 to 2022, indicated a higher 
proportion of females. This finding aligns with the sex ratio 
calculated for A. antennatus caught at depths of 400–700 
m, where a similar female bias was observed. In contrast, at 
greater depths (1000–3000 m), the ratio has been reported to 
favor males. However, for other deep-sea shrimps, such as 
H. chani caught in the same fishing area, the sex ratio was 
reported to be equal (Kuberan et al. 2022).

Based on the length composition data of A. alcocki, 
growth parameters were analyzed separately for males and 
females using the von Bertalanffy growth equation in the 
ELEFAN function of the TropFishR R package. The calcu-
lated asymptotic lengths (L∞) were 13.69 cm for males and 
22.06 cm for females, which align well with the maximum 
recorded lengths of 13.80 cm and 21.5 cm for males and 
females, respectively.

Large-sized female A. alcocki made up a significant por-
tion of the catch in the commercial samples examined in 
this study. This pattern is similar to the persistent domi-
nance of large females in the A. antennatus fishery in the 
Ligurian Sea, Italy. According to Garofalo et al. (2007), the 
largest sizes among deep-sea shrimps are the most commer-
cially valuable. Although the length composition data for A. 
alcocki indicates that females reach commercially accept-
able sizes, excessive harvesting of females may result in a 
population decline for this species.

Leena and Deshmukh (2009) estimated sex-specific 
growth parameters for the penaeid shrimp Metapenaeus affi-
nis in the coastal waters off Maharashtra. The sex-wise dif-
ferences in length asymptotes they reported are comparable 
to those observed in the present study. Although the growth 
coefficients for A. alcocki are similar (0.73) in both sexes, 
females achieve larger sizes than males. This difference is 
likely due to the feeding patterns of females, which appear 
to be more effective predators. When examining stomach 
fullness and food quality, female A. alcocki were observed 
to be more efficient predators than males. The stomach con-
tent weight of females ranged from 0.01 to 0.48 g, which 
was significantly greater than that of males, whose stomach 
content weight ranged from 0.012 to 0.13 g (Paramasivam 
et al. 2020).

The deep-sea shrimp A. alcocki exhibits a continu-
ous breeding pattern, with new cohorts being added to the 
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Conclusions

The deep-sea shrimp fishery along the southwestern coast of 
India is predominantly supported by A. alcocki, which plays 
a crucial role in the food supply. This study provides a thor-
ough assessment of the mortality and exploitation rates of 
A. alcocki and offers recommendations for biological refer-
ence points. The findings suggest that A. alcocki is currently 
being exploited at an optimal level, but this also indicates 
a potential risk of overexploitation in the future. The Kobe 
plot reveals a high probability (88%) that the stock in the 
final assessment year (2021) is within the “green zone,” 
indicating healthy biomass and sustainable fishing pressure. 
Additionally, the stock exhibited a rebuilding phase from 
2007 to 2014, during which reduced fishing pressure likely 
facilitated recovery. These findings suggest that the stock is 
currently in a sustainable state, with potential for a marginal 
increase in exploitation to maximize yield while maintain-
ing ecological balance. This comprehensive analysis dem-
onstrates that A. alcocki is being managed sustainably, with 
current measures supporting both stock conservation and 
potential for cautious exploitation increases.
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management for A. alcocki can be achieved by incorporat-
ing scientific studies on mortality parameters, exploitation 
status, and spawning analysis.

The M/K ratio represents the relationship between natural 
mortality (M) and the growth coefficient (K) in fish popula-
tions. It is often used as a life-history invariant in fisheries 
science to predict biological parameters when direct esti-
mates are unavailable. A typical M/K value of 1.5 indicates 
that the species grows throughout its life, reaching maxi-
mum size at maximum age (Jensens, 1996). In the case of 
A. alcocki, the M/K ratio value of 1.7 suggests a relatively 
high natural mortality rate compared to growth, which 
aligns with characteristics observed in many deep-sea crus-
taceans, where slow growth and high predation pressures in 
early life stages influence life-history strategies (Ragonese 
and Bianchini 2006). Empirical studies have shown that this 
ratio tends to remain relatively consistent among closely 
related stocks (Charnov 1993).

The life history parameters of A. alcocki, with an asymp-
totic length (L∞) of 15.16 cm and a growth coefficient (K) of 
0.73 yr⁻¹, classify it as a long-lived crustacean with a maxi-
mum age (tmax) of approximately 5 years. These traits indi-
cate relatively slow growth, consistent with its classification 
as a moderately resilient species (Froese & Pauly 2000). For 
sustainable recruitment, a spawning potential ratio (SPR) 
between 35% and 45% is typically recommended for spe-
cies with similar life-history traits (Goodyear 1993). In the 
present study, the LBSPR analysis revealed an SPR of 51% 
for A. alcocki. Clark (2002) suggests that for short-lived, 
highly resilient species, an SPR of 35–40% or lower is gen-
erally sufficient, whereas long-lived, low-resiliency species 
require a higher SPR, typically in the range of 50–60% or 
more, to prevent recruitment failure.

The Bayesian Schaefer Surplus Production Model 
(BSM) analysis of Aristeus alcocki indicates a healthy 
and sustainable stock, with biomass levels 23% above the 
MSY threshold (Bcur/Bmsy = 1.23). The carrying capacity 
(K) is estimated at 13.0 thousand tonnes, and the MSY at 
2.71 thousand tonnes. Current fishing mortality (Fcur/Fmsy) 
is 0.52, suggesting that fishing pressure is well below the 
level required for MSY. The Kobe plot analysis shows an 
88% probability that the stock was in the green zone in 
2021, reflecting a sustainable biomass and fishing pres-
sure (Gabriel and Mace 1999). Historical data also reveal a 
rebuilding phase from 2007 to 2014, during which reduced 
fishing pressure allowed the stock to recover to its current 
healthy state. These results highlight the effectiveness of 
reduced fishing pressure in stock recovery and the impor-
tance of maintaining sustainable fishing practices for long-
term stock viability.
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