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Abstract

The frigate tuna holds a predominant position in the neritic tuna landings of Sri Lanka. Despite the importance of frigate tuna in fisheries, a declining trend in annual landings was observed in recent years. However, scientific assessments of the stock status and sustainability of frigate tuna fishery are extremely scarce in Sri Lankan waters. Considering the facts of the tendency of frigate tuna to thrive close to the continental shelf while having short-distance migrations and the existence of a single stock in Sri Lankan waters, two length-based approaches—Length-Based Indicators (LBIs) and Length-Based Spawning Potential Ratio (LBSPR)—were applied using forked length data from the Indian Ocean Tuna Commission database (2018-2022) to address the research gaps. The von Bertalanffy growth parameters were estimated at L∞ = 64.8 cm (FL); K = 0.521 yr−1; mean M = 0.925 yr−1. All the LBIs indicate a declining trend over the study period. The LBIs for the conservation of immature and mature individuals have fallen below the reference level since 2020. Furthermore, LBSPR results also indicated a declining trend which fell below the limit reference point of SPR 20% since 2020. The modes of the length distribution in the catch and the length (FL) at 50% and 95% selectivity also declined throughout the study period. All the model outcomes indicate the unsustainability of the fishery and overexploitation of the frigate tuna resource in Sri Lankan waters. The growing use of ring nets, contributing approximately 75% of the annual frigate tuna catch, is likely a key driver of the fishery’s unsustainability. To promote a sustainable fishery, immediate reductions in fishing mortality are required, which should include a halt to new licences for ring net fishing. Collaboration with the IOTC and neighbouring countries is crucial for regional resource management.
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1 Introduction
Tunas and tuna-like species are key fishery resources in the Indian Ocean. In 2021, tunas and tuna-like fish remained the most prominent contributors, with total landings of 5.4 million tonnes. Small pelagic fish and mixed species, primarily reef-associated fish, followed (FAO, 2024). Neritic tunas represent a smaller subset of tunas, including species like the frigate tuna, kawakawa, bullet tuna, and long-tail tuna of the family Scombridae. They thrive in the shallow waters of the neritic zone, located above the continental shelf. Unlike their oceanic counterparts, which are well known for extensive migrations, neritic tunas remain closer to the coast, closely linked to continental shelf regions (Siriraksophon, 2017). Overall, the catches of the neritic tuna and seer fish species peaked at 683,000 tonnes in 2022 in the Indian Ocean, following a decline in 2019 (IOTC–WPNT14, 2024). Among those neritic tuna species in the Indian Ocean, frigate tuna (Auxis thazard (Lacepède, 1800)) is a key component in the catch. In 2022, the total catch of frigate tuna in the Indian Ocean was estimated to be 141,279 tons, accounting for approximately 21% of the total catch of neritic tuna and seer fish species (IOTC–WPNT14, 2024). The frigate tuna in the Indian Ocean is mainly caught using gillnet, followed by line and purse seine (IOTC–WPNT14, 2024), almost exclusively in coastal fleets (Lecomte et al., 2017).
Among the countries bordering the Indian Ocean, Sri Lanka is one of the oldest and most significant tuna-producing island nations (Maldeniya and Amarasooriya, 1998; Dissanayake et al., 2008). In Sri Lanka's coastal fishery, neritic tuna plays a pivotal role among the targeted tuna species (Haputhantri, 2016; Herath et al., 2019a). Notably, frigate tuna stands out as the most prominent species within the neritic tuna catch, accounting for 77.60% of the total in 2022 (National Aquatic Resources Research and Development Agency (NARA), 2024). About 15 yr ago, Sri Lanka contributed around 10% to the annual frigate tuna production in the Indian Ocean (Indian Ocean Tuna Commission (IOTC), 2024). However, over time, it has decreased to about 4% in 2022 due to the gradual decline in domestic annual landings over the last two decades (IOTC, 2024). Despite the signs of depletion in frigate tuna resources in Sri Lankan waters, no recent scientific studies have been conducted to assess the sustainability of the resource and the fishery.
As length-frequency data is readily available from the commercial catch in Sri Lanka, length-based methods assist in assessing stock status concerning reproductive capacity, sustainability, and current biomass (Filous et al., 2022; Pennino et al., 2022). Although length-based approaches lack the robustness of catch-based methods, they can still produce relatively unbiased and reliable estimates (Pons et al., 2020). Therefore, employing length-based methodologies, such as Length-Based Indicators (LBIs) (Froese, 2004; ICES, 2015) and the Length-Based Spawning Potential Ratio (LBSPR) (Hordyk et al., 2015), is both cost-effective and time-efficient for assessing the status and sustainability of data-limited neritic tuna fishery in Sri Lanka.
Aiming to evaluate the stock status and sustainability of the frigate tuna fishery in Sri Lankan waters, and despite limited data availability, the author of this study employed a combination of methods, including fishing mortality-based reference points and a length-based stock assessment. Based on these results, the author proposes potential management options to improve the sustainability of the frigate tuna fishery in Sri Lankan waters.
2 Methods
2.1 Data collection
The National Aquatic Resources Research and Development Agency (NARA) and the Department of Fisheries and Aquatic Resources (DFAR), Sri Lanka, have stationed trained field staff at major fishery harbours and landing sites to collect length and catch data for IOTC-listed species, including frigate tuna (Fig. 1). Under NARA's scientific supervision and in line with IOTC Resolution 15/02 (IOTC, 2023), daily fork length (FL) measurements (to the nearest 1 cm) are taken as vessels unload catch. The length data are fed to the large pelagic database (PELAGOS) databases maintained at NARA and are submitted as monthly length frequency data to the IOTC annually, along with other related catch data. Once submitted to the IOTC, the data is screened, and outliers may be removed and made publicly available for stock assessment purposes and published on the dedicated meeting pages for each IOTC Working Party (IOTC, 2024). The length-frequency data of frigate tuna in Sri Lankan waters from January 2018 to December 2022 were sourced from the IOTC database for this study (IOTC, 2024). A total of 14,308 FL data points were used for the analysis.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 (A): Position of Sri Lanka in the Central Indian Ocean. The outer margin of the Exclusive Economic Zone is also shown here. (B): The main fishery harbours in Sri Lanka that were used for the data collection.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 The temporal variation in the frigate tuna catches by dominant fishing gears in Sri Lanka. The black line indicates the temporal variation in the annual catch of the frigate tuna in Sri Lanka (source: IOTC, 2024).



2.2 Allometric growth and size at maturity (L50 and L95)
Since the length frequency data of FL (cm) were extracted from the IOTC database, growth and maturity parameters were obtained from previous studies conducted in Sri Lankan waters. Accordingly, the b value: the allometric growth parameter and a value: the scaling constant of the length-weight relationship, were obtained from Herath et al. (2019a) as follows:
[image: Mathematical equation]
Where a = 0.083; b = 3.430.
The estimated total length (TL) at which 50% of fish attained sexual maturity (L50) was obtained from a recent study in Sri Lankan waters by Herath (2019). The corresponding L95, which 95% of fish attained sexual maturity, was derived from the equation described by Prince et al. (2015) as follows:
[image: Mathematical equation]
The size at maturity values used in this assessment are tabulated in Table 2.
Those TL values were then converted into the corresponding FL values according to the length–length relationship described by Herath et al. (2019a) for further analysis as follows:
[image: Mathematical equation]
2.3 Estimation of growth parameters
The length-frequency data (FL) of the frigate tuna in Sri Lankan waters was grouped by monthly catches, assuming that the sample obtained reflects the monthly length distribution of the total catches. The length measurements comprise fish caught by ring nets, gill nets, hand lines, and long lines. Growth parameters (L∞, K, Ø) for both sexes combined were estimated using the von Bertalanffy growth function (VBGF) (von Bertalanffy, 1957). This analysis utilised monthly length-frequency data and was conducted using the electronic length frequency analysis (ELEFAN) feature provided by the R package TropFishR (Mildenberger et al., 2017; Taylor and Mildenberger, 2017) through the “Stock Monitoring Tool v 0.6” provided by the “iMarine Infrastructure Gateway” (Assante et al., 2019). The von Bertalanffy growth equation was defined as follows (Sparre and Venema, 1998):
[image: Mathematical equation]
Where Lt is the FL (cm) at age t (year), L∞ is the asymptotic length (cm), K is the growth coefficient, and t0 is the theoretical age at zero length (year−1).
To analyse the dataset, a moving average (MA) of 3 was applied to visually emphasise distinct peaks, especially in smaller length classes. A bin size of 2.6 was chosen, as recommended by Wang et al. (2020). This approach, based on the maximum total length (Lmax) observed in the dataset, was employed to minimise noise through aggregation.
[image: Mathematical equation]
2.4 Empirical estimates of natural mortality (M)
The natural mortality (M) for the frigate tuna in the Sri Lankan waters was obtained from the life history parameters L∞ and K and a mean annual temperature of the waters around Sri Lanka of 28 °C (Govil and Naidu, 2011). These parameters were applied to the R package TropFishR (Mildenberger et al., 2017; Taylor and Mildenberger, 2017) to obtain estimates of M with the following empirical equations developed by Pauly (1980a), Then et al. (2015), Gislason et al. (2010) and Lorenzen et al. (2022).
[image: Mathematical equation]
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Where M is the estimated natural mortality rate, K is the von Bertalanffy growth coefficient, L∞ is the mean asymptotic length, T is the mean annual water temperature in °C, Lref is a reference length, often taken as the mean or median length of the fish in the population and L is the length of the individual fish or the average length of the fish in the population.
The maximum, minimum and mean value from these four empirical equations were then used as the values for M in the length-based stock assessment of this species.
2.5 Length-Based Indicators (LBIs)
The Length-Based Indicators (LBI) method, designed for screening length composition in catch or landings, supports stock classification with an emphasis on conservation, yield optimisation, and Maximum Sustainable Yield (MSY) (Froese, 2004; ICES, 2018; Shephard et al., 2018). This study assessed eight LBIs (Tab. 1), each representing the ratio of a measured length statistic to a threshold linked to exploitation or life history. These indicators collectively inform the overall stock status. Input parameters included life history traits derived from the von Bertalanffy Growth Function (L∞, K), length at 50% maturity (L50), mean natural mortality (M), and length-weight relationship parameters ‘a’ and ‘b’ values. LBI values were calculated annually using the R-script LBIindicators.R (ICES, 2018) through the “Stock Monitoring Tool v 0.6” provided by the “iMarine Infrastructure Gateway” (Assante et al., 2019) for the exploited frigate tuna population in Sri Lankan waters.
Table 1 
Derivation of LBIs as applied to frigate tuna stocks in Sri Lankan waters. Table adapted from ICES (2018).

2.6 Fishing mortality-based reference points and exploitation ratio
Fishing mortality (F)-based biological reference points (BRPs) are widely used to assess overfishing (Sainsbury, 2008). In data-limited fisheries, where estimating FMSY is difficult, proxies like Fmax and F0.1—derived from the Beverton and Holt (1956) yield-per-recruit model—are often applied. Fmax is the F that yields the maximum per recruit, while F0.1, a more conservative proxy for FMSY, is the F at 10% of the YPR curve's initial slope (Gulland and Boerema, 1973; Fukuda and Nakatsuka, 2019).
The Exploitation Ratio (E) indicates the percentage of a population caught within a specific timeframe, usually a year. It serves as a rough indicator to assess if a stock is being overexploited. The assumption is that a stock is ideally exploited when E = 0.5, corresponding to the condition where fishing mortality (F) equals natural mortality (M) (Gulland 1971). The exploitation ratio was estimated using the formula proposed by Gulland (1971) through the following relation:
[image: Mathematical equation]
where E is the exploitation ratio, i.e., the fraction of deaths caused by fishing. F = fishing mortality coincident. Z = total mortality rate.
2.7 The length-based spawning potential ratio (LBSPR) model
The Spawning Potential Ratio (SPR) measures the percentage of a stock's unfished reproductive potential remaining under specific fishing pressures (Walters and Martell, 2004). The LBSPR model estimates SPR using size composition data and life history parameters, assuming a steady-state exploited population. Globally, an SPR of 30–40% is a sustainable target reference point, while an SPR of 20% is the limit reference point, below which recruitment failure risk increases (Prince et al., 2020; Kindong et al., 2022a). For this analysis, life history parameters obtained from the von Bertalanffy Growth Function (L∞, K), estimated lengths at maturity (L50, L95), mean value of M, and length-weight relationship parameters (a, b) were used as inputs. Priors were derived from ELEFAN GA bootstrap (TropFishR) based on size at maturity. The LBSPR model employs maximum likelihood to estimate selectivity parameters (LS50, LS95) and relative fishing mortality (F/M), ultimately determining SPR. To account for length-based selectivity and Lee’s Phenomenon, the growth-type-groups (GTG)-LBSPR model was applied, referred to hereafter as “LBSPR.” Analyses were conducted using the LBSPR R package (Hordyk, 2019) through “Stock Monitoring Tool v 0.6” provided by the “iMarine Infrastructure Gateway” (Assante et al., 2019).
2.8 Assumptions for the LBI and LBSPR models
The LBSPR and LBI models function within an equilibrium framework and rely on several assumptions that must often be made arbitrarily in data-poor fisheries. These assumptions include: (i) representative length measurements, (ii) constant recruitment and natural mortality as well as somatic growth and maturation over time, (iii) density-independent maturity, (iv) somatic growth follows VBG, and (v) closed population (Froese, 2004; Hordyk et al., 2015; ICES, 2018; Shephard et al., 2018).
2.9 “Stock Monitoring Tool v 0.6” provided by the “iMarine Infrastructure Gateway”
The Stock Monitoring Tool (SMT), developed by FAO, is an R-Shiny application, available to the global community and hosted via remote computational facilities with considerable processing resources. This tool was designed to allow users with little to no programming experience to run methods developed for data-limited situations to evaluate and monitor the sustainability of fish stocks. This Gateway is operated by D4Science.org (Assante et al., 2019).
3 Results
3.1 Length frequency distributions
The FL of frigate tuna during the study period ranged from 20 cm to 58 cm (Fig. 3). The mean annual FL ± SD of the landings from 2018 – 2022 was estimated at 39.3 ± 6.1 cm, 38.2 ± 5.4 cm, 33.6 ± 5.6 cm, 33.7 ± 5.7 cm, and 31.5 ± 4.4 cm, respectively. A decreasing trend in the modes of the frigate tuna length distribution in the landings was observed during the study period from 2018 to 2022 (Fig. 3).
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Length frequency (FL) distribution of frigate tuna (n=14308) from 2018 to 2022 for each year obtained from the commercial catch in Sri Lanka.



3.2 Estimation of growth parameters and natural mortality (M)
The mean von Bertalanffy predicted growth parameters were estimated at 64.8 cm FL for L∞: 0.521 yr−1 for the K and 0.167 for the Ø (Tab. 2 and Fig. 4). The best score value (Rn) in the ELEFAN procedure within the TropFishR package for the above estimations was 3.34. The estimated M varied from 0.65 yr−1 to 1.18 yr−1 (Tab. 2). The mean M was estimated at 0.925 yr−1.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Uploaded raw (A) and restructured (B) length-frequency data with overlaid von Bertalanffy growth (VBG) curves fitted by ELEFAN with a genetic algorithm.



Table 2 
Estimates of life-history parameters for frigate tuna in Sri Lankan waters utilised in the stock assessment.

3.3 Fishing mortality-based reference points and exploitation ratio (E)
The estimated fishing mortality-based reference points, exploitation ratio and the stock status in terms of the current fishing mortality are given in Table 3. The calculated F for the frigate tuna in Sri Lankan waters during the study period is greater than the estimated Fmax and the target reference points of F0.1. Also, the estimated E is greater than the ideal exploitation level of E = 0.5.
Table 3 
The estimated fishing mortality based on reference points and the estimated stock status in terms of the current fishing mortality of the frigate tuna in Sri Lankan waters.

3.4 Estimation of stock status of frigate tuna and the sustainability of the fishery in Sri Lankan waters
3.4.1 Estimates provided by the LBI Model
The outcome for the mean M of the model indicates that the average length of the largest 5% of individuals in the frigate tuna stock has decreased (Lmax5%/L∞) and fallen below the limit reference level since 2020. Furthermore, the larger individuals (L95%/L∞) and spawners (Pmega) were well below the limit reference level throughout the study period with a declining trend. In analysing the indicator ratios pertaining to immature individuals within the frigate tuna stock (L25%/Lmat, Lc/Lmat, and Lmean/Lopt), it was observed that a declining trend persisted throughout the study period, falling below the limit reference level following the year 2020. When evaluating the fishery against the Maximum Sustainable Yield (MSY) (Lmean/LF=M) and the Optimum Yield (Lmaxy/Lopt), the resulting indicators were below the threshold levels throughout the study period (Fig. 5 and Tab. 4). A similar declining trend was observed in the LBIs for the minimum and maximum M values (Fig. 5 and Tab. 4). Although the estimates for the Optimum Yield (Lmaxy/Lopt) with minimum and mean M values highlight the unsustainability of the fishery, the estimate with maximum M indicates a sustainable fishery for the study period (Fig. 5C). The LBIs for the conservation of mature and immature individuals estimated with upper and lower levels of the M, fell below the reference levels, especially since 2020.
	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Estimated length-based indicators relative to reference levels as a point for each year. The expected values for each LBI ratio are represented as dashed horizontal lines. The horizontal line represents a limit reference point, and any value above the limit reference point is considered desirable. A – for mean M; B – for maximum M; C – for minimum M.



Table 4 
Estimated length-based indicators in cm. The indicators in this table, relative to the respective reference points, were used to derive the stock status of the frigate tuna stock in Sri Lankan waters (Fig. 4).

3.4.2 Estimates provided by the LBSPR model
The estimated SPR using the mean value of the M during the study period was well below the target reference point of SPR 40% (Tab. 5 and Fig. 6). A declining trend in the estimated SPR has been observed since 2018, leading to a fall in the SPR below the limit reference point of SPR 20% since 2020. Furthermore, a similar declining trend was observed in the length at which 50% (Ls50) and 95% (Ls95) of individuals were selected for the fishery (Tab. 5). Considering the F/M, an increasing trend was observed from 2018 to 2021, while increasing to a relatively higher value in 2022 (Fig. 6). A similar declining trend in LBSPR, selectivity (Ls50 and Ls95), and an increasing trend in F/M were observed for the minimum and maximum M values during the study period (Fig. 6). In 2022, SPR between 5% and 11% were obtained with the minimum and maximum estimates of the M, respectively.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Time series plot of the estimated selectivity parameters in cm, fishing mortality relative to natural mortality, and spawning potential ratio (SPR) with 95% confidence intervals. The lines correspond to the smoothed estimates over time. A – for mean M; B – for maximum M; C – for minimum M.



Table 5 
The estimated LBSPR, selectivity parameters (Ls50 and Ls95), and the ratio of fishing to natural mortality rate (F/M). The estimated 95% confidence interval for each parameter is provided in brackets.

4 Discussion
Frigate tuna is a neritic tuna species that tends to stay closer to the coast and is more associated with continental shelf areas (Siriraksophon, 2017). Unlike other oceanic tuna species, it performs shorter-distance migrations, especially during spawning seasons (Kumar, 2012; Zhou et al., 2022). Coastal pelagic fish generally exhibit more significant geographic population subdivisions than oceanic species. This is attributed to their specific habitat requirements, shorter migration distances, and increased vulnerability to climatic variations (Rossi et al., 1998). Scientific studies have concluded that a single stock of frigate tuna thrives in Sri Lankan waters (Herath et al., 2019b). Considering these facts, it is crucial to assess the frigate tuna stock in Sri Lankan waters and implement effective management measures to ensure the sustainability of the resource in Sri Lankan waters (Zimmermann and Werner, 2019; Hilborn et al., 2020). This study could be the first attempt to apply the length-based, data-limited methods of LBSPR and LBIs to assess the sustainability of the frigate tuna stock in Sri Lankan waters.
Acknowledging the limitations of relying on a single data-limited approach for estimating stock status (Herrón et al., 2018; Kindong et al., 2022a), this study employed two complementary methodologies—LBIs and LBSPR. It is believed that these approaches provided robust estimates by applying length data collected from over 14,000 samples per population during the study period. Frigate tuna in Sri Lankan waters is harvested using various methods, including ring nets, gill nets, longlines, and handlines (NARA, 2024). Ring nets tend to capture a wide range of sizes, similar to trawl nets (Bhanja et al., 2024). Since most of the catch was generated from the ring nets accompanied using different hook and mesh size combinations, a sigmoidal selectivity pattern seen in trawl fleets was assumed for estimating von Bertalanffy growth parameters (Taylor and Mildenberger, 2017). According to the IOTC Resolution 15/02, each contracting party (CPC) (including Sri Lanka) is responsible for providing at least one length measurement (with other related data) of a randomly selected fish for one ton of catch. The compliance rate of Sri Lanka in this regard has been improved, and during the study period, it was around 80%. Sri Lanka was in the ‘green zone’ (‘green’ indicates CPCs that have benefited from the Compliance Support Mission (CSM) and follow-up of CSM), and the compliance rate was recognised to be increasing (IOTC, 2023). Therefore, it was believed that the length frequency data used in this assessment was representative of the neritic tuna catch in Sri Lanka.
4.1 The fishery for frigate tuna in Sri Lankan waters
In Sri Lankan waters, approximately 75% of the total annual frigate tuna catch to date has been primarily obtained using ring nets, a type of surrounding net, while smaller quantities are captured through alternative fishing methods such as gill nets, longlines, and handlines (IOTC, 2024; NARA, 2024). Ring nets are mainly operated by multi-day fishing vessels ranging from 9.8 m to 18.3 m in length, with inboard engines and fish for more than one day in the ocean (Haputhantri and Maldeniya, 2011). Those multi-day boats can operate up to the EEZ and occasionally in international waters. The ring net fishery mainly targets fish schools of about 19 fish species associated with floating objects (drifting Fish Aggregating Devices (dFAD)) such as rough triggerfish (Canthidermis maculata), Indian scads (Decapterus russelli), and rainbow runner (Elagatis bipinnulata), along with frigate tuna (A. thazard) (Kanchanamala et al., 2018; Gunwardane et al., 2024).
In addition to the multi-day boats, smaller fishing vessels operating in coastal waters also engage in the neritic tuna fishery using ring nets. They are namely ‘I-day Boats with inboard engine’ (8.8 m—12.2 m in length), ‘Fibre Reinforced Plastic (FRP) Boats with outboard engine’ (5.5 m—7.2 m in length), and ‘Motorized Traditional craft’ with smaller outboard engine (11 m—14 m in length) (Haputhantri and Maldeniya, 2011). These smaller fishing vessels target free-swimming schools of frigate tuna, kawakawa (Euthynnus affinis, scads (Selar spp.), bullet tuna (Auxis rochei) and occasionally spotted sardinella (Amblygaster sirm) and Indo-Pacific sailfish (Istiophorus platypterus). The fishing grounds are within 3-8 km of the coast (Maldeniya and Dayaratne, 1996). However, the fishery is restricted to a few locations along the southern, southeastern and eastern coast of Sri Lanka, and only a few vessels operate regularly at each centre (Maldeniya and Dayaratne, 1996).
Gill nets and hand lines targeting neritic tunas are typically used by small boats operating for less than a day. In recent years, ring nets have become increasingly common in Sri Lanka's fishery for schooling pelagic species. Many multi-day boats now carry ring nets alongside gill nets and longlines (Ariyarathna and Amarasinghe, 2012). Vessels traditionally targeting tunas are shifting to ring nets due to their higher profitability (Ariyarathna and Amarasinghe, 2012; Chathurika and Dissanayake, 2016). This shift is evident in the growing share of frigate tuna caught using ring nets over the past decade (IOTC, 2024) (Fig. 2).
4.2 Life history and natural mortality of frigate tuna in Sri Lankan waters
Life history parameters are critical in evaluating fish stock status and formulating effective management strategies. The outcomes of this study's estimates of life history parameters are relatively consistent with contemporary early research on the growth of the frigate tuna in Sri Lankan waters, where Joseph and Maldeniya (1988) estimated the von Bertalanffy growth parameters to be L∞ = 59.0 cm (FL); K = 0.51 yr−1. However, some studies highlight that frigate tuna populations in Indian waters grow faster and attain larger sizes; Mudumala et al. (2018) estimated L∞ = 47.4 cm (TL); K = 1.35 yr−1; Azeez et al. (2024) estimated L∞ = 72.6 cm (TL); K = 0.73 yr−1. Environmental conditions such as high temperatures, food availability and genetic differences could induce the growth rate of frigate tuna (Pauly, 1980b; Waples and Gaggiotti, 2006; Zhou et al., 2022). Therefore, the difference in the K of the frigate tuna between Sri Lankan and Indian waters may further validate the potential for a distinct frigate tuna stock in Sri Lankan waters (Pauly, 1980a).
4.3 Sustainability status of frigate tuna resource in Sri Lankan waters
Changes in the size structure of fish caught over time can provide valuable insights into fishing pressure. The decreasing trend in the modes in the length frequency distributions over the study period may indicate high fishing pressure on the frigate tuna resource (Gulland, 1983) in Sri Lankan waters (Fig. 3). Furthermore, the declining trend in length at 50% and 95% selectivity (LS50 and LS95) (Tab. 5) indicates a decline in the average size of fish that become vulnerable to fishing gear and are caught over time. It is a significant observation in fisheries management as it may reflect changes in fishing practices, gear selectivity, or population dynamics (King, 2007). Ring nets are widely acknowledged for their significant proportion of immature catches, both in Sri Lanka and on a global scale (Chathurika and Dissanayake, 2016; Phillips et al., 2017). The increasing use of ring nets may be contributing to the observed decline in the mean size, LS50 and LS95, of frigate tuna catches in Sri Lankan waters over time.
The higher F for the frigate tuna stock in Sri Lankan waters compared to the target reference point (TRP) of Fmax and F0.1 (Tab. 3) suggests that the frigate tuna stock is probably overfished (Gulland, 1983). As the F exceeds the Fmax, the yield per recruit of the frigate tuna stock could be declining as the fish are caught before they grow to a size that would maximise yield. The consequence would become more severe as the F surpasses a precautionary threshold of F0.1. Thus, the long-term sustainability of the frigate tuna stock would be at risk due to the decline of recruitment and spawning biomass in Sri Lankan waters. The unsustainable nature of the fishery was further evidenced by an exploitation rate (E) exceeding the threshold value of 0.5, which is commonly regarded as the upper limit for sustainable exploitation (Tab. 3).
LBIs play a vital role in maintaining healthy fish populations and supporting sustainable fisheries management (Medeiros-Leal et al., 2023). The results of the LBIs estimated with mean M for the conservation of the immature individuals of the frigate tuna populations in Sri Lanka (Tab. 1) exhibited a declining trend over the study period (Fig. 5). The elevated fishing pressure by the ring net fishery in Sri Lankan waters could be the reason for the unsustainable removal of immature individuals. Such juvenile removal threatens stock replenishment, disrupts marine food webs (Smalås et al., 2020), and may cause economic losses due to reduced future yields and lower market value of undersized fish (Vasilakopoulos and Marshall, 2011).
Mature frigate tuna in Sri Lankan waters are being harvested unsustainably, as shown by LBIs based on mean M falling below reference levels (Tab. 1; Fig. 5). Apart from the LBIs, the LBSPRs for the study period also emphasise the unsustainability in the harvesting of the frigate tuna resource with special reference to the spawning potential of the mature individuals. The resulting SPR, based on the mean estimate of M, indicates a declining trend that has consistently remained below the target reference point of 40% SPR and has fallen below the limit reference point of 20% SPR since 2020 (Tab. 5), suggesting potential unsustainability of the fishery (Prince et al., 2020; Kindong et al., 2022a). As observed in this study, the high frequency of immature frigate tunas in the catch significantly increases the likelihood of low SPR values. With frigate tunas being captured at such small sizes (LS50 and LS95), the availability of larger, mature individuals necessary to sustain the 40% SPR threshold is severely limited. This imbalance threatens to trigger recruitment overfishing, jeopardising the population's long-term viability (Filous et al., 2022). Additionally, the F/M ratio exceeded 2.0 throughout the period, peaking at 4.36 in 2022, indicating severe overexploitation and a potential fishery collapse (Hilborn and Walters, 1992; Medeiros-Leal et al., 2023). LBIs related to optimal yield and MSY also remained below reference levels, reinforcing the unsustainable status of the fishery.
Accurate estimation of natural mortality (M) is critical for assessing fish population dynamics, as stock assessment models like LBIs and LBSPR are highly sensitive to M (Then et al., 2015; Filous et al., 2022). To address this uncertainty, the author assessed LBIs and LBSPR across a range of M values. Across all scenarios, results showed declining trends and values falling below reference points, indicating an unsustainable fishery, especially since 2020. Even with the highest M value, LBIs for immature and mature conservation remained below targets, though the ‘Optimum yield’ LBI stayed within sustainable levels (Fig. 5). SPR estimates similarly declined across M values: with high M, SPR was 44% in 2018 (above the target), but dropped below 20% by 2022. With low M, SPR fell below the limit from 2019 onward (Tab. 5). These findings imply that newly recruited frigate tuna are being caught before reaching reproductive size or market value, undermining stock sustainability (Prince et al., 2020; Kindong et al., 2022a).
4.4 Management recommendations
In addition to the harmful effects of capturing juvenile fish, the use of surrounding nets with floating objects (fish aggregation devices (FADs)) to catch free-swimming schools of fish, such as frigate tuna, has been associated with several negative consequences, notably increased fishing pressure and changes in stock distribution patterns (Ariyarathna and Amarasinghe, 2012; Pons et al., 2023). Therefore, to mitigate these risks, the implementation of input control methods, such as effort restrictions and license limitations, is recommended. Wimalasena and Vidanage (2005) recommended increasing the license fee for the ring net users to manage the small tuna fishery in Sri Lanka. Additionally, refraining from issuing new licenses for ring net operations may help mitigate fishing pressure.
Conducting scientific research is promoted, especially on identifying potential spawning grounds, nursery grounds, spawning seasons and estimating the biomass of frigate tuna in Sri Lankan waters. Seasonal and spatial closures in identified spawning and nursery grounds could provide additional protection for juvenile stocks and support long-term sustainability. Lessons from other fisheries highlight the effectiveness of such measures. For example, spatial closures in the Western and Central Pacific Ocean have been implemented to protect juvenile tuna and prevent localised depletions (Sibert et al., 2012). Applying a similar approach in Sri Lanka, informed by robust scientific data, could yield significant conservation benefits.
Alongside the national-level management initiatives, Sri Lanka should actively engage with IOTC to advocate for science-based management measures that ensure sustainable frigate tuna exploitation across the Indian Ocean. Collaborative data-sharing efforts with neighbouring countries would enhance the understanding of stock dynamics and migration patterns, leading to more effective conservation strategies. Some of the successful regional cooperation in tuna management demonstrated by the IOTC to protect tuna stocks from overexploitation are the regional observer scheme under resolution 11/04, joint efforts in combating IUU fishing, development of regional capacity and training (IOTC, 2023). By implementing a combination of national-level regulatory measures, Sri Lanka can take significant steps toward ensuring the long-term sustainability of its frigate tuna fisheries.
Given the uncertainty associated with the length data used for this assessment (IOTC–WPNT14, 2024) and as the outcomes of this study are derived from the data-limited methods, a precautionary approach is recommended. Further research should focus on conducting robust, full analytical stock assessments using age/length-structured or production models to improve biomass estimates for the frigate tuna resource in Sri Lankan waters (ICES, 2022). Furthermore, due to the uncertain population structure of frigate tuna across neighbouring countries in the Indian Ocean, a preliminary investigation is urgently required in the future, ideally conducted under the IOTC or a regionally based management initiative.
5 Conclusions
The assessment of the sustainability of the frigate tuna resource and fishery in Sri Lanka using two data-limited, length-based approaches, LBSPR and LBIs, revealed that the fishery is unsustainable while the resource is being over-exploited. The increasing fishing pressure exerted by the ring net fishery in Sri Lanka may be responsible for this situation. In addition to the elevated fishing pressure, some other factors, such as habitat shifts of frigate tuna due to alterations in the favourable environmental conditions in Sri Lankan waters, might be attributed to the decline in the catch. To regain the sustainability of the fishery, it is recommended to apply some input control measures such as suspending the issuance of new licenses for the ring net fishery, and building up a co-management system incorporating the citizen science concept. Conducting more scientific research is advised, especially focusing on fishery-independent surveys. Collaborative work with the IOTC and neighbouring countries is essential to manage the resources at the regional level.
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      Table 1 

      Derivation of LBIs as applied to frigate tuna stocks in Sri Lankan waters. Table adapted from ICES (2018).

      
        


	Indicator
	Description
	Reference point
	Indicator ratio
	Expected value
	Property





	Lmax5%
	The mean length of the largest 5% of individuals
	Linf
	Lmax5%/Linf
	> 0.8
	Conservation (large individuals)



	L95%
	95% percentile of length distribution
	Linf
	L95%/Linf
	> 0.8
	



	Pmega
	Proportion of fish larger than optimal harvest length (Lopt) + 15%
	0.3
	Pmega
	>0.3
	



	L25%
	25% percentile of the length distribution
	Lmat
	L25%/Lmat
	> 1
	Conservation (immature individuals)



	Lc
	Length at 50% modal abundance
	Lmat
	Lc/Lmat
	> 1
	



	Lmean
	The mean length of individuals > Lc
	Lopt
	Lmean/Lopt
	≈ 1
	Optimal yield



	Lmaxy
	Length class with maximum biomass in catch
	Lopt
	Lmaxy/Lopt
	≈ 1
	



	Lmean
	The mean length of individuals > Lc
	LF=M
	Lmean/LF=M
	≥ 1
	MSY
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        Length frequency (FL) distribution of frigate tuna (n=14308) from 2018 to 2022 for each year obtained from the commercial catch in Sri Lanka.
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        Uploaded raw (A) and restructured (B) length-frequency data with overlaid von Bertalanffy growth (VBG) curves fitted by ELEFAN with a genetic algorithm.

      

    

  
    
      Table 2 

      Estimates of life-history parameters for frigate tuna in Sri Lankan waters utilised in the stock assessment.

      
        


	Life-history parameter
	Definition
	Estimate
	Reference





	a
	Constant of the Length–Weight relationship
	0.083
	Herath et al., (2019a)



	b
	Exponent of the Length–Weight relationship
	3.430
	Herath et al., (2019a)



	L∞
	The asymptotic average length (FL) of infinitely old fish
	64.8 cm
	This study



	K
	Growth rate coefficient
	0.521 yr−1
	



	Ø
	Growth performance coefficient
	0.167
	



	ta
	The fraction of the year where yearly repeating growth curves cross length equal to zero
	0.578 year
	



	L50
	Length (FL) at 50% maturity
	32.3 cm
	Herath (2019).



	L95 
	Length (FL) at 95% maturity
	35.5 cm
	Herath (2019).



	M
	Pauly’s empirical formula
	0.940 yr−1
	This study



	
	Then’s growth formula
	0.645 yr−1
	



	
	Gislason’s length-based formula
	0.935 yr−1
	



	
	Lorenzen’s length-based formula
	1.180 yr−1
	



	
	Mean
	0.925 yr−1
	





      

    

  
    
      Table 3 

      The estimated fishing mortality based on reference points and the estimated stock status in terms of the current fishing mortality of the frigate tuna in Sri Lankan waters.

      
        


	Parameter
	Definition
	Estimate





	F
	Fishing mortality rate
	1.68 yr−1



	Z
	Total mortality rate
	2.33 yr−1



	Fmax
	The fully recruited fishing mortality rate that produces the maximum yield per recruit
	0.86 yr−1



	F0.1
	The fishing mortality rate corresponding to 10% of the slope of the yield-per-recruit curve at the origin
	0.47 yr−1



	E
	The percentage of a population caught within a specific timeframe
	0.72
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      Table 4 

      Estimated length-based indicators in cm. The indicators in this table, relative to the respective reference points, were used to derive the stock status of the frigate tuna stock in Sri Lankan waters (Fig. 4).

      
        


	Year
	M
	LBI



	
	
	




	
	
	LC (cm)
	L25% (cm)
	Lmaxy (cm)
	LF=M (cm)
	Lmean (cm)
	Lopt (cm)
	L95% (cm)
	Lmax5% (cm)





	2018
	Mean
	40.3
	35.1
	40.3
	45.7
	43.2
	40.7
	50.7
	52.3



	
	Max
	40.3
	35.1
	40.3
	44.7
	43.2
	36.9
	50.7
	52.3



	
	Min
	40.3
	35.1
	40.3
	47.4
	43.2
	45.9
	50.7
	52.3



	2019
	Mean
	35.1
	35.1
	40.3
	41.6
	39.9
	40.7
	50.7
	53.0



	
	Max
	35.1
	35.1
	40.3
	40.5
	39.9
	36.9
	50.7
	53.0



	
	Min
	35.1
	35.1
	40.3
	43.6
	39.9
	45.9
	50.7
	53.0



	2020
	Mean
	27.3
	29.9
	40.3
	35.5
	34.2
	40.7
	42.9
	44.6



	
	Max
	27.3
	29.9
	40.3
	34.1
	34.2
	36.9
	42.9
	44.6



	
	Min
	27.3
	29.9
	40.3
	38.1
	34.2
	45.9
	42.9
	44.6



	2021
	Mean
	27.3
	29.9
	40.3
	35.5
	34.6
	40.7
	42.9
	45.1



	
	Max
	27.3
	29.9
	40.3
	34.1
	34.6
	36.9
	42.9
	45.1



	
	Min
	27.3
	29.9
	40.3
	38.1
	34.6
	45.9
	42.9
	45.1



	2022
	Mean
	27.3
	27.3
	37.7
	35.5
	32.2
	40.7
	37.7
	39.9



	
	Max
	27.3
	27.3
	37.7
	34.1
	32.2
	36.9
	37.7
	39.9



	
	Min
	27.3
	27.3
	37.7
	38.1
	32.2
	45.9
	37.7
	39.9





      

    

  
    
      Fig. 6 

      
        [image: Fig. 6 Refer to the following caption and surrounding text.]
      

      
        Time series plot of the estimated selectivity parameters in cm, fishing mortality relative to natural mortality, and spawning potential ratio (SPR) with 95% confidence intervals. The lines correspond to the smoothed estimates over time. A – for mean M; B – for maximum M; C – for minimum M.

      

    

  
    
      Table 5 

      The estimated LBSPR, selectivity parameters (Ls50 and Ls95), and the ratio of fishing to natural mortality rate (F/M). The estimated 95% confidence interval for each parameter is provided in brackets.

      
        


	Year
	M
	SPR (%)
	Ls50 (cm)
	Ls95 (cm)
	F/M





	2018
	Mean
	31 (29-33)
	38.91 (38.21- 39.61)
	49.14 (48.13- 50.15)
	2.84 (2.50- 3.18)



	
	Max
	41 (39-44)
	39.06 (38.38- 39.74)
	48.95 (47.99- 49.91)
	2.02 (1.76- 2.28)



	
	Min
	20 (18-22)
	38.73 (38.01- 39.45)
	49.36 (48.3- 50.42)
	4.47 (3.98- 4.96)



	2019
	Mean
	27 (24-29)
	35.20 (34.67- 35.73)
	41.75 (40.91- 42.59)
	2.50 (2.18- 2.82)



	
	Max
	36 (33-38)
	35.33 (34.8- 35.86)
	41.76 (40.93- 42.59)
	1.77 (1.52- 2.02)



	
	Min
	17 (16-18)
	35.06 (34.53- 35.59)
	41.73 (40.87- 42.59)
	3.96 (3.51- 4.41)



	2020
	Mean
	16 (14-18)
	29.14 (28.38- 29.90)
	35.94 (34.65- 37.23)
	2.31 (2.01- 2.61)



	
	Max
	23 (20-26)
	29.22 (28.45- 29.99)
	35.87 (34.6- 37.14)
	1.6 (1.37- 1.83)



	
	Min
	9 (8-10)
	29.06 (28.3- 29.82)
	36.02 (34.7- 37.34)
	3.75 (3.32- 4.18)



	2021
	Mean
	17 (15-19)
	29.36 (28.53- 30.19)
	36.49 (35.09- 37.89)
	2.17 (1.88- 2.46)



	
	Max
	25 (22-28)
	29.44 (28.61- 30.27)
	36.41 (35.04- 37.78)
	1.49 (1.26- 1.72)



	
	Min
	10 (9-11)
	29.27 (28.45- 30.09)
	36.58 (35.15- 38.01)
	3.54 (3.11- 3.97)



	2022
	Mean
	8 (7-9)
	29.17 (28.68- 29.66)
	35.62 (34.84- 36.40)
	4.36 (3.95- 4.77)



	
	Max
	11 (10-13)
	29.22 (28.73- 29.71)
	35.53 (34.76- 36.3)
	3.19 (2.87- 3.51)



	
	Min
	5 (4-5)
	29.13 (28.64- 29.62)
	35.72 (34.92- 36.52)
	6.7 (6.1- 7.3)
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