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Abstract

This study assessed the status of the Cunene horse mackerel (Trachurus trecae) stock in Guinea-Bissau (2018–2023) using fishery-dependent and independent data. Catches ranged from 29.1 kt (kilotones) in 2020 to 10.2 kt in 2023, dominated by Chinese (57.2%) and Guinean (22.6%) fleets. Fishing was concentrated between January and May, mainly in the 10–12°N and 16–18°W area, with demersal trawl accounting for 52.1% of catches. Biological parameters revealed negative allometry with b = 2.80 [2.75–2.84], L50 = 20.0 [19.6–20.3] cm for grouped sexes, L∞ of 48.8 [46.4–52.2] cm, K of 0.55 [0.34–0.74] yr−1, and M of 0.67 [0.47–0.87] yr−1, indicating a “fast” life history. Length-based indicators show reduced yields and loss of large spawners, suggesting current exploitation patterns might be unsustainable, but results were considerably sensitive to life history parameter values, particularly L∞ and L50, which warrants continued data collection. These findings call for immediate science-based management, which might include seasonal closures, reduced fishing effort, improved gear selectivity, and enhanced monitoring. Enhanced institutional capacity and regional cooperation are critical to strengthening monitoring efforts.
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1 Introduction
Fishing plays a central role in the global economy and food security, providing livelihoods and supplying animal protein to over three billion people (Béné et al., 2015). In 2022, global production reached 91 Mt (megatonnes), corresponding to USD 157 billion, of which 80 Mt originated from marine fisheries and 11 Mt from inland fisheries (FAO, 2024). Since 1961, global fish consumption has grown at an average annual rate of 3%, exceeding the population growth rate of 1.6%, and reached 165 Mt in 2022 for human consumption, with a per capita average of 20.7 kg (FAO, 2024).
The persistent expansion of demand has placed significant pressure on fishery resources, resulting in a decline in the proportion of sustainably exploited stocks. In 1990, around 90% of global stocks were considered sustainable, decreasing to 62.3% in 2021 (FAO, 2024). The United Nations warns that more than two-thirds of fishery resources are currently overexploited, posing a direct threat to food security (FAO, 2024). In addition to providing about 15% of the world's animal protein and 6% of total protein intake, aquatic foods contribute key nutrients such as omega-3 fatty acids, minerals, and vitamins and play a significant role in poverty reduction and improving living conditions (FAO, 2024).
In Guinea-Bissau, fishing is a key pillar of the national economy and local livelihoods, supported by the high productivity of its exclusive economic zone (EEZ). This area, considered one of the richest in West Africa, includes ecosystems such as mangroves and extensive fishing grounds that support both national and foreign fleets, providing income to thousands of families (Popoola and Olajuyigbe, 2023). The fisheries sector is strategic for Guinea-Bissau, with industrial landings valued at EUR 310 million per year, exceeding cashew exports (EUR 201 million/year) (IMF, 2023). However, the absence of an industrial port and European certification prevents formalization, resulting in annual losses equivalent to 20.8% of gross domestic product (IMF, 2023).
This economic relevance is nevertheless embedded in a governance and operational context characterized by limited monitoring capacity, enforcement constraints, and infrastructural deficits that reduce value capture from landings and create conditions conducive to illegal, unreported, and unregulated fishing (CSRP, 2014; Okafor-Yarwood, 2019; Dittel, 2022; IMF, 2023). Within this setting, Trachurus trecae is predominantly exploited by foreign industrial fleets operating under access agreements, consistent with broader regional dynamics in which distant-water fleets play a prominent role in West African fisheries (Intchama et al., 2018; Pauly et al., 2014).
These constraints translate into persistent pressures on sustainability and food security. Overfishing, driven by high demand for high-value species, has led to the overexploitation or depletion of several stocks, with impacts on biodiversity and the regenerative capacity of populations (Belhabib et al., 2018). Destructive practices such as bottom trawling degrade critical coastal ecosystems – including mangroves and benthic habitats – resulting in reduced productivity, particularly for demersal species (Polidoro et al., 2017; Virdin et al., 2019).
Global warming and ocean pollution are profoundly altering marine ecosystems, causing species to shift into new areas, disrupting reproductive cycles, and inducing physiological stress in sensitive organisms (Cheung et al., 2009; Poloczanska et al., 2016). These changes compromise the stability of resource abundance and distribution, create regional disparities in catch availability, and reduce the predictability of stocks (Pinsky et al., 2018; Free et al., 2019). Consequently, traditional management models have become insufficient, requiring adaptive strategies capable of responding to species redistribution and the increasing uncertainty associated with climate change (Goodman et al., 2025).
Limitations in scientific information represent an additional constraint. Accurate species identification at landings is hindered by high diversity and morphological similarities among species and subspecies, requiring specialized taxonomic expertise. The lack of advanced training among observers, outdated nomenclatures, and the use of local names for multiple species result in inconsistent records, affecting the quality of species-specific estimates and fishing effort data. As a result, the actual status of several populations remains uncertain, and reliance on aggregated assessments limits the development of robust models.
Among national fisheries, demersal resources are of economic and ecological relevance due to their association with shelf and slope habitats, exposure to bottom gears, and contribution to coastal community incomes. Survey data collected within Guinea-Bissau's EEZ have documented the diversity and composition of these communities. During a campaign conducted in November 2023, 423 species were recorded, including 287 fish species from 118 families, 85 crustacean species from 36 families, and 51 mollusc species from 27 families, at depths ranging from less than 50 to 1000 meters (Yraola et al., 2024). Fish dominated the biomass captured, accounting for approximately 95% of the total, followed by crustaceans (4%) and molluscs (1%). Although fish predominate in biomass, crustaceans and cephalopods remain among the most commercially valuable groups in the region (Yraola et al., 2024).
Among the demersal fish recorded during scientific surveys, the Cunene horse mackerel (Trachurus trecae) stands out, showing a consistent increase in its relative share of estimated demersal fish biomass, from 58% in 2018 to 66% in 2022 and 69% in 2023. This indicates high availability and spatial aggregation within the Guinea-Bissau EEZ (Yraola et al., 2019, 2023, 2024). Ecologically, the species occupies intermediate trophic levels, contributes to zooplankton regulation, and influences predator populations (Gushchin and Corten, 2017). Thus, biomass fluctuations driven by exploitation or environmental variability tend to affect the balance of the region's upwelling ecosystems (Cury et al., 2000). Economically, T. trecae is a commercially important resource, with a first-sale average price estimated at USD 3 per kg in 2024. It is in high demand on the domestic market and holds export significance, contributing substantially to the profitability of fishing operations and to the national fisheries economy (Barros et al., 2021). Despite its importance, the stock's status regarding sustainability remains unknown due to incomplete and poorly disaggregated landing and effort records, uncertainties in species identification, and non-standardized abundance indicators with irregular and insufficient temporal and spatial coverage to support consistent assessments.
This study aims to assess the stock status of T. trecae in Guinea-Bissau using recent available data and approaches appropriate for data-limited stocks. Specifically, we characterize the fishery, estimate key life history parameters required for assessment, and apply the length-based indicators (LBI) to assess stock status. LBI enables inferences on conservation, sustainability, yield optimization, and proximity to conditions compatible with maximum sustainable yield (MSY) without directly estimating MSY (Froese, 2004; ICES, 2015). Their use is further supported by simulation studies demonstrating that LBIs can reliably track trends in fishing mortality (F) and perform as well as, or better than, more complex methods when equilibrium assumptions are violated (e.g., changes in recruitment, gear selectivity, and measurement error), making them suitable for data- and capacity-limited contexts (Kell and Sharma, 2025). Interpretation of LBIs, however, assumes near-equilibrium conditions (e.g., roughly constant recruitment and mortality during the analysis period) and stable selectivity. Deviations from these assumptions, along with the quality and representativeness of the length data, influence diagnostic robustness (ICES, 2015). The analysis is based primarily on fishery-dependent data, complemented by fishery-independent data from scientific surveys. The aim is to provide scientific evidence to inform management decisions consistent with sustainability.
The present assessment is framed for the Guinea-Bissau EEZ, reflecting the spatial coverage of the fishery-dependent monitoring and the scientific surveys available for 2018–2023. Stock status is therefore inferred for this assessment area as an operational management unit. At the same time, biological stock limits for T. trecae in West Africa remain unresolved, and population genetic evidence from other parts of the species range indicates that spatial structuring at management-relevant scales is plausible, underscoring the need for caution when extrapolating results beyond the assessed domain (Sardinha and Nævdal, 2002; Mota et al., 2024).
2 Methods
2.1 Study area
Guinea-Bissau is located on the West African coast, bordered to the north by Senegal, to the south and east by Guinea-Conakry, and to the west by the Atlantic Ocean. It lies between 10°59' and 12°20' N and near 13°40' W, covering a land area of approximately 36,125 km. The coastline is deeply indented, with numerous islands and islets. The maximum extent of the mainland is approximately 300 km from north to south and 270 km from east to west (FAO, 2025).
The straight baselines established in 1985 define the maritime boundaries of Guinea-Bissau, starting from the Bijagós Archipelago and the border with the Republic of Guinea. The maritime territory spans 107,301 km, of which 87,406 km correspond to the EEZ, 6184 km to territorial waters, and 13,711 km to internal waters, with a total volume of 208 billion m. About 60% of the marine area lies at depths shallower than 3000 meters (Pacheco, 2024).
2.2 Data sources
The data used in this study were provided by the Ministry of Fisheries of Guinea-Bissau through the National Institute for Monitoring and Control of Fisheries Activities (INFISCAP) and the National Institute for Fisheries and Oceanographic Research (INIPO), covering fishery-dependent records (onboard observation of commercial vessels) and fishery-independent records (scientific surveys in the EEZ).
2.2.1 Fishery-dependent data
The fishery-dependent component relied on the National Onboard Observer Program. The program includes nine primary certified observers (with designated alternates). Under Decree-Law No. 4/96 (August) and the conditions stipulated in vessel licenses, vessels engaged in fishing operations carried an onboard observer during the fishing season (typically 3–6 months), with observers deployed on a rotating basis across vessels. Observer coverage, defined as the number of licensed vessels carrying an observer divided by the total number of licensed vessels, averaged 72% and ranged from 50% to 81% (Supplementary Tab. S1).
For each haul, operational and catch variables are recorded, including geographic coordinates, depth, fishing duration (hours), gear type, and species-specific catches in kilograms. These records are formalized (boarding certificate) and submitted monthly to INIPO, where statistical technicians validate and consolidate the data for the Fisheries Yearbooks. Data collected between 2018 and 2023 formed the basis for the spatiotemporal characterization of the fishery and for the catch and effort series by gear and fleet segment.
As part of the Scientific Observation Program, biological samples were also collected directly from the catches, totaling 732 samples over the study period. Measurements include, among others, total length (cm), sex, and gonad maturity stage. In this study, length data of T. trecae collected between 2021 and 2023 were used to describe population size structure and support growth parameter estimation and stock assessment.
2.2.2 Fishery-independent data
The fishery-independent component comprises scientific resource assessment surveys conducted in the EEZ, coordinated by INIPO's Marine Resources Division. These surveys use standardized bottom trawls with controlled duration and speed and stratified sampling by depth (Supplementary Fig. S1). These surveys lacked standardized spatial and temporal coverage, with irregular sampling in both space and time, data gaps across different observer programs, and inconsistencies across databases such as conflicting species naming. In addition, the species' schooling behavior further complicates the use of abundance surveys, as it implies time-varying catchability that is difficult to account for without high-resolution data (Sobrino et al., 2022). Because of these uncertainties caused by irregular study design and data conflicts, we decided not to include relative abundance data in this study. For this study, 2025 survey data was only used to estimate the length-weight relationship and length at 50% maturity, as sampling during this year was considered reliable. Total length was measured to the nearest 0.1 cm using an ichthyometer and weight to the nearest 0.1 g using a balance. Gonads were macroscopically staged according to Maier's eight-point maturity key (Maier, 1908; Tab. 1), a typical and fairly satisfactory system for total spawners (Holden and Raitt, 1974). Maturity estimates were provided both separately and grouped by sex.
Table 1 
Macroscopic gonadal maturity scale used in this study (Maier, 1908), with stage codes and corresponding descriptions.

2.3 Data analysis
2.3.1 Fishery characterization
We derived descriptive indicators to support the spatiotemporal analysis of fishing activity: (i) annual catch of T. trecae (tonnes) by country, obtained by summing haul-level catches attributed to vessel flags; (ii) annual number of vessels with positive records of T. trecae by country, determined by counting unique vessel identifiers; (iii) annual spatial distribution of catches, mapped based on haul coordinates; (iv) monthly catch (tonnes) by gear type; and (v) monthly effort (fishing hours) by gear type. Fishing effort was defined as the total fishing hours per gear type combination, and vessel flag was used to assign national attribution in fleet-level aggregations.
2.3.2 Weight–length relationship
The weight–length relationship was estimated for combined sexes using biological data from the 2025 scientific survey. The exponential model [image: Mathematical equation] was fitted, where W is total weight (g), L is total length (cm), a is the scaling coefficient, and b is the allometric exponent (Froese, 2006). Natural logarithmic transformation was applied to linearize the model:
[image: Mathematical equation]
Parameters were estimated by ordinary least squares. Original-scale values were obtained by back-transformation: [image: Mathematical equation], and b equals the slope. 95%confidence intervals (95% CI) were estimated for both parameters. The isometry hypothesis ([image: Mathematical equation]) was tested using a t-test with [image: Mathematical equation](rejected when P < 0.05). Model fit quality was assessed using the coefficient of determination [image: Mathematical equation], interpreted as the proportion of variance in [image: Mathematical equation] explained by [image: Mathematical equation] . Analyses were conducted in R (R Core Team, 2025), using the stats package.
2.3.3 Length structure
After filtering out implausible values, individuals were grouped into 1 cm classes defined by integer boundaries covering the full observed range. For each year, frequency distributions were constructed to describe the size composition of the catches.
To align these distributions with annual total landings, a raising procedure was applied. Mean weight per class was estimated using the weight–length relationship derived in this study, and annual raising factors were calculated such that the weighted sum of weights per class matched reported total landings. The resulting raised distributions represent the size composition of landings for each year.
2.3.4 Length at maturity
The length at maturity ([image: Mathematical equation]) was defined as the length at which an individual has a 50% probability of being mature. Estimates were obtained for pooled sexes and both males and females separately.
The data were collected during a research survey in Guinea-Bissau's EEZ. Although surveys can introduce seasonal bias when sampling is restricted to narrow time windows, in this case, the data covered February to April, coinciding with the species' main reproductive period (Ndjaula et al., 2013; Baião, 2015), ensuring that both mature and immature individuals were present – an essential condition for robust [image: Mathematical equation] estimation.
Individuals classified as stages I–II were considered immature, and those in stages IV–VII mature. Stage III, whose descriptive attributes indicate immaturity (Tab. 1), was excluded from the analysis because exploratory analyses showed its length distribution overlapped that of mature fish, increasing misclassification risk and degrading the model fit.
A logistic regression was fitted to the binary maturity classification (0 = immature, 1 = mature) using the model:
[image: Mathematical equation]
where L is total length (1-cm class interval), [image: Mathematical equation] is the intercept, and [image: Mathematical equation] is the slope. The length at 50% maturity was calculated as:
[image: Mathematical equation]
Estimation was performed in R using the sizeMat package (Torrejon-Magallanes, 2020). Uncertainty was quantified by implementing a non-parametric bootstrapping procedure with 999 iterations with a 95% CI reported for [image: Mathematical equation] . For each iteration, a random sample (n) was drawn with replacement equal to the total number of available data points for each group (Ncombined = 310, Nfemales = 141, Nmales = 169). All 999 iterations were retained.
2.3.5 Growth parameters
Growth parameters were estimated using the von Bertalanffy growth function (von Bertalanffy, 1938):
[image: Mathematical equation]
where [image: Mathematical equation] is the length at age t (years), [image: Mathematical equation] is the asymptotic length (cm), i.e., the length that individuals would approach if growth continued indefinitely; K is the growth coefficient (yr−1); and [image: Mathematical equation] is the theoretical age at which length would be zero.
Length frequency data from individuals sampled between 2021 and 2023 under the Scientific Observation Program were aggregated into 2 cm classes. The growth function was fitted using the Electronic Length Frequency Analysis (ELEFAN) method, optimized with a genetic algorithm via the R package TropFishR (Taylor and Mildenberger, 2017). Uncertainty was quantified by bootstrap (n = 200) with replacement using the fishboot package (Schwamborn et al., 2019), yielding empirical distributions and 95% CI for [image: Mathematical equation] and K.
A plus group was defined at 46.5 cm, grouping all individuals ≥46.5 cm into the final length class. This was done to reduce instability in the distribution tails and prevent sparse counts from distorting the model fit.
2.3.6 Natural mortality
Natural mortality (M), defined as the mortality rate from causes other than fishing (e.g., predation, disease, senescence, and environmental variability), was estimated using empirical methods (Tab. 2), given the impracticality of direct measurement in the wild. Input parameters included the von Bertalanffy growth coefficients ([image: Mathematical equation], K) and maximum longevity ([image: Mathematical equation]), approximated as [image: Mathematical equation](Pauly, 1983). To reduce the influence of outliers and obtain a more robust reference value, the final estimate of M was taken as the median of values obtained from the different equations.
Table 2 
Empirical methods used to estimate natural mortality (M) of Trachurus trecae in Guinea-Bissau.

2.3.7 Stock status assessment
Stock status was assessed using LBI with catch length frequency data (Scientific Observation Program, 2021–2023) and compared to predefined reference points. For each year, we used the length distributions (Sect. 2.3.3) along with the estimated life-history parameters: length at maturity ([image: Mathematical equation], Sect. 2.3.4), von Bertalanffy growth parameters ([image: Mathematical equation] and K, Sect. 2.3.5), and natural mortality (M, Sect. 2.3.6). Lengths were grouped into 2 cm classes. [image: Mathematical equation], [image: Mathematical equation], and [image: Mathematical equation] were obtained directly from the annual length distributions. [image: Mathematical equation], the length at first capture was inferred from the descending limb of the length distribution (Tab. 3; ICES, 2015). For these analyses, we used the length at maturity estimate for pooled sexes.
Indicator ratios were then compared with theoretical expectations associated with three objectives: conservation (“let them spawn” and “let the mega-spawners live”), yield optimization (“let them grow”), and proximity to MSY-compatible conditions (Tab. 3). Results were presented using a traffic-light scheme (green = meets objective, red = does not), following literature conventions (Caddy et al., 2005).
To determine how uncertainty in input parameters affects the length-based indicators, we performed sensitivity analyses by iteratively changing M/K, length at maturity, and L∞ values up and down 5%, 10%, 15%, 20%, and 25% from the default values, one at a time while keeping the others constant. For each indicator, % deviations from the baseline scenario were calculated (Santos et al., 2026). We did not include the parameters of the length-weight relationship in the analyses, as changes in the exponent will not affect the relative contribution of each length class to the total numbers according to our raising procedure used to align the length compositions with reported landings.
Table 3 
Length-based indicators (LBI) used to assess the stock status of Trachurus trecae in Guinea-Bissau.

2.3.8 Rules about the number of significant digits
Statistical software provides numbers with as many digits as allowed by the computational environment, which can imply a false level of precision relative to the natural variability common in biological data. To avoid reporting unrealistic levels of precision while preserving the mathematical correctness of our models, we report quantities expressed in kilotonnes (thousands of tonnes), for example, with a maximum of one decimal degree.
3 Results
3.1 Fishery characterization
3.1.1 Annual catches
Between 2018 and 2023, T. trecae catches within Guinea-Bissau's EEZ totalled 117 kt, with annual values of 17, 19, 29, 22, 19, and 10 kt. Catch distribution by country was highly concentrated, with China accounting for 57.2% of the total and Guinea-Bissau for 22.6% (Fig. 1).
China maintained consistently high catch volumes between 2018 and 2022 (11.6–12.7 kt/yr), followed by a reduction to 7 kt in 2023, representing a − 38.7% decrease compared to 2020. Guinea-Bissau recorded between 3 and 5.3 kt/yr with a declining trend at the end of the series. The third-highest contribution came from Comoros, due to a single large event in 2020 (10 kt). Spain ranked fourth overall, peaking in 2020 with 3.8 kt. Additional records included Cameroon (2.3 kt in 2021) and Russia (2 kt in 2019), along with several minor contributors such as Senegal. Other countries – Angola, Ivory Coast, Gambia, Guinea, South Korea, Italy, Mauritania, Morocco, Palau, Samoa, and São Tome – were recorded in isolated years with low catch volumes.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Annual catch of Trachurus trecae (tonnes) by country in the coastal zone of Guinea-Bissau, 2018–2023.



3.1.2 Number of vessels
From 2018 to 2023, 179 distinct vessels were identified as active in the T. trecae fishery. Of these, China accounted for 100 (54.3%), Guinea-Bissau 25 (13.6%), Senegal 15 (8.2%), and Spain 14 (7.6%). Other countries included Comoros (5 vessels); Guinea (4); Cameroon and Russia (3 each); Belize, Gambia, and Mauritania (2 each); and Angola, Italy, Ivory Coast, South Korea, Morocco, Palau, Samoa, and São Tome (1 each). Annually, China maintained the largest fleet presence, with 46, 49, 69, 75, 58, and 43 vessels from 2018 to 2023, respectively (Fig. 2). Guinea-Bissau registered 8–16 vessels per year. Spain participated from 2019 to 2023, with declining numbers over time. Senegal increased its presence until 2022 but was absent in 2023. Other countries were present only sporadically.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Annual number of vessels by country landing Trachurus trecae in the coastal zone of Guinea-Bissau, 2018–2023.



3.1.3 Catch areas
Annual catch maps (2018–2023) revealed a consistent spatial pattern, with catches concentrated between 10–12°N and 16–18°W, roughly aligned with the 17°W meridian (Fig. 3). In 2020, a notable peak occurred in the northern portion of this core area (≈12°N). In other years, the distribution remained centered within this band, with lower catch levels and no major spatial shifts. Peripheral areas were observed intermittently, varying in extent and intensity.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Spatial distribution of annual Trachurus trecae catches (tonnes) in the coastal zone of Guinea-Bissau, 2018–2023. The black point in the 2020 panel represents an outlier where catches equaled 3285 tonnes.



3.1.4 Fishing gears
Trachurus trecae was captured using four main gear types between 2018 and 2023. Demersal trawls contributed the largest share, with 58.7 kt (52.1% of total T. trecae catch) and 307,691 h of effort (61.7%). Pelagic trawls accounted for 36.7 kt (32.6%) and 49,232 h (9.9%); cephalopod trawls for 14.1 kt (12.6%) and 126,659 h (25.4%); and shrimp trawls for 3 kt (2.7%) and 15,420 h (3.1%).
Annual peak catches of T. trecae by gear type occurred in 2022 for demersal trawls (13.2 kt) and in 2020 for pelagic (10.9 kt), cephalopod (10 kt), and shrimp trawls (2.6 kt). Maximum fishing effort followed similar patterns: demersal trawls in 2022 (75,396 h), cephalopod and shrimp trawls in 2020 (72,149 and 11,521 h, respectively), and pelagic trawls in 2019 (11,179 h).
Monthly catch and effort patterns showed higher values between January and May, followed by a marked decline from June onward (Figs. 4 and 5). Demersal trawls reached peak catches in March (13.2 kt) and April (13 kt), with the highest effort in the same months. Pelagic trawl catches peaked in February (7.5 kt) and May (6.2 kt), with effort concentrated in May and March. Cephalopod trawls recorded peak T. trecae catches in March (3.3 kt) and April (2.4 kt), with the highest effort in April (18,838 h) and March (16,072 h). Shrimp trawls contributed mainly in 2020, with peak catches in April (638 t) and May (595 t).
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Monthly catch of Trachurus trecae (tonnes) by gear type in the coastal zone of Guinea-Bissau, 2018–2023.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Monthly fishing effort directed at Trachurus trecae (hours) by gear type in the coastal zone of Guinea-Bissau, 2018–2023.



3.2 Weight–length relationship
The weight–length relationship of T. trecae (Fig. 6) was described by the model [image: Mathematical equation], with [image: Mathematical equation](95% CI: 0.014–0.019) and [image: Mathematical equation](95% CI: 2.75–2.84). The exponent b was significantly less than 3 (t =  − 9.129; P < 0.001), indicating negative allometry. The model showed high explanatory power (R2 = 0.98, n = 311).
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Length-weight relationship (top) and maturity ogives (bottom) for Trachurus trecae were estimated from specimens collected during the 2025 scientific survey off the coast of Guinea-Bissau. Lines represent the expected value, while shaded areas are the 95% confidence intervals for the mean predicted weight at a given length.



3.3 Length at maturity
The logistic models showed reasonable fits to the maturity data for grouped sexes (R2 = 0.54), females (R2 = 0.63), and males (R2 = 0.48). The estimated length at first maturity for T. trecae was 20.0 cm for grouped sexes (95% CI: 19.6–20.3 cm), 20.5 for females (95% CI: 20–20.9 cm), and 19.6 for males (95% CI: 18.7––20.1 cm) (Fig. 6).
3.4 Length composition
Length–frequency distributions varied across years (Fig. 7). In 2021, lengths of T. trecae ranged from 15–49 cm, showing a multimodal pattern with high frequencies in the 25–35 cm range and the presence of larger individuals (≥40 cm). In 2022, the range was 16–45 cm, with a wide but irregular distribution. In 2023, lengths ranged from 22 to 36 cm, with most individuals between 24 and 28 cm and limited occurrence of larger sizes.
	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Length-frequency distribution (2-cm class interval) of Trachurus trecae in the coastal zone of Guinea-Bissau, 2021–2023.



3.5 Growth parameters
Based on aggregated length-frequency data from 2021 to 2023, von Bertalanffy growth parameters for T. trecae were estimated as L∞ = 48.8 cm (95% CI: 46.4–52.2 cm) and K = 0.55 yr−1 (95% CI: 0.34–0.74 yr−1) (Fig. 8). The distribution of estimates showed a well-defined peak for [image: Mathematical equation] and greater dispersion for K, indicating more uncertainty in the latter.
	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Estimated density distributions for von Bertalanffy growth parameters of Trachurus trecae obtained by bootstrap resampling (n = 200) using the ELEFAN method. Black dashed lines represent the median estimate.



3.6 Natural mortality
Estimated values for natural mortality (M, yr−1) were: 0.46 (Alverson and Carney, 1975); 0.60 and 0.58 (Hoenig, 1983); 1.02 (Pauly, 1980); 0.79 and 0.74 (Then et al., 2015). The median value was 0.67.
3.7 Stock status
LBI for T. trecae in 2021–2023 highlight three main points. For immature conservation, both 2021 and 2023 met reference points, with Lc/L50 and L25%/L50 above the threshold. In 2022, Lc/L50 fell below the reference (0.85), although L25%/L50 remained at 1.25. For the conservation of large spawners, 2021 met both criteria (Lmax5%/L∞; Pmega). In 2022, only Lmax5%/L∞ was met (0.92), while Pmega was very close to the threshold. In 2023, neither criterion was met. For yield and MSY compatibility, Lmean/Lopt was above the target in 2021 (1.16) and at the target in 2022 (1), falling below in 2023 (0.93). Lmean/LF = M indicated MSY-compatible levels in 2021 and 2022 (1.25–1.30) but fell below the threshold in 2023 (0.93). Thus, 2021 met all reference points. In 2022, indicators failed for immature conservation and large spawner preservation, while yield was suboptimal though still compatible with MSY. In 2023, indicators for large spawners and yield fell below expected values (Tab. 4).
Sensitivity analyses on the length-based indicators showed moderate-high deviations from the baseline scenario, with increased divergences as input parameters further deviate from the default. Pmega was the most sensitive indicator, with close to 40% deviation from the base scenario when L∞ is varied by 10%, up to 100% deviation with 25% change. Effects of varying L∞ on Pmega were asymmetrical, with a higher impact from positive biases Varying M/K also had a large but symmetrical impact on Pmega, with up to 50% deviations from baseline when M/K is negatively or positively biased by 25%. The remaining indicators were also moderately sensitive to changes in the length at maturity and L∞, but not M/K (Fig. 9).
Sensitivity analyses on the length-based indicators showed moderate-high deviations from the baseline scenario, with increased divergences as input parameters further deviate from the default. Pmega was the most sensitive indicator, with close to 40% deviation from the base scenario when L∞ is varied by 10%, up to 100% deviation with 25% change. Effects of varying L∞ on Pmega were asymmetrical, with a higher impact from positive biases. Varying M/K also had a large but symmetrical impact on Pmega, with up to 50% deviations from baseline when M/K is negatively or positively biased by 25%. The remaining indicators were also moderately sensitive to changes in the length at maturity and L∞, but not M/K (Fig. 9).
Table 4 
Length-based indicator status for Trachurus trecae in Guinea-Bissau, 2021–2023. Green cells indicate values within expected reference ranges (sustainable), while red cells indicate potential overexploitation.
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4 Discussion
This study assesses exploitation patterns and stock status of T. trecae in the EEZ of Guinea-Bissau from 2018 to 2023. Spatially, fishing activity was concentrated between 10–12°N and 18–16°W, an area characterized by high coastal productivity due to nutrient-rich upwelling, freshwater inputs, and estuarine exchange (Barri, 2008; Yraola et al., 2025). These environmental features support feeding, growth, and reproduction but also attract concentrated fishing effort, particularly between February and April, coinciding with the reproductive peak. This temporal overlap exacerbates the risk of recruitment overfishing (Cury and Roy, 1989; de Mitcheson et al., 2008).
Biologically, T. trecae is a benthopelagic carangid distributed from Morocco to Angola (Bianchi et al., 1999; Smith-Vaniz et al., 2015), typically occurring between 47 and 340 m depth, with occasional records near 900 m (Yraola et al., 2025). Although specific studies on T. trecae are lacking, closely related species such as T. trachurus and T. mediterraneus show clear ontogenetic shifts in habitat, with juveniles inhabiting shallower coastal waters and adults moving to deeper offshore zones (Abaunza et al., 2003; Rodríguez, 2016). Due to the taxonomic proximity to these species, juveniles of T. trecae might also be more likely to inhabit coastal areas before migrating to the deep. This age-related spatial segregation increases the vulnerability of juveniles to fishing pressure, particularly given that fishing activity in this study was concentrated in coastal areas where juveniles are likely to occur, raising concerns about the potential for growth and recruitment overfishing. Functionally, the species occupies an intermediate trophic level, facilitating energy transfer between lower and higher trophic levels; therefore, fluctuations in its abundance can have cascading effects throughout the food web, with implications for both ecosystem dynamics and fisheries productivity (Cury et al., 2000).
The species' strong schooling behavior adds complexity to assessment efforts, as aggregation influences catchability and can distort abundance estimates derived from fishery-dependent data (Hilborn and Walters, 1992). Catch per unit effort (CPUE) is often used as a proxy for abundance; however, its reliability is contingent on appropriate standardization. Without accounting for factors such as gear type, fishing area, seasonality, and fleet composition, CPUE may reflect changes in fishing efficiency rather than true biomass trends. Standardized indices using generalized linear or additive models are therefore recommended to isolate effort-related variability and provide more robust abundance indicators (Hoyle et al., 2024). However, due to severe sampling inconsistencies in the fishery-independent data, we were unable to use it to derive stock status. As sampling programs aiming to provide estimates of relative abundance are underway, future years with standardized sampling effort will become increasingly available to provide information on stock status as data conflicts are resolved and potential flaws in study design are addressed. We recommend this abundance data should be used in conjunction with other available information to build an ensemble of integrated models that vary in assumptions and data requirements to provide a more comprehensive assessment of stock status and its associated uncertainty. Gear-specific dynamics revealed substantial differences in effort allocation, catch volume, and selectivity. Demersal trawls contributed the majority of T. trecae catches (52.1%) and accounted for 61.7% of total effort, indicating their dominant role in exploitation but also a lower catch efficiency relative to pelagic gears. Pelagic trawls, though responsible for a smaller share of catches (32.6%), operated with significantly less effort (9.9%), suggesting higher efficiency per unit of effort when targeting midwater aggregations. Cephalopod and shrimp trawls, responsible for 12.6% and 2.7% of catches, respectively, also recorded notable T. trecae bycatch, especially given their targeting of other species. These patterns highlight the importance of gear-specific management approaches that address both directed and incidental catch and account for differences in efficiency, selectivity, and ecological impact.
Temporal trends in length composition revealed a progressive truncation of the size distribution between 2021 and 2023, with more noticeable differences in 2023. While the 2021 distribution still encompassed a broad size range, including adults, modal structure weakened in 2022, and by 2023, catches were dominated by individuals near the length at maturity. The absence of larger individuals and the decline of Pmega (proportion of mega-spawners) suggest reduced reproductive capacity that could lead to recruitment overfishing. The species' life-history traits – fast growth (K = 0.55 yr−1), moderate/small asymptotic length (L∞ = 48.82), high fecundity, and short lifespan (as per the high natural mortality) – are characteristic of r-strategists, which generally display high turnover and higher resilience under moderate fishing pressure (Quetglas et al., 2016). However, such resilience is contingent on maintaining a sufficient spawning biomass and avoiding persistent removal of mature individuals, particularly during peak reproductive periods (King and McFarlane, 2003).
Natural mortality (M = 0.668 year−1) falls within expected ranges for small tropical pelagics (Pauly, 1980; Then et al., 2015) and implies lower standing biomass and high turnover. Yet, the high population productivity does not ensure sustainability in the absence of management, particularly given the loss of large spawners and the seasonal targeting of reproductive aggregations. LBI show a clear downward trend: values in 2021 were consistent with sustainable exploitation, but those from 2022 and 2023 indicate overfishing could have occurred during these years, with declining Lmean/Lopt and Lmean/LF = M ratios and Pmega reaching zero by 2023. These findings align with earlier assessments of T. trecae in Guinea-Bissau, which reported fluctuations in catch levels, seasonal pulses in availability, and signs of overfishing. For instance, biomass estimates in 2020 from a surplus production model using fishery-dependent CPUE placed the stock slightly above BMSY (biomass at maximum sustainable yield), while fishing mortality (F) exceeded FMSY by approximately 46%, suggesting overexploitation (Sobrino et al., 2022). As shown by the sensitivity analysis, the high uncertainty in life history traits considerably affects LBI outputs and therefore stock status, warranting a precautionary approach to management going forward and increased data collection to further refine life history parameters. Our results agree with previous literature showing length-based models are highly sensitive to input parameters (Santos et al., 2026; Medeiros-Leal et al., 2023).
A similar overfishing status has been reported in other regions of West Africa, particularly in an assessment covering the area from the southern border of Senegal to the northern Atlantic border of Morocco, including the Canary Islands (FAO, 2020). However, these findings contrast with an evaluation focused specifically on Senegalese waters, which reported stocks in good condition (Baldé et al., 2022). This discrepancy likely reflects differences in geographic coverage, species migratory behavior, and assessment methodologies. While the FAO (2020) used the Schaefer Dynamic Production Model, the study by Baldé et al. (2022) applied the Length-based Bayesian Biomass (LBB) model (Froese et al., 2018), which has been increasingly questioned due to its assumptions and sensitivity in data-limited and spatially dynamic fisheries (Pons et al., 2020; Wang et al., 2025).
In Guinea-Bissau, the interpretation of both the present study and the assessment by Sobrino et al. (2022) must consider methodological limitations. Earlier studies were affected by effort aggregation across fleets, assumptions of constant catchability (q), and limited standardization of fishery-dependent abundance indices – each of which can distort reference point estimates. Similarly, length-based methods are sensitive to the choice of life-history parameters, particularly L∞ and the M/K ratio. The present study estimated L∞ at 48.82 cm and K at 0.55 yr−1, values higher than those reported for Mauritania, Senegal, and Angola (Ba et al., 1990; Baião, 2015; Baldé et al., 2022), yet biologically plausible for the region.
Recent findings by Medeiros-Leal et al. (2023) highlight the susceptibility of certain LBIs – especially Pmega and Lmax5%/L∞ – to bias in the initial selection of L∞ and M/K, whereas indicators of immature individual protection (e.g., Lc/Lmat, L25%/Lmat) are less affected. In particular, Pmega was shown to be the most sensitive indicator to growth input uncertainty, while MSY-related metrics were comparatively robust. Given these insights, the declining trend in Pmega observed here should be interpreted cautiously, although the consistency with multiple complementary indicators (including Lmean/Lopt and Lmean/LF = M) strengthens the overall conclusion of increasing exploitation pressure. Future work should incorporate uncertainty analysis or Bayesian frameworks to quantify the impact of input variation and enhance reliability in length-based stock assessments.
Management of T. trecae in Guinea-Bissau occurs within a legal-administrative national framework oriented toward sustainable use. Key instruments include the General Fisheries Law (Decree-Law No. 10/2011; Republic of Guinea-Bissau, 2011), specific regulations for industrial and artisanal fleets, minimum landing sizes, and seasonal closures introduced in 2022. Total allowable catches (TACs) and quotas are defined by fleet category and supported by the National Institute for Fisheries and Oceanographic Research (INIPO), which contributes scientific and statistical inputs (Republic of Guinea-Bissau, 2022). Satellite-based vessel monitoring systems (VMS), electronic reporting (ERS), and traceability requirements have also been implemented under international agreements such as the Sustainable Fisheries Partnership Protocol with the European Union (Council of the European Union, 2007; EU, 2024). Guinea-Bissau is further engaged in regional and international mechanisms, including the Sub-Regional Fisheries Commission (CSRP), which promotes harmonized legislation and regional cooperation, and the United Nations Convention on the Law of the Sea (UNCLOS), which outlines sovereign and shared responsibilities for the conservation of marine resources within the EEZ (UN, 1982; CSRP, 2014). Despite these advances, effective implementation remains limited by persistent structural challenges, such as insufficient institutional capacity, weak enforcement, and gaps in data transparency.
Interpretation of the length-based results should be restricted to the Guinea-Bissau assessment area represented by the available data. Because biological stock boundaries are not estimated in this study, connectivity with adjacent waters or within-area spatial structure cannot be excluded and may influence local size composition through movement and availability. In such circumstances, pooled length indicators may mask spatially structured depletion or overstate local trends if availability changes independently of underlying biomass. Evidence of non-panmixia reported elsewhere for T. trecae supports treating the present inference as area-specific and motivates future stock identification work in the region to strengthen management advice (Sardinha and Nævdal, 2002; Mota et al., 2024).
Within this assessment area, the exploited component of T. trecae within Guinea-Bissau's EEZ shows clear signs of overexploitation. Progressive truncation of the size structure and the decline in length-based indicators, together with the predominance of immature individuals, indicate increasing fishing pressure and reduced reproductive capacity. Despite life-history traits associated with relatively high turnover, sustained removals during peak reproductive periods, combined with weak enforcement and limited management effectiveness, are likely to undermine sustainability. Reversing this trend will require effective implementation of science-based management measures such as fishery closures, effort controls, and improved gear selectivity. Strengthened monitoring relies on enhanced institutional capacity and regional cooperation, critical to securing the long-term viability of this economically and ecologically important resource.
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      Table 1 

      Macroscopic gonadal maturity scale used in this study (Maier, 1908), with stage codes and corresponding descriptions.

      
        


	Stage
	Description





	I-Virgin
	Sexual organs very small, situated close to vertebral column. Testis and ovary transparent, colourless or grey. Eggs not visible to naked eye.



	II- Maturing virgin
	Testis and ovary translucent, gray-red. Length of gonads 1/2, or slightly more, of length of ventral cavity. Individual eggs can be seen with magnifying glass.



	III- Developing
	Testis and ovary opaque, reddish with blood capillaries. Occupy about 1/2 of ventral cavity. Eggs visible to naked eye as whitish granular material.



	IV- Developed
	Testis reddish-white, no milt produced under pressure. Ovary orange-red. Eggs clearly discernible, opaque. Testis and ovary occupy about 2/3rds of ventral cavity.



	V- Gravid
	Sexual organs fill ventral cavity. Testis white. Drops of milt produced under pressure. Eggs completely round, some already translucent and ripe.



	VI- Spawning
	Roe and milt run under slight pressure. Most eggs translucent with few opaque eggs left in ovary.



	VII- Spent
	Not completely empty, no opaque eggs left in ovary.



	VIII- Resting
	Testis and ovary red and empty. A few eggs in state of resorption.





      

    

  
    
      Table 2 

      Empirical methods used to estimate natural mortality (M) of Trachurus trecae in Guinea-Bissau.

      
        


	Method
	Equation





	Alverson and Carney (1975)
	[image: Mathematical equation]



	Hoenig (1983)
	[image: Mathematical equation]



	
	[image: Mathematical equation]



	Pauly (1980)
	[image: Mathematical equation]



	Then et al. (2015)
	[image: Mathematical equation]



	
	[image: Mathematical equation]





      

    

  
    
      Table 3 

      Length-based indicators (LBI) used to assess the stock status of Trachurus trecae in Guinea-Bissau.

      
        


	Indicator
	calculation
	Reference point
	Indicator ratio
	Expected value
	Property





	Lmax5%
	Mean length of largest 5%
	L∞
	Lmax5% / L∞
	>0.8
	Conservation (large individuals)



	Pmega
	Proportion of individuals above Lopt +10%
	0.3–0.4
	Pmega
	>0.3



	L25%
	25th percentile of length distribution
	L50
	L25%/L50
	>1
	Conservation (immatures)



	Lc
	Length at first catch (length at 50% of mode)
	L50
	Lc/L50
	>1



	Lmean
	Mean length of individuals >Lc
	[image: Mathematical equation]
	Lmean/Lopt
	≈1
	Optimal yield



	Lmean
	Mean length of individuals >Lc
	LF = M = (0.75Lc + 0.25L∞)
	Lmean/LF = M
	≥1
	MSY





      

    

  
    
      Fig. 1 

      
        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Annual catch of Trachurus trecae (tonnes) by country in the coastal zone of Guinea-Bissau, 2018–2023.

      

    

  
    
      Fig. 2 

      
        [image: Fig. 2 Refer to the following caption and surrounding text.]
      

      
        Annual number of vessels by country landing Trachurus trecae in the coastal zone of Guinea-Bissau, 2018–2023.

      

    

  
    
      Fig. 3 

      
        [image: Fig. 3 Refer to the following caption and surrounding text.]
      

      
        Spatial distribution of annual Trachurus trecae catches (tonnes) in the coastal zone of Guinea-Bissau, 2018–2023. The black point in the 2020 panel represents an outlier where catches equaled 3285 tonnes.

      

    

  
    
      Fig. 4 

      
        [image: Fig. 4 Refer to the following caption and surrounding text.]
      

      
        Monthly catch of Trachurus trecae (tonnes) by gear type in the coastal zone of Guinea-Bissau, 2018–2023.

      

    

  
    
      Fig. 5 

      
        [image: Fig. 5 Refer to the following caption and surrounding text.]
      

      
        Monthly fishing effort directed at Trachurus trecae (hours) by gear type in the coastal zone of Guinea-Bissau, 2018–2023.

      

    

  
    
      Fig. 6 

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

      
        Length-weight relationship (top) and maturity ogives (bottom) for Trachurus trecae were estimated from specimens collected during the 2025 scientific survey off the coast of Guinea-Bissau. Lines represent the expected value, while shaded areas are the 95% confidence intervals for the mean predicted weight at a given length.

      

    

  
    
      Fig. 7 

      
        [image: Fig. 7 Refer to the following caption and surrounding text.]
      

      
        Length-frequency distribution (2-cm class interval) of Trachurus trecae in the coastal zone of Guinea-Bissau, 2021–2023.

      

    

  
    
      Fig. 8 

      
        [image: Fig. 8 Refer to the following caption and surrounding text.]
      

      
        Estimated density distributions for von Bertalanffy growth parameters of Trachurus trecae obtained by bootstrap resampling (n = 200) using the ELEFAN method. Black dashed lines represent the median estimate.

      

    

  
    
      Table 4 

      Length-based indicator status for Trachurus trecae in Guinea-Bissau, 2021–2023. Green cells indicate values within expected reference ranges (sustainable), while red cells indicate potential overexploitation.

      
        


	Conservation
	Optimizing yield
	Maximum sustainable yield (MSY)



	

	




	Year
	Lc/L50
	L25%/L50
	Lmax5%/L∞
	Pmega
	Lmean/Lopt
	Lmean/LF = M





	2021
	1.35
	1.25
	0.94
	0.5
	1.16
	1.25



	2022
	0.85
	1.25
	0.92
	0.33
	1.00
	1.30



	2023
	1.25
	1.25
	0.72
	0.00
	0.83
	0.93





      

    

  
    
      Fig. 9 

      
        [image: Fig. 9 Refer to the following caption and surrounding text.]
      

      
        Sensitivity of LBI indicators to input parameter variability. The x-axis represents the percentage deviation from the baseline scenario following iterative changes of −25, −20, −15, −10, −5, +5, +10, +15, +20, and +25% in M/K, length at maturity, and L∞, applied one at a time while keeping the remaining parameters constant.
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