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Abstract

:

Small yellow croaker (Larimichthys polyactis) is a critical economic fish species in South Korea, where effective management is essential due to concerns over declining populations. This study aims to enhance fishery management strategies by applying machine learning techniques to classify the maturity stages and estimate the length at first maturity (L50 and L95), comparing these results with those obtained using traditional macroscopic methods. Five machine learning models, including Decision Tree (DT), Random Forest (RF), LightGBM (LGBM), EXtreme Gradient Boosting (XGB) and Support Vector Machine (SVM), were developed and evaluated for their effectiveness in predicting maturity stages. The XGB model demonstrated superior performance with the highest evaluation final score and low computation time. Using generalized linear models (GLM), this study estimated L50 and L95 for both machine learning predictions and macroscopic observations. The results showed that machine learning models, particularly XGB, provided more precise estimates with narrower confidence intervals and better model fit than the traditional macroscopic methods. These findings can support more sustainable fisheries management practices by offering reliable tools for setting appropriate regulatory measures, such as minimum landing sizes, which contribute to the conservation of marine resources.
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Key Contribution: Demonstrating that machine learning models can accurately predict the maturity stages and lengths at first maturity. This method improves upon traditional approaches, providing more precise and reliable data for fisheries management.










1. Introduction


Small yellow croaker (Larimichthys polyactis) is one of the most important economic fish species in South Korea, playing a significant role in coastal and commercial fisheries [1,2,3]. This species primarily inhabits The Yellow Sea and the East China Sea and can be found throughout the year under various environmental conditions [4,5,6]. However, in recent years, concerns have arisen over declining catches and resource depletion, necessitating a scientific approach for effective management [1,2,3,7].



To sustainably manage fishery resources, studies on maturity length and reproductive characteristics are essential. Maturity length refers to the minimum length at which a fish reaches sexual maturity, which is crucial for understanding the reproductive potential and population maintenance of fishery resources [8,9,10,11]. Reproductive characteristics are key factors in understanding the reproductive strategies and success rates of fish populations, providing essential data for population dynamics and the development of resource management policies [8,12,13,14,15].



The accurate determination of fish maturity stages is essential for understanding reproductive biology and effectively managing fishery resources. Several methods have been employed to assess these stages, each with unique advantages and limitations. Macroscopic methods, which involve visual examination of external characteristics and gonad appearance, are widely used due to their simplicity and cost–effectiveness. However, these methods are often criticized for their subjectivity and lower accuracy, especially in distinguishing early maturity stages [16,17].



In contrast, histological methods provide a more detailed and reliable assessment by examining the microscopic structure of gonadal tissues, allowing for precise identification of maturity stages. Despite their accuracy, histological methods are time–consuming and require specialized equipment and expertise, which may limit their use in routine assessments [18,19,20].



The Gonadosomatic Index (GSI) method offers a compromise between these approaches by estimating maturity based on the ratio of gonad weight to body weight. Although the GSI method provides a more objective measure of reproductive status compared to macroscopic methods, it can be influenced by factors such as feeding and environmental conditions, potentially affecting its reliability [21,22,23]. Together, these methods provide a toolkit for fisheries biologists, each suitable for different research contexts and management needs.



Recently, machine learning techniques have shown exceptional performance in analyzing complex biological data and predicting patterns [24,25,26,27,28,29,30]. Several machine learning methods have been increasingly applied in ecological and fisheries research due to their ability to handle complex datasets and improve prediction accuracy. Machine learning techniques such as Decision Trees (DT), Random Forest (RF), LightGBM (LGBM), EXtreme Gradient Boosting (XGB), and Support Vector Machines (SVM) are widely used in data analysis and prediction due to their diverse strengths.



DT creates a tree–like model for decision–making but can overfit noisy data [31,32]. RF, an ensemble method that builds multiple decision trees, improves accuracy and stability while reducing overfitting, making it particularly valuable in fisheries management for tasks like classifying maturity stages [33,34]. LGBM and XGB are gradient boosting algorithms designed for efficiency and scalability, providing faster training speeds and better performance on large, structured datasets commonly found in fisheries data [35,36]. SVM is effective for both classification and regression tasks, handling high–dimensional data and modeling complex decision boundaries, making it useful in ecological studies for species classification and outcome prediction [37].



Especially, Cutler et al. [34] introduced RF as a highly accurate statistical classifier in ecology, which was previously underutilized in the field. RF offers several advantages, such as high classification accuracy, the ability to determine the importance of variables, and flexibility in handling various types of analyses, including regression and classification. The study showed that RF outperformed other classifiers in accuracy when applied to diverse ecological data. These findings highlight the potential of machine learning, particularly RF, to enhance ecological data analysis and suggest broader applications in fisheries management for more precise estimations of fish maturity stages and lengths.



While RF has historically been considered a highly accurate model for ecological data analysis, recent studies suggest that XGB often outperforms RF in specific contexts. For instance, Muñoz–Mas et al. [38] demonstrated that XGB outperformed RF and other tree–based models in predicting microhabitat suitability for invasive species. Similarly, Effrosynidis et al. [39] highlighted XGB’s effectiveness in species distribution modeling in the Mediterranean Sea. Moreover, Bergen et al. [40] showed that XGBoost provided superior classification accuracy in predicting animal behavior from environmental features.



Flores et al. [41] applied machine learning to classify the maturity status of Chilean hake (Merluccius gayi gayi) in the Chilean waters. This study demonstrated high predictive accuracy by integrating various variables, including length (TL), gonadosomatic index (GSI), condition factor (Krel), latitude, longitude, depth, and month, highlighting the potential of machine learning techniques in studying reproductive characteristics.



Based on these previous studies, this paper aims to apply various machine learning techniques, including RF and other advanced algorithms, to classify maturity stages and estimate the maturity length of small yellow croaker (Larimichthys polyactis) in South Korean waters. By integrating diverse biological and other relevant factors, this study seeks to enhance the accuracy and speed of maturity length estimation. The application of these techniques is expected to provide a more precise and efficient approach to fishery resource management, offering valuable insights for sustainable practices and policies.




2. Materials and Methods


Figure 1 illustrates the overview of procedure followed in this study for predicting fish maturity stages and estimating length at first maturity, which are critical parameters for fisheries management. The dataset was divided into a training set and a test set. Multiple machine learning algorithms were developed and evaluated to identify the most accurate model for predicting maturity stages. After evaluating the models, the best–performing machine learning model was selected. Using this final model, maturity stages were predicted for the test set, and the results were used to estimate the length at first maturity. These estimates were compared to those derived from the observed macroscopic data to evaluate the performance of the machine learning model. Finally, a comparison between the two methods was made to assess the model’s applicability in fisheries management.



2.1. Predicting Maturity Stage Using Machine Learning


2.1.1. Data Collection and Preprocessing


The dataset used in this study consists of a total of 23,545 female specimens measurements of small yellow croaker (Larimichthys polyactis) captured in South Korean waters. The data include total length (TL), gonadosomatic index (GSI), gonad color (GC), month of capture (Month), and maturity stage from macroscopic method (Mat) collected between 2008 and 2023.



	
Data Transformation: Categorical variables, such as Month and GC (Gonad Color), were transformed to be suitable for machine learning algorithms. Specifically, The Month variable was converted into an ordered feature called SPW using OrdinalEncoder. It was categorized into three periods: high spawning activity (January to May), post–spawning/recovery (June to September), and off–spawning period (October to December), reflecting the key stages of small yellow croaker’s reproductive cycle. The other categorical feature of GC was transformed using one–hot encoding. Continuous variables, such as TL and GSI were standardized using a StandardScaler to ensure that all input features were on a comparable scale, enhancing the stability and performance of the models [42].



	
Feature and target variables: The feature variables used for the machine learning models included TL, GSI, SPW and GC. These variables were chosen because they are significant predictors of fish maturity. TL and GSI provide quantitative measures of size and reproductive investment, while Month and GC capture seasonal and physiological variations in maturity. The target (label) variable for the classification models was the binary maturity stage (mature or immature). This label was derived from the detailed maturity stage information (Mat), which was simplified for the purposes of binary classification. By focusing on whether a fish is mature or not, the models aim to predict the onset of maturity based on the available features.



	
Data Splitting: The dataset was divided into training and test sets. The training set included data up to 2022, while the test set consisted of data from the first four months (including spawning season) of 2023. The 2023 dataset was specifically used in the GLM analysis for estimating maturity lengths, as well as for a subsequent comparative analysis to evaluate the predictive performance of the machine learning model against the macroscopic observations. To further evaluate the models during the training process, the training set was split into a training subset and a validation subset. This approach ensured that 80% of the data was used for training and 20% for validation, allowing for effective model tuning and performance monitoring on unseen data.







2.1.2. Machine Learning Model Training and Development


Five machine learning algorithms; DT, RF, LGBM, XGB, and SVM, were employed to classify the maturity stages of small yellow croaker. To evaluate the performance of the machine learning models in classifying the maturity stages of small yellow croaker, three key metrics were considered: accuracy, area under the ROC curve (AUC), and true skill statistic (TSS). These metrics provide a comprehensive assessment of model performance across different aspects of classification.



Each model’s performance was evaluated, and the one with the highest final score, which considered weighted metrics, was selected as the optimal model for maturity stage classification. This weighted approach ensured that the chosen model performed well across multiple metrics, balancing overall prediction accuracy with the model’s ability to handle imbalanced data effectively.



	
Accuracy: Accuracy represents the proportion of correctly classified instances (both true positives and true negatives) over the total number of instances in the dataset. It is a straightforward measure of the overall effectiveness of the model, but may be less reliable in cases where the dataset is imbalanced.


  Accuracy =    T P + T N   T P + T N + F P + F N     



(1)




where TP, TN, FP, and FN represent true positives, true negatives, false positives, and false negatives, respectively.



	
Area Under the ROC Curve (AUC): AUC is a widely used metric that evaluates the model’s ability to discriminate between positive and negative classes across different threshold settings. The AUC measures the area under the ROC curve, where a value closer to 1.0 indicates a stronger performance in distinguishing between the two classes. The ROC curve plots the true positive rate (TPR) against the false positive rate (FPR), with AUC providing an aggregated measure of performance across all possible classification thresholds [43].



	
True Skill Statistic (TSS): TSS is used to assess the model’s performance by considering both the sensitivity (true positive rate) and specificity (true negative rate). TSS is particularly useful for imbalanced datasets where both false positives and false negatives need to be accounted for. TSS ranges from −1 to 1, where a value of 1 indicates perfect classification, and values closer to 0 indicate no skill [44,45].


  TSS =    T P   T P + F N    +    T N   T N + F P    − 1  



(2)







	
Final Score: The final model selection was based on a weighted evaluation of three key metrics: Accuracy, AUC, and TSS. Specifically, Accuracy was assigned a weight of 0.2, while AUC and TSS were given more importance, each contributing 0.4 to the final score. This balanced approach ensured that the chosen model not only performed well in terms of overall accuracy but also demonstrated strong predictive capabilities across imbalanced data, as reflected by the AUC and TSS scores. The final score for each model was calculated using the following formula:


  Final  score =  Accuracy × 0.20  +  ( AUC × 0.40 )  +  ( TSS × 0.40 )   



(3)







	
Feature Importance: Feature importance scores were computed for the final model to identify the most significant predictors of fish maturity. This analysis helped determine which factors most influence maturity classification [46].






All analyses and data visualization were conducted using Python in a Jupyter Notebook environment [47]. Key libraries included pandas for data manipulation [48], scikit–learn 1.52 for DT, RF, SVM model development and evaluation, XGBoost and LightGBM for gradient boosting algorithms [49].





2.2. Estimating Length at First Maturity


The length at 50% first maturity (L50) and the length at 95% first maturity (L95) are critical metrics for fisheries management, as they help set regulatory guidelines, such as minimum landing sizes. While machine learning models provide precise and efficient classification of maturity stages, the L50 and L95 estimates are conventionally derived using generalized linear models (GLMs) [50] due to their interpretability and widespread use in fisheries management. Therefore, GLM was applied in this study to estimate L50 and L95 from the maturity stage predictions generated by both the macroscopic observations and machine learning methods using the R statistical software 4.4.0 [51].



Logistic regression of GLM was employed to estimate the probability of maturity based on a total length (TL) of the fish. The model is defined as:


  log    p  1 − p     = α + β x ,  



(4)




where p represents the probability of a fish being mature, x is a total length (TL),  α  is the intercept, and  β  is the slope. The logistic function used to convert the log–odds to probability (p) is given by:



The length at 50% first maturity (L50) is determined when the probability   p = 0.5  . To calculate L50, we solve for x in the logistic regression equation when   p = 0.5  :


  L 50 =    log   p  1 − p    − α  β   = −   α β   .  



(5)







Similarly, the length at which 95% of the fish population is mature (L95) is calculated when   p = 0.95  . Setting   p = 0.95   in the logistic equation:


  L 95 =    log    0.95   0.05    − α  β   .  



(6)







The logistic regression model’s fit was assessed using the Akaike Information Criterion (AIC) [52] and pseudo R–squared values. Also, to calculate 95% confidence intervals for L50 and L95, a bootstrapping method [53] was applied with 1000 iterations. Bootstrapping allowed for the estimation of the sampling distribution of L50 and L95, providing a more accurate reflection of variability and uncertainty in the estimates.





3. Results


3.1. Machine Learning Model Performance


The performance of five machine learning models: DT, RF, LGBM, XGB and SVM, was evaluated for classifying the maturity stages of small yellow croaker (Larimichthys polyactis). The models were assessed based on three key metrics: Accuracy, AUC and TSS. Additionally, a final score was calculated to determine the overall model performance. The computation times for each model were also considered, which is crucial when selecting a model for practical use (Table 1 and Figure 2).



Among the five models, XGB demonstrated the best overall performance with the highest final score (0.935), closely followed by SVM with a score of 0.933. Although SVM had a slightly lower performance in terms of AUC and accuracy compared to XGB, it had a marginally better TSS score. However, the computation time for SVM was significantly higher (80.26 s) compared to the other models, making it less practical for large–scale applications or real–time analysis. XGB, on the other hand, had a much shorter computation time (0.54 s) while still maintaining strong performance across all metrics, making it the most efficient and effective model overall.



LGBM also performed well with a final score of 0.923 and a very fast computation time (0.36 s), making it another suitable candidate for time–sensitive applications. RF had a slightly lower final score (0.890) but took considerably longer to compute (4.32 s). DT had the lowest final score (0.856) and moderate computation time (0.42 s), reflecting its simplicity and reduced predictive power compared to the more complex ensemble models.



While SVM performed well in terms of accuracy and classification metrics, its long computation time makes it less practical for large–scale applications. XGB, on the other hand, strikes an ideal balance between high performance and low computation time, making it the optimal model for this classification task. As a result, XGB has been selected as the final machine learning model for the classification of maturity stages in small yellow croaker, due to its superior performance across multiple evaluation metrics and its computational efficiency.



The feature importance (F score) plot (Figure 3) illustrates the influence of each variable on the final model of XGB. GSI contributed the most to the model’s accuracy, indicating its crucial role in predicting maturity. TL and SPW were also among the top contributors, underscoring their biological relevance in maturity stage classification. GC features, categorized from GC(1) to GC(29), captured detailed information about gonadal development, further supporting the classification process. While the impact of individual GC categories was smaller, their combined importance highlights the value of including such detailed biological variables in the model.




3.2. Length at First Maturity (L50 and L95)


For the macroscopic test dataset of 2023, the GLM estimated L50 at 14.2 cm, with a 95% confidence interval (CI) of [11.8, 15.6] cm, and L95 at 21.7 cm, with a 95% CI of [19.0, 24.3] cm. The Akaike Information Criterion (AIC) for the macroscopic method was 168, and the R–squared value was 0.324, indicating a moderate fit to the data (Table 2 and Figure 4).



In contrast, when using the machine learning method (XGB) to predict maturity stages, the GLM estimated the L50 at 15.2 cm with a 95% CI of [14.1, 15.9] cm, and the L95 at 20.3 cm with a 95% CI of [17.9, 22.4] cm. This model achieved a lower AIC of 138 and a higher R–squared value of 0.459, indicating a better model fit and more precise estimation of the lengths at maturity than the macroscopic method (Table 2 and Figure 4). These results suggest that machine learning–based predictions provide more reliable and accurate estimates of maturity lengths, supporting their use for improved fisheries management decisions.





4. Discussion


This study successfully applied machine learning techniques to classify the maturity stages and estimate the length at first maturity (L50 and L95) of small yellow croaker (Larimichthys polyactis) in South Korean waters. By comparing the machine learning predictions with traditional macroscopic methods, this research demonstrates the potential of advanced computational approaches in fisheries science and management.



4.1. Comparative Analysis of Machine Learning and Macroscopic Methods


The application of machine learning models, specifically XGB, showed higher accuracy and better model fit in predicting maturity stages compared to traditional macroscopic methods. This indicates that machine learning algorithms can effectively handle complex and large datasets, which are typical in ecological studies [24]. The superior performance of XGB, as demonstrated by its highest final score combined with a low computation time, suggests that it can capture intricate patterns and interactions within the data, thereby providing a robust tool for maturity stage classification.



In estimating the length at first maturity, the machine learning model (XGB) provided estimates of L50 and L95 that were slightly different but more precise compared to those derived from the macroscopic method. The GLM analysis using the machine learning predictions showed an L50 of 15.2 cm and an L95 of 20.3 cm, with narrower confidence intervals and better model fit (lower AIC and higher R–squared value) than the macroscopic method (Table 1 and Figure 2). These findings imply that machine learning models, when trained on comprehensive datasets, can provide more reliable and precise estimates.




4.2. Implications for Fisheries Management


The findings of this study have important implications for the management of small yellow croaker fisheries. The enhanced accuracy and precision of machine learning models in classifying maturity stages and estimating maturity lengths could lead to more informed management decisions. By improving the accuracy of maturity stage assessments, fisheries managers can better estimate spawning stock biomass, set appropriate catch limits, and design effective conservation strategies.



For example, the differences observed in L50 and L95 estimates between the macroscopic and machine learning methods could have significant implications for fisheries management policies. If management decisions, such as setting minimum catch sizes or protective measures, are based on these estimates, substantial differences in predicted maturity lengths could lead to unintended consequences for fish populations [54]. For instance, if the size limits are set too high or too low based on inaccurate maturity length estimates, it could result in overfishing of immature individuals or inadequate protection for the spawning population, ultimately affecting the sustainability of the fishery resource [55,56]. Accurate biological parameters, including size at maturity, are crucial to ensure that management measures effectively conserve fish stocks and prevent overfishing, thereby maintaining the sustainability of fisheries [57,58].



Despite the potential bottleneck in using macroscopic and field–derived data to train machine learning models, several advantages make these models highly valuable. One key strength is their ability to mitigate human judgment errors, which can often occur during manual maturity stage identification. The manual classification of fish maturity stages, especially through macroscopic methods, can vary between individuals and depend on the experience and skill level of the observer. This subjectivity is largely eliminated by machine learning models, which rely on standardized input data and consistent algorithms, offering more reliable and reproducible results.



Another significant advantage of machine learning models is the reduction in the time and resources required to process large datasets. Traditional methods, such as histological examinations, are time–consuming, labor–intensive, and require specialized skills and equipment to produce accurate results [14,15,18]. In contrast, machine learning models can rapidly process large datasets with minimal human intervention, allowing for more frequent and extensive monitoring of fish populations [59,60,61,62].



According to an interview with experts in the field, even with the macroscopic method, eliminating the need to extract and visually inspect the gonads can reduce the time required for the maturity assessment process by approximately 30%. Also, even in environments where specialized technicians are unavailable, machine learning models can still deliver trustworthy and consistent results. This democratization of the assessment process ensures that fishery managers in resource–limited settings can implement reliable and efficient monitoring programs, reducing dependency on specialized human resources. This underscores the potential of machine learning to further optimize efficiency in fisheries resource management.




4.3. Limitations and Future Research


Despite the promising results, this study has some limitations. One notable limitation is that the machine learning models were trained using maturity stage data determined by macroscopic methods, which, while useful, are less accurate than histological methods for assessing maturity stages. Histological methods provide more detailed and precise assessments by examining the microscopic structure of gonadal tissues, allowing for more accurate identification of maturity stages. Incorporating histological data into machine learning models could enhance the accuracy of maturity stage classification and improve the precision of estimates for L50 and L95.



Moreover, the dataset used was specific to small yellow croaker in South Korean waters, which may limit the generalizability of the findings to other species or regions. Additionally, the machine learning models relied on the quality and comprehensiveness of the input data; any biases or gaps in the data could affect the model outcomes.



Future research should aim to integrate histological data, as it offers more precise, objective measures of maturity, potentially reducing the current bottleneck caused by macroscopic input data. Additionally, expanding the dataset to include histological information across different species and environments would allow for more generalizable models, thus increasing the applicability of these models for global fisheries management. With better input data, machine learning models could lead to more reliable management outcomes, such as setting more accurate size limits for sustainable fishing practices.





5. Conclusions


This study demonstrates the effectiveness of five machine learning models in classifying maturity stages and estimating the length at first maturity (L50 and L95) of small yellow croaker. Among these, RF, LGBM, and XGB performed particularly well, with XGB standing out as the best performer, offering the highest accuracy and efficiency, making it the most suitable model for fisheries management than traditional macroscopic methods. Once a model has been trained on the relevant data, it can process large datasets consistently and quickly, without the need for ongoing manual classification efforts. By offering improved estimations of maturity stages and maturity lengths, machine learning models can support more accurate fisheries management decisions. This can contribute to sustainable practices, such as setting minimum landing sizes and gear regulations, including mesh or hook size, ultimately helping to preserve fish populations and protect marine resources.
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Figure 1. Schematic diagram illustrating the overall analysis procedure for maturity stage classification and length at first maturity estimation using machine learning models. 
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Figure 2. Receiver operating characteristic (ROC) curves for the five machine learning models used to classify the maturity stages of small yellow croaker (Larimichthys polyactis). The models include DT, RF, LGBM, XGB and SVM. 
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Figure 3. Feature importance (F score) plot for the XGB model used to classify the maturity stages of small yellow croaker (Larimichthys polyactis). The different colors in the bars represent the various features: the red indicates GSI (gonadosomatic index), the blue represents SPW (spawning period), the green shows TL (total length), and the grey represents the GC (gonad color) categories. 
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Figure 4. Logistic regression curves for estimating the length at first maturity (L50 and L95) of small yellow croaker (Larimichthys polyactis) based on (a) macroscopic method and (b) machine learning method. The vertical and horizontal dashed lines indicate L50 and L95, respectively, with their corresponding 95% confidence intervals (CI). The hollow dots represent mature proportion values for each length class, with values in (a) derived from the macroscopic observation, and values in (b) based on predictions from the machine learning model. 
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Table 1. Performance metrics and computation times for the five machine learning models used to classify the maturity stages of small yellow croaker (Larimichthys polyactis).
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	Model
	Accuracy
	AUC
	TSS
	Final Score
	Computation Time (s)





	DT
	0.961
	0.800
	0.860
	0.856
	0.42



	RF
	0.966
	0.924
	0.818
	0.890
	4.32



	LGBM
	0.977
	0.943
	0.877
	0.923
	0.36



	SVM
	0.966
	0.932
	0.917
	0.933
	80.26



	XGB
	0.982
	0.939
	0.907
	0.935
	0.54










 





Table 2. Estimated length at first maturity (L50 and L95) for small yellow croaker (Larimichthys polyactis) using the macroscopic method and the machine learning method (XGB). The table includes the 95% confidence intervals (CI), Akaike Information Criterion (AIC), and R–squared values, comparing the precision and model fit between the two methods.
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