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Introduction: The rising concerns about food security and the increasing demands for meat-based diet in China have highlighted the imbalance between the supply and demand of its feed grains. Scholars view the imports of soybeans as an unsustainable way of ensuring feed grain security. Therefore, this study investigates the optimization of soybean and pig integration zones in China.

Methods: The study has adopted a multi algorithm approach based on Random Forest Model, LSTM model, KMeans clustering, and PCA to highlight the factors influencing the integration of feed grain plantation and meat security.

Results: The results of the PCA report that consumption, production levels, land availability, and pig quantity play an instrumental role in defining the integration of soybeans and pig farming. The results indicate that LSTM offers accurate predictions regarding the integration zones.

Conclusion: The study concludes that areas with high consumption of meat and large production volumes offer an opportunity to integrate soybean cultivation and pig farming in China.
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Introduction

Food security holds immense significance in a nation’s economic growth and social stability. Similarly, scholars view food security as crucial to maintaining the well-being of people in China (Lee et al., 2024). Today, China is responsible for feeding approximately 20% of the world’s population but has less than 10% of the global arable land (Dong et al., 2024). Over the years, the dietary preferences of the Chinese have shifted from plant-based cuisine to meat-based diets. Consequently, there has been a growing demand for animal-based diets as shown in Figure 1.
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FIGURE 1
 Meat consumption in China (pork dominates meat consumption in China). Source: Dong et al. (2024).


Meat consumption in China has shown a steady rise since the 1990s (Grimmelt et al., 2023). Therefore, meat security has emerged as a major concern in China (Yang and Cui, 2023). In 2021, Chinese citizens consumed approximately 100 million tons of meat, which made up 27% of the global meat consumption. Moreover, pork dominated meat-based consumption as the Chinese consumed 57 million tons of pork in 2021 alone. This accounted for 60% of their total meat consumption (Grimmelt et al., 2023). The increasing meat consumption has caused a rise in the demand for grains used as animal feed (Niu et al., 2021). Consequently, China is currently grappling with the issue of balancing the supply of grains for human needs and animal feed (Yang et al., 2021). Moreover, feed production in China increased by 10.3% to 319.8 million in 2023. This led to an increased demand for soybeans. In 2022–23, soybean production was recorded at 19.4 million tons and is expected to rise to 19.7 million tons in 2023–24. Total consumption is estimated to cross 118.2 million tons in 2024. However, domestic production has not been able to meet the increasing demand for soybean feed. Therefore, China’s imports of soybeans have also increased as the country imported 100.86 million tons of soybeans in 2022–23 (Reidy, 2023). China’s grain and soybeans imports are projected to grow till 2030 as shown in Figure 2. Consequently, a critical challenge of striking a balance between feed grain security and meat security has emerged in China (Yang and Cui, 2023; Wu et al., 2020).

[image: Figure 2]

FIGURE 2
 China’s grain and soybean imports (China’s grain and soybeans imports are projected to grow alongside the growing meat imports). Source: Gale (2021).


Soybean is a major part of pig feed (Sporchia et al., 2021). It is due to its high protein content (up to 50%) along with amino acids and low water content. However, scholars have shown concerns due to the unsustainability associated with soybean imports and the risks of trade disruptions (Gomez Izquierdo et al., 2020).

Systems Theory together with Resource-Based View (RBV) form the theoretical basis for studying soybean production and pig farming integration practices in China. The agricultural supply chain operates as an entire system under Systems Theory since feed grain availability alongside livestock production along with environmental elements affect each other through interconnected components. Food security outcomes for the soybean-pig integration areas require balanced operation of interdependent feeding grain production (soybeans) alongside meat security through pig farming. Sustained meat production performance relies on functional interactions between all components of supply chain operations because even marginal soybean import changes or land availability limitations will negatively affect sustainability. As per the Resource-Based View (RBV) industrial competitive advantages materialize through proper resource management and utilization. Agricultural land alongside soybean crops and pig farm infrastructure deserve strategic planning because it enables sustainability while reducing imports of soybeans. Machine learning techniques including Random Forest (RF) and Long Short-Term Memory (LSTM) as well as clustering algorithms assist this study to locate resource-efficient integration zones through data-driven identification of regions possessing big soybean yields and valuable pig farming conditions. Traditional agricultural planning systems lack awareness of soybean production-pig farming spatial correlations yet PCA analysis with clustering along with predictive models (RF and LSTM) establish data-based methods to determine the best integration areas. The dynamics of different agricultural factors explained through Systems Theory validate the link between RBV and strategic resource distribution for improving sustainability along with food security. This theoretical framework demonstrates that managers must navigate between sustainably securing feed grains and animal products through technological enhancements that enhance farming performance within discussions about food sustainability and efficient agriculture applications of machine learning.

Relying solely on imports would not ensure feed grain security and meat security in China (Yang and Cui, 2023). Localization of feed production is regarded as a more sustainable way of ensuring the availability of feed. Moreover, reliance on the feed produced near animal farms would offer several economic, environmental, and social advantages. Maximum efficiency in pig farming depends on the integration of pig facilities with nearby soybean fields located in top agricultural regions. Within the selection clusters it is vital to evaluate how crops mix because this assessment protects soil conditions while enhancing land resource efficiency and securing sustainable long-term growth. This includes reduced logistics expenditure and strengthened viability of animal farms (Gomez Izquierdo et al., 2020). Though several studies have investigated food security in China from several perspectives by using quantitative and qualitative methods, few have focused on the balance between feed security and meat security (Niu et al., 2021; Liu Z. et al., 2021). There is a noticeable gap in research that specifically addresses the critical balance between feed security and meat security. Despite this pressing challenge, there is a scarcity of research that directly addresses the optimization of resource allocation for pig feed within the context of China. This study uniquely contributes to the field by focusing on this balance, utilizing an innovative multi-algorithm approach that includes Random Forest (RF), LSTM, and clustering techniques to optimize soybean-pig integration zones. Therefore, the first objective of this study is to investigate factors influencing the balance between feed grain and meat security. The methodological novelty of this study lies in its reliance on a multi-algorithm approach, involving RF, LSTM networks, and clustering analysis. Previous studies on food security and feed efficiency have predominantly employed traditional econometric models (e.g., linear and logistic regression), simulation-based techniques, and qualitative case studies (Rauw et al., 2023). While these approaches have provided valuable insights, they often fail to fully capture complex, nonlinear relationships and spatial dependencies within the data. In contrast, the integration of machine learning techniques in this study allows for improved pattern recognition and predictive modeling. Furthermore, the study utilizes Principal Component Analysis (PCA) for dimensionality reduction and visualization of the contribution of various agricultural and demographic features to the overall variability in the selected dataset. Unlike conventional regression-based studies that rely on predefined assumptions, PCA enables a data-driven exploration of key factors influencing feed grain and meat security. This approach not only streamlines the datasets but also provides unique insights into the complex interactions between these features, enhancing the understanding of sustainability challenges in soybean-pig integration zones.

Existing studies on animal feed efficiency and sustainability lack a geographical focus on China, despite its significant role in global meat production (Gomez Izquierdo et al., 2020). Addressing this research gap, the second objective of this study is to generate data-driven strategic recommendations for policymakers and stakeholders based on the insights gained from the analysis. This is aimed at achieving a sustainable balance between feed grain availability and meat production in China’s soybean-pig integration zones by leveraging machine learning-based optimization techniques. This study has immense relevance and significance in the context of increasing global demand for meat and feed grain (Rauw et al., 2023). In the context of China, this study has the potential to extend the literature concerning the strengthening of self-sufficiency in feed grain (Li et al., 2024). By focusing on region-specific resource allocation, this study also adds to the understanding of the significance of the geographical location of feed grain production to strengthen the self-sufficiency of a region. Moreover, the insights derived from this research offer innovative, evidence-based strategies for improving feed efficiency and reducing reliance on imports. This indicates the unique contribution of the study to the literature focused on China’s agricultural policy and food security.

Pig diets are typically composed of soybeans and wheat (Sporchia et al., 2021) with around 70–75% of the soybean production of the world which is being utilised in animal feed (Brack et al., 2016). According to Wilke et al. (2023), in 2021/2022, Brazil was considered the leading producer followed by Argentina and the United States. However, the cultivation of soybeans in Brazil contributes to deforestation (Rajão et al., 2020), which leads to a significant greenhouse gas emission. It is further exacerbated by the transportation of soybeans to Europe. Soybean meal is considered to have the highest greenhouse gas emissions among the sources of protein. It is primarily due to the land-use changes in those regions where agriculture has intensified in recent years (Wilke et al., 2023). The diet of pigs typically involves a balanced mix of grains, proteins, vitamins and minerals so that proper growth, productivity and health can be ensured. Research by Parrini et al. (2023) highlights that Soybean is one of the most expensive and limiting ingredients of food in the formulation of diet. However, in pig farming it represents the key source of protein. Soybean is the primary imported protein food in Europe largely due to the limited available cultivated area within the region. The increasingly prevailing demand for soybean is driving global land use changes and has been directly associated with deforestation in South America. However, it in turn increases the carbon footprint of feed (van Zanten et al., 2018). Despite of the detrimental influence of soybean cultivation on tropical forests ecosystems (Świątkiewicz et al., 2021) and the growing recognition of unsustainability of relying heavily on imported feed proteins for livestock (Tallentire et al., 2018), Soybean has become the preferred choice among the protein feed due to its availability and quality. Post-extraction soybean meal is particularly vital for monogastric animals such as pigs and poultry which serves as their key source of protein (Wilkinson and Lee, 2018; Sońta et al., 2022). Poultry and swine account for approximately 42% of the total feed production which contributes to the supply of 20% of animal proteins, while ruminants use about 19% of the feed to produce the same 20% of the animal proteins. In the organic pig sector, the challenge of meeting protein demand is even more pronounced (Schwediauer et al., 2018). Soybean is an essential and common component in the diet of pigs (Parrini et al., 2023) which provides a high-quality source of protein (Deng et al., 2023) and is important for muscle development.

Monogastric animals are mainly broilers which lay pigs and hens and are kept in industrial housing systems. Their feed consists of more than 25% of grains. In this regard, removing these human edible ingredients from the diets of pigs and poultry can contribute substantially to the human food supply globally while at the same time reducing the environmental impact of entire food systems (Boumans et al., 2022). Modern production practices represent challenges to the health and welfare of pigs which has justified the use of antibiotic health promoters. However, the influence of AGP on weight gain and feed conversion is variable. Several studies (Cardinal et al., 2021) have found no significant difference in the performance of animals fed an AGP diet when there are no underlying health issues. Conversely, some researchers have also studied that AGP can have a positive influence on the weight gain of pigs and feed conversion (Cardinal et al., 2021). In the past few decades, the exponential growth in intercontinental soybean trade has paralleled a significant increase in the production of pigs (Wang et al., 2018). Soybean meal is the key component in livestock feed because of its high protein content which typically ranges from 40 to 50% along with its optimal profile of amino acid. Furthermore, it has a relatively lower water content, consistent nutrition composition and anti-nutritional factors that can be easily eliminated and mitigated (Gomez Izquierdo et al., 2020). However, the global reliance on soybean meal as a primary source of protein is also a significant concern with varying points of emphasis depending on the stakeholder. In this regard, the non-governmental organisations (NGOs) are particularly concerned regarding the expansion of soybean cultivation into natural ecosystems in the countries including Brazil and Argentina. It is resulting in deforestation, loss of biodiversity, degradation of soil and the displacement of small farmers and indigenous communities (Roman et al., 2016; Rauw et al., 2020). On the other hand, the European parliament is primarily concerned with its heavy reliance on costly imports of soybean which accounts for approximately 70% of agricultural protein products and over 95% of soybean grains and meal (Roman et al., 2016; Gomez Izquierdo et al., 2020). Due to the perceived unsustainability of this heavy dependence on the imports of soybean meals and the associated risks of trade disruptions, the European Parliament passed a resolution in 2011 aimed at encouraging on-farm animal feed production utilizing mixed crops such as beans and cereals (Rauw et al., 2020; Gomez Izquierdo et al., 2020).

The quantity and quality of food resources directly influence the pig production output. Feeding pigs’ diet based on local protein crops with suboptimal nutritional quality can also result in a decline in the efficiency of production. This is significant as it can negatively influence the profitability thereby affecting the economic sustainability of livestock farms (Galioto et al., 2017). Consequently, it is crucial to assess the extent to which pigs can maintain the efficiency of production when fed locally produced protein crops (SUSPIG, 2020). However, the research by Gomez Izquierdo et al. (2020) also declared that there is an interest in replacing the soybean meal with locally produced ingredients in the feeds of livestock. Due to the cumulative small differences in feed efficiency among the four diets, their study mentioned that pigs in the V0 group attained the highest body weight (BW), while pigs in the V20 group had the lowest BW despite the similar intake of feed. However, the economic implications of including Narbon vetch in the diet depend on the additional feed required and the associated costs, as well as the expenses associated with the extra days on the far required for the pigs to reach a specific slaughter weight.

Gomez Izquierdo et al. (2020) argue that due to the reliance of the European Union on Soybean meal imports for animal feed, there is growing interest in the exploration of competitiveness of locally produced protein crop alternatives. The local production of feed crops is usually deemed more sustainable than relying on imported feed. This is because it can reduce the usage of energy associated with transport, support on-farm crop rotation so that the risk of crop diseases can be lowered, and enhance the economic viability of local farms. However, the economic sustainability of using local feed crops can be compromised if their sub-optimal nutritional quality results in decreased animal production efficiency and lower farm profitability. Narbon vetch is considered a potential alternative protein crop due to its reliance on adverse climate and social conditions, resistance to common pests, favorable nutritional profile and suitability for the Mediterranean climate. Despite these advantages, the presence of the “anti-nutritional factor y-glutamyl-S-ethenyl-cysteine” limits its application in animal nutrition. The results of their study showed that there is a notable decrease in daily intake of feed and consequently lower daily body weight gain up to four weeks after introducing this novel feed (Gomez Izquierdo et al., 2020). However, pigs adapted to the new feeds and daily efficiency of feeds measured as body weight gained per unit of feed intake was only reduced significantly during the initial period of transition particularly at the highest inclusion level of 20% Narbon Vetch.

According to the “China Animal Husbandry and Veterinary Yearbook,” pig farms with more than 50 slaughtered pigs are classified as scale farms. In contrast, smallholder pig producers in China typically have low animal pig output (Yang and Cui, 2023). Currently, almost 90% of all the farm pigs in China are raised on small-scale farms. These traditional farming practices often overlook the significance of suitable geographical locations for farm construction. It results in pigs being raised in close quarters with inefficient utilization of space and generally a poor infrastructure (Jiang et al., 2022). Such farms are more susceptible to animal-borne diseases which complicate the tracking and control of outbreaks (Dixon et al., 2020). Furthermore, traditional backyard farming (with fewer than 50 pigs) consumes significant natural resources (Chen et al., 2022). However, large-scale pig farming is viewed as a promising approach to boost the productivity and income of farmers (Yu et al., 2020; Tian et al., 2021). These days many large-scale farms integrate grain production within their agricultural operations which usually integrates livestock, planting, and renewable energy production (Yang and Cui, 2023). Placing high-productivity zones at the forefront will provide the best opportunity to maximize feed efficiency when integrating pig farms with soybean production. The evaluation of crop suitability within clusters plays a vital role for sustainability purposes and controlling soil degradation when maximizing resource utilization (see Table 1).



TABLE 1 Summary of literature.
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Methods and material

The flowchart of this study is shown in Figure 3.

[image: Figure 3]

FIGURE 3
 Flowchart of the proposed study.



Data collection and source

The data for this study was collected from (Yang and Cui, 2023) using different sources to verify extensive coverage for evaluating Soybean-Pig Integration Zones in China. The data about farming practices, pig quantity, human consumption per capita, production volume, and agriculture land collected from China Animal Husbandry and Veterinary Yearbook, China National Bureau of Statistics, FAOSTAT (Food and Agricultural Organization of the United Nations) and Ministry of agriculture and rural affairs of the people’s republic of China-database. The reference to the dataset is provided in the Appendix section.




Data pre-processing

Missing values were removed using the function dropna() in the pandas’ library, in the result many categorical and numeric variables related to soybean production and pig farming will be comprised in the dataset, see Equation 1.

[image: image]

Where [image: image] is a dataset, [image: image] are the records, [image: image] is an indicator function, and [image: image] indicates the new dataset.

To standardize model training features, continuous variables has been standardized for standardize model training features using Equation 2.

[image: image]

Where [image: image] are the value of original feature, [image: image] are minimum feature values and [image: image] are the maximum feature values.

For the prediction of porks’ production in million tons with the use of multiple variables of predictor such as quantity of pig in x 1,000 heads, Land of agriculture in sq. km, and more. LabelEncoder was used to encoded categorized variables within numerical values using Equation 3.

[image: image]


Feature selection

The feature selection process was employed utilizing a random forest (RF) for the enhancement of model efficiency and accuracy. RF is an ensemble technique that was utilized for every feature’s importance to ranking (Han and Kim, 2021). Many decision trees were constructed by the RF method during the training and output the class mode for classification or regression mean prediction. The score of feature importance was calculated and findings for prediction were utilized to organize the influential features. The feature importance formulation using RF can be calculated using Equation 4.

[image: image]

Where [image: image] is the feature[image: image]s importance [image: image], [image: image] are total trees, and [image: image] is the feature[image: image]s importance [image: image] in tree [image: image].



Dimensionality reduction

The principal component analysis (PCA) method was used for dimensionality reduction for converting a larger variable set to a smaller set but most information still exists in the larger set (Wang et al., 2024). In this study, the scaling features with the use of “StandardScaler,” and PCA were applied, and two principal elements were saved, which captured the most important variance within the set. The initial two elements as new features are then appended with a dataset which was called PCA1 and PCA2. The following Equation 5 can be used for PCA.

[image: image]

Where [image: image] is the principal component, [image: image] and [image: image]are a matrix of scaled data and PCA matrix.



Feature engineering

A feature engineering process was performed after the reduction in selected features. Interaction terms and temporal features like rolling statistics and lag features were generated. The feature engineering set of features can be calculated using Equation 6.

[image: image]



Model training process


Random forest regressor

It was applied initially on selected features and features engineering to estimate the performance of the model. In this study, our model was trained using 80–20 data splitting, in which 80% of the set was used for training the model and 20% for testing the model. With the use of MSE (mean squared error), the performance of the model was estimated, see Equation 7.

[image: image]

Where p is the total observation, [image: image] and [image: image] are the actual and predicted values, respectively.

A process of hyperparameter tuning was established utilizing the GridSearchCV for the random forest optimization parameters. The parameters were explored n_estimators for the tree number, min_samples_split for node’s splitting samples, max_depth, and min_samples_leaf for the sample needed for leaf node. The selection of optimal parameters was based on the smallest MSE attained using cross-validation.



LSTM (long short-term memory)

An LSTM technique was also applied in this study. LSTM consists of 3 sigmoid gates as well as 1 tanh layer. Gates are introduced to limit the passage of information across the cell. It determines which information’s part is required for the next unit and which information’s part is discarded. Generally, output lies between 0–1, 0 means reject all, and 1 accept all (Liu C.-H. et al., 2021). In this study with the use of features sequence the lstm model is trained, along with the setting of time steps is 10. The architecture of the model consists of two layers each with 50 units, and a dense layer adopted with output one. With the use of the MSE loss function and Adam optimizer the model LSTM was trained, see Equation 8.

[image: image]

Here [image: image] represent sequences of input.



KMeans clustering

This approach for regions group through same features recognition. This algorithm divides the data within k groups or clusters (Coates and Ng, 2012), reducing the variance in each group. K-means clustering served as the analysis method to evaluate pig farming with soybean production integration prospects throughout China. The research evaluated four essential variables including available land areas and distributed pig numbers and existing soybean cultivation rates as well as animal feed requirements. The chosen factors directly affect the possibility of realizing the integration between pig farms and soybean production. The research evaluated these factors to discover geographic areas for optimal resource management which would enhance integration and establish sustainable farming practices.

The Silhouette Score indicated the best cluster number when set at k = 4 through its evaluation of cluster similarities. The best partition among clusters occurred when the analysis employed k = 4 clusters. The selected cluster number produced the best separation between different regions according to their agricultural characteristics.

Analysis revealed that the first cluster contains regions having both high soybean output alongside minimal pig livestock existence. The land resources in these regions provide a large potential for developing the pig farming industry because sufficient space is available for increasing production. The second data cluster demonstrates perfect conditions for establishing integrated farming when pig farms match the soybean cultivation levels. The existing conditions in these regions create perfect conditions for producing both pigs and soybeans so their territories represent top choices for resource utilization to achieve integrated production goals.

Areas belonging to Cluster 3 demonstrate high numbers of pigs yet low soybean crop cultivation levels. The main difficulty in these areas exists because there are not enough soybeans that pigs need for their feed as pig farming depends on soybean feed supplies. Improving feed grain availability together with procedures to enhance soybean cultivation needs to be implemented as a solution. The cluster 4 demonstrates that areas with limited soybean farming and low pig population density are considered unfit for integration purposes. The deficits of resources and poor infrastructure in these zones endanger future agricultural integration projects between pigs and soybeans.

Clustering results were examined on the basis of Silhouette scores to estimate the optimal clusters’ number and its correlation with soybean pig integration. The formula for KMeans can be considered as Equation 9.

[image: image]

To evaluate the clustering quality Silhouette score metric was found using Equation 10.

[image: image]





Results and analysis

This study provides a detailed analysis of how to incorporate the two elements for feed grain and Meat security. This section summarizes the results of Random Forest, LSTM networks, and clustering analysis and presents figures and tables to explain the results in detail.

From the aspect of feature importance analysis, the Random Forest model, which is widely known for its outstanding ability to resist the elimination of feature importance, has given a comprehensive view of how different features affect the optimization of soybean-pig integration spaces. The feature importance scores are provided in the following Table 2.



TABLE 2 Feature importance scores.
[image: Table2]

Their importance score indicates that “Human Consumption per Capita” is the most important factor with a score of 34. 87%. This implies that areas of high human endowment are strategic in defining areas of the right blend between the two. Its prominence signifies that soybeans and pigs can be integrated into these areas to mirror consumption hence boosting feed and meat security. The second highest-ranked criterion is the “Production Volume” with an average score of 28. 89. This underlines its important position in the model, stressing thereby that intensified production rates are essential for satisfying the needs of integration zones. This policy was scored 22 when considered under the ‘Agricultural Land’ policy. Availability of land for cultivation, cost of seeds and fertilizers, plant diseases and pests, weeder, training of farmers, adequacy of water supply, market demand for produce, and many more, contribute 09% to the optimization. However, the “Pig Quantity” is responsible for 13% of the total variance. Humble, but still significant, the blog claimed that sugar influenced only 31%. Low values of mean decrease in accuracy of “Farming Practices” (0. 83%) and “Location” (0. 00%) indicate that these variables have insignificant influence on the choice of variables that the model makes.

The scores of the feature importance are also presented in a bar chart as shown in Figure 4. As it is evident from the given chart, both the ‘Human Consumption per Capita’ and the ‘Production Volume’ contribute immensely towards the integration zones and so there is a huge requirement to put more attention on these two parameters only which needs optimization (Breiman, 2001; Zhang et al., 2024).

[image: Figure 4]

FIGURE 4
 Feature importance scores.


For analysis of the dimensionality of the data, the method of Principal Component Analysis was used. From the above discussion, it is clear that PCA has the ability to simplify the data by pointing out the factors that explain most of the variance. The PCA components are shown in the following Table 3.



TABLE 3 PCA components.
[image: Table3]

Thus ‘Human Consumption’ together with ‘Production Volume’ and ‘Agricultural Land’ make up the Primary Component better referred to as Principal Component 1 (PC1). The fact that the above-mentioned features have negative loadings means that high human consumption, large volume of production, and the area under agriculture are in the same direction of the component. In the second principal component on the other hand, we see that there are clear loadings of the features “Pig Quantity” and “Location” which means these have done a contributory function in the second principal component in a parallel fashion to other factors (Greenacre et al., 2022; Abdi and Williams, 2010).

The PCA biplot, displayed in Figure 5, represents the loadings of features on the first two principal components. The plot also enables one to grasp how these features supply differentiation to the PC 1 & 2, pointing to the spatial configuration of such integration zones based on certain factors.

[image: Figure 5]

FIGURE 5
 PCA components.


In the case of Random Forest model performance, the values arising from the surveys are stated below and in Table 4.



TABLE 4 Random forest model performance.
[image: Table4]

A forecast with Mean Squared Error (MSE) equal to 1 at the beginning. 6,469 refers to the model when it has not been adjusted for hyperparameters. This value assesses how well the model approximates the data at the start. Having done hyperparameter tuning the MSE rose to 3. 2,619, hence, the values may require fine-tuning to come up with the best model of the regression. The chosen parameters are the highest depth of 10, 100 estimators, minimum split and minimum of 2, and the least possible number of leaf nodes. These parameters are the best choice for enhancing the work of the model or the given algorithm (Liaw and Wiener, 2002; Friedman, 2001).

These are depicted in Figure 6, which shows the MSE values before and after hyperparameter tuning. The plot demonstrates a change in performance with different parameter settings, which means that though the models have initial acceptable performance, further optimization could improve the prediction.

[image: Figure 6]

FIGURE 6
 Random forest performance.


The performance of the LSTM model was assessed concerning its training loss over epochs as indicated in the following Table 5.



TABLE 5 LSTM model training loss.
[image: Table5]

The analysis of the LSTM model prescribed considerable enhancement in aspects of the training loss, ranging from 0. The total cross-sectional sample is 5,926 at epoch 1 to 0. 0198 by epoch 50. This reduction of loss shows good training and learning over the epochs of the model and LSTM in particular proves it can model sequential data well (Greff et al., 2016).

As shown in Figure 7, the performance of the LSTM model is shown in terms of loss reduction over 50 epochs, in order to present the learning process of the model. From the graph, it is apparent that losses are gradually falling which proves the enhancement of the model’s performance together with its capacity to capture the temporal characteristics of the data.

[image: Figure 7]

FIGURE 7
 LSTM training loss.


The LSTM model predictions summarized in Table 6 include the regular unscaled and the scaled by 100 values for comparison while the inverse transform function is also applied to these scaled predictions.



TABLE 6 LSTM model predictions.
[image: Table6]

The scaled predictions that were obtained in this study range from 0. 748 to 0. 782, are the normalized values which is an output of the LSTM model. The predictions, when transformed inversely, vary between 39 and 71 for the customers. 922 to 41. 266, are the figures from the model reproduced in the original scale. This is seen from their actual predicted outcomes on the integration zones as will be illustrated below (Zhang et al., 2018).

Figure 8 shows the scaled and the inverse transform obtained to present how the output of the LSTM model looks when the normalized values are translated back to such predictions. This comparison is useful in comparing the model in as much as it predicts the optimality of integration zones accurately.

[image: Figure 8]

FIGURE 8
 LSTM model predictions.


Then, using a KMeans clustering approach on the respective scaled data, it was possible to identify those zones that would require the integration of soybeans and pigs. Table 7 presents the Silhouette Score as well as the scaled as well as the descaled cluster centroids.



TABLE 7 The Silhouette score and the cluster centers.
[image: Table7]

Using KMeans clustering, more areas can be divided according to important agricultural characteristics and assist in determining patterns suited to resource distribution. It also serves to increase food security by recognizing areas of concern, for instance, feed grain, and application to increase feed meat ratios sustainably.

By using the KMeans clustering analysis, the author of the paper defines the areas within China with the similar features concerning feed grain and meat production. In so doing, the analysis opens avenues into optimizing resource distribution, as well as improving food security, and achieving some balance in meat supply in these clustered regions. The specific division of the 12 countries into clusters for further analysis, and the explanations for these clusters, can be seen in Figure 9.

[image: Figure 9]

FIGURE 9
 Clusters and cluster centers (PCA-reduced).


Understanding these findings from the present study that uses a multi-algorithm approach, the following conclusions can be drawn concerning the soybean-pig integration zones: the independent variable importance in the Random Forest model: it offers information about features and their importance where the major ones include Human Consumption per Capita and Production Volume. It also displays how features together contribute to the optimization of integration strategy, which is why PCA shows the principal components that are responsible for that. It’s seen that the LSTM model is a good learning and prediction model that reduces over epochs and has accurate predictions in the original scale. Altogether these assessments provide all-inclusive insight into the variables affecting detailed optimal integration zones, thus promoting feed grain and meat security in China.


Random forest outcomes

The Random Forest model uncovered essential information about substantial features that should be prioritized during the optimization process of soybean-pig integration areas. Human Consumption per Capita (34.87%) together with Production Volume (28.89%) emerged as the primary indicators for determining zone integration outcomes. Results from the analysis show that zones with peak pork consumption together with large production numbers should be prioritized for structural integration. Designated zones need large-scale farming infrastructure because both Agricultural Land Availability and Pig Quantity proved significant based on the analysis results (22.09 and 13.31% respectively). Before hyperparameter optimization the model’s Mean Squared Error (MSE) was 1.6469 then it rose slightly to 3.2619, indicating the model had to sacrifice performance for additional complexity.



LSTM model performance

The tested LSTM neural network system successfully identified temporal patterns that existed in soybean-pig integration data datasets. Training loss measurements showed an ongoing reduction from epoch 1 initial value of 0.5926 to epoch 50 value of 0.0198 during the learning process. The predictions from the model produced scale value ranges from 0.748 to 0.782 which correspond to actual outcomes from 39.922 to 41.266 million tons. As a consequence the LSTM demonstrates strong performance in processing sequential dependencies thus becoming effective for agricultural time-series forecasting applications.



PCA analysis

A Principal Component Analysis (PCA) reduced the dimensions of data to maintain the most significant variance between them. The majority of variables in the dataset were explained through the initial two principal components (PC1 and PC2). PC1 received its main influencing variables from Human Consumption along with Production Volume while Agricultural Land contributed as a third variable which shows production and consumption areas match in demand rates. The PC2 analysis measured Pig Quantity and Location as vital variables for optimally distributing livestock farms. The PCA biplot effectively displayed the correct spatial distribution of integration zones in addition to KMeans clustering results.




Discussion

This study aimed to investigate the integration of feed grain security and meat security in China. The results of the “Random Forest Model” regarding the feature importance score indicate that “Human Consumption per Capita” with a score of 34.87% occupies the most significant position for defining the integration of feed grain and pig farms. These findings imply that areas of high meat consumption are promising zones for integrating feed grain and pig farms. Subsequently, the “Production Volume” with a score of 4.28 emerges as the most significant factor for blending feed grain production and pig farms. This indicates that there should be a high production volume to ensure efficient integration of both zones. The research of Cordeiro et al. (2022) supports the key role of feed availability for promoting sustainable meat supply in areas heavily focused on livestock production. According to Grimmelt et al. (2023) the steady Chinese meat consumption increase since the 1990s reinforces the necessity of developing feed-to-meat security strategies. In 2023, China produced approximately 96.41 million metric tons of meat, indicating an increase of almost 3.4% over 2022 (Textor, 2024). This shows that the production volume of meat in China has the potential to satisfy the needs of both zones. These findings also imply that meat security and feed grain sufficiency are particularly important in areas with high levels of consumption and production. Moreover, “Agricultural Land” with an average score of 22.09 also emerged as a significant feature for an efficient integration of both zones. These findings indicate that the availability of land area is crucial to maintaining sufficiency in feed grain cultivation and meat production. The research results confirm (Jiang et al., 2020) who established the fundamental role of land resources in obtaining sufficient food outputs. These findings reinforce (Yang and Cui, 2023) argument that localized feed production is essential for reducing import dependence. Researchers have warned of ecological damage from big-scale soybean imports to Chinese territory thus supporting the demand for domestic soybean self-sufficiency under China’s agricultural policy system (Rajão et al., 2020). Additionally, the role of Pig Quantity in the integration process is supported by previous literature. The significant role of Pig Quantity with an average score of 13.31 indicates that the farms with large numbers of pigs would suffice the purpose of zone integration.

In addition, the results of the PCA group the regions with high human consumption, large production volumes, and land availability together. This analysis has immense significance as it suggests areas, which may promise an efficient integration of soybean and pigs. The research results align with (van Zanten et al., 2018), who highlighted the environmental impact of soybean demand on global land-use changes (Dixon et al., 2020) studied how disease risks affect small-scale pig farms which motivated the need for structured integration to enhance productivity and food security. In addition, the results indicate the potential of the LSTM model to provide accurate predictions. These findings are significant considering the dominant position of pork in the meat market in China. Moreover, pig farms are responsible for the largest proportion of soybean consumption due to herbivorous livestock (Yang and Cui, 2023). Since domestic feed grain production falls short of meeting demand, integrating feed grain and pig farms offers a sustainable solution (Li et al., 2024). In addition, considering the unsustainability of soybean imports, the integration of zones would be instrumental in ensuring local cultivation of feed grains. The results encourage a large-scale production of both soybeans and pork production. This aligns with the vision of the Chinese Government to promote agriculture as highlighted in the “14th Five-Year Plan” (Houkai, 2022). This plan encourages the optimization of agricultural practices by allotting functional zones for products like soybeans. This crop-livestock integration system would serve as an effective strategy to strengthen feed grain security and meat security in China. This would help China achieve a balance between both zones. However, it is important to consider various factors, including consumption patterns and production volume while integrating the production of soybeans and pigs. Thus, targeting areas with high consumption and large production volumes of pork would help sustain a balance between the two zones.



Implications

This study extends the understanding of crop-livestock balance by highlighting the need for optimizing feed grains cultivation and meat security (Paul et al., 2022). These findings have significant implications for sustainability literature as they highlight the unsustainability of soybeans imports. Focusing on the local production of soybeans makes the findings of this study immensely relevant in the context of sustainable agriculture. Moreover, the focus of the study on a country like China where pork consumption is at its all-time high, makes it relevant to the contemporary context. Another important implication of this study is its focus on the potential of the LSTM model to provide accurate predictions. Moreover, the study has made use of PCA to categorize production zones based on their similar characteristics.

The practical implications of this study focus on how a crop-livestock integration can answer the concerns related to food security in China. This implication is supported by the existing literature (Sekaran et al., 2021; Battheu-Noirfalise et al., 2024). The study suggests that policymakers need to integrate these two zones where the consumption and production of pork are at high levels. Therefore, large-scale integration of soybeans and pig farms is suggested here. In addition, this integration has the potential to strengthen the agricultural resilience of the region (Devkota et al., 2022). These findings are relevant in other geographical regions where meat consumption is high. The “Ministry of Agriculture and Rural Affairs” can play a crucial role in proposing a development plan focused on encouraging crop-livestock integration in high-yield regions. However, this plan should also consider the environmental impact of soybean production into consideration.



Limitations and future research indications

Despite the comprehensive analysis provided by the study; several limitations exist in the study which highlights avenues for future research. Firstly, this study relies on specific datasets for training the models. It includes Random Forest LSTM (He et al., 2019) which has limited the generalizability of the findings to other regions or different scales of integration. Furthermore, the performance of the model in this study is highly dependent on the quality and completeness of the data, which may introduce biases if certain variables are under-represented or missing. The study also primarily focuses on the technical aspects of the integration without deeply considering the socio-economic or environmental influence. It can influence the feasibility and sustainability of the proposed zones of integration. For future research, it is recommended to incorporate a broader range of variables, including environmental and economic factors so that the robustness of the models can be enhanced. Furthermore, the application of frameworks to different geographic regions or scales could help in the validation and refinement of the model further. Integration of advanced AI techniques such as the Internet of Things (IoT) or remote sensing as suggested by Fuentes-Peñailillo et al. (2024) can also be helpful with the input of stakeholders. It can also provide a more holistic approach to the optimization of soybean pig-integration zones. In this way, it can be ensured that the solutions are practical and sustainable in real-world applications. The following table verifies the study’s objectives against the research conclusions to confirm that the study methods accomplished their intended goals.

[image: Table8]



Conclusion

Optimizing a balance between feed grain security and meat security would strengthen China’s overall food security. The localized production of soybeans can enhance sustainable agriculture. Based on a multi-algorithm approach, this study has drawn the following conclusions: (1) Ensuring a sustainable level of feed grain and meat production in regions with high consumption is crucial. (2) Large production volumes contribute to self-sufficiency in soybean production and help balance the demand and supply of feed grains. (3) The availability of extensive land resources enables the efficient integration of feed grain plantation and pig farming. The reliance of pork production on feed grains highlights the insufficiency of the domestic soybean supply, emphasizing the need to rebuild the link between crop cultivation and livestock farming. The findings suggest that integrating soybeans and pig farms in areas with high consumption, large production volumes, and sufficient land resources would help optimize the balance between feed grain cultivation and meat security in China.
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Appendix

Details about data collection are illustrated in the Table A1.



TABLE A1 Summary of the collected dataset.
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Pig diets often consist of soybeans and wheat.
Approximately 70-75% of global soybean production is used in animal feed.

Soybean cultivation in Brazil contributes to deforestation and significant greenhouse gas emissions.
Soybean meal has the highest greenhouse gas emissions among protein sources due to land-use changes.

Soybean isa costly but essential ingredient in pig diets, crucial for protein.

Increased soybean demand drives global land use changes and deforestation in South America, raising the carbon

footprint of feed.
Soybean cultivation negatively impacts tropical forest ecosystems.

Heavy reliance on imported soybean feed proteins is unsustainable.

Post-extraction soybean meal s vital for monogastic animals like pigs and poultry due to is high protein content.
Removing human-edible ingredients from pig and poultry diets could enhance the global food supply and reduce
environmental impact.

“The impact of antibiotic growth promoters (AGPs) on pig weight gain and feed conversion is variable; some studies

show positive effects while others do not.

‘The growth in the soybean trade has significantly increased pig production
Soybean meal is a key livestock feed component due to its high protein content, but its global reliance is a concern.

NGOS are concerned about soybean cultivations impact on ecosystems and small farmers, while the European

Parliament s concerned about high soybean import costs.
Pig farms with over 50 slaughtered pigs are classified as scale farms; smallholder producers have low output.
Small-scale farms in China often have poor infrastructure and inefficient space ilization.

Small-scale farms are more vulnerable to animal-borne discases, complicating outbreak control.
“Traditional backyard farming consumes significant natural resources.

Large-scale pig farming is seen s a way to improve productivity and farmer income.

Large-scale farms often integrate grain production with livestock, planting, and renewable energy.
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