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A potentially suitable alternative to reduce land use by livestock production is insect meat production. However, land use predictions for insect meat production, which are important in the planning of food production strategies in each country, have not been well-performed. To consider the strategy of insect meat production with regard to land use, the categorical perspectives of countries would be highly useful. Here, using previous simulation results, we used random forest machine learning to classify the potential land use of 157 countries for insect meat production under future climate change. From the categorical maps, we showed the global distribution of five different country categories and found that the land area of the countries may be an important factor in considering the future increase in insect meat production. Our classification could be used to help formulate future food policies by considering the increase in insect meat production in each country, as well as regionally and/or globally.
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INTRODUCTION

Livestock provide almost 25% of all dietary protein and 15% of dietary energy; consequently, livestock production has significant environmental impacts (1, 2). Despite improvements in crop yields and livestock production efficiency, the global cropland area is expanding, increasing by 464 Mha between 1961 and 2011 (3), with almost a third of the harvested crops used for livestock feed (1). Therefore, increasing of livestock production would induce land use, including cropland area, and impact on the sustainable land use (1).

In recent decades, land use change has accounted for 10–12% of total anthropogenic CO2 emissions (4). A combination of land use change and other emissions has increased the percentage of agriculture-related global anthropogenic greenhouse gas (GHG) emissions to between 17 and 32% (4). Thus, the increase in demand for agricultural products, especially livestock products (e.g., meat, milk, and eggs), could significantly alter GHG emissions (5). Furthermore, increasing the availability of agricultural land provides options for climate change mitigation measures such as afforestation and bioenergy (6).

Entomophagy has long been considered as an alternative or additional source of animal protein. More than 1,900 species of insects have been reported to be used for food, and insects constitute a part of the traditional diet of at least two billion people (7). Despite historical references to the use of insects as food, it is only recently that entomophagy has begun to receive global attention and emerged as a new trend in food science (1, 2, 8–10). Numerous edible insects have traditionally been collected from forest habitats, but innovations in systems for the mass rearing of insect larvae have been introduced and are already in use (11, 12). Insect farms are currently in the development stage and are beginning to create a completely unique agricultural sector. Entomophagy potentially provides redundancy and diversity in the food system, along with higher production rates (13–15).

The environmental benefits of rearing insects for food and feed are attributed to the high feed conversion efficiency of insects. Crickets, for example, require only 1.7 kg of feed per kilogram of body weight (16). Insects have been reported to produce fewer GHG emissions and less ammonia than cattle and pigs, which can significantly reduce the land and water use of livestock production (13, 14). In addition, insects can be reared in organic side streams (including human and animal waste), which can potentially increase profitability (17). Thus, entomophagy positively contributes to the sustainability of human society, land use, and the environment. In particular, given the COVID-19 pandemic in 2020, entomophagy potentially has several merits for food security and human society, considering its environmental benefits and minimal risk of zoonotic disease transmission (10).

The environmental benefits of entomophagy are attributed to its higher feed conversion efficiency and lower land use requirements for the production weight, protein, and energy than conventional livestock (7). Therefore, entomophagy contributes positively to the sustainability of human society and land use (13, 15). To reduce land use by livestock production, insect meat production is potentially a suitable alternative. However, land use predictions for insect meat production, which are important in the planning of food production strategies in each country, have not been well-performed. Mulia and Doi (15) examined the land use effectiveness of insects as food in combination with the use of other conventional meats under different climate change scenarios [Special Report on Emissions Scenarios (SRES)]. This study was an initial step to considering the land use for insect production; however, it only showed the land use simulation of each country in 2100.

To consider land use strategies for insect meat production, the categorical perspectives among countries would be useful for policymaking and future studies. In this study, we focused on the global category of land use for insect meat production under different climate change scenarios. Here, using the results of our random forest machine learning simulation, we performed a new analysis and classification among countries with regard to land use for insect meat production and consider future strategies for insect meat production. We classified the countries in globe for discussing the land use issue on future livestock production with increasing of insect meat production ratio.



SUMMARY OF LAND USE SIMULATION

In this study, we used the simulation results from Mulia and Doi (15). In brief, they developed a simulation model using the calorie demand model by Bodirsky et al. (18) to calculate future world calorie demand and livestock percentage. The model assumes that the total calorie demand increases with the economic growth of the countries. For low-income countries, the proportion of animal-based calories is estimated to rise with income, while for high-income countries, it is expected to decrease with an increase in income due to high-income groups becoming more health-conscious (19). In the simulation, all combinations of the livestock production ratios (beef, pork, lamb, poultry, fish, and insects) were simulated. Then, the land use requirement for total energy demand and livestock share data from the calorie demand model was used to calculate the livestock energy demand globally or of a given area or country. According to Eitelberg et al. (20), the current global cropland area is 1,550 Mha and future expansion may range from 1,552 to 5,131 Mha; the current value was used for the simulation as the assumed global land use limit. The simulation evaluated the land use demand for future livestock production in each country (157 countries) from 2010 to 2100. Here, we used the simulation data of land use demand to categorize the countries.

In accordance with Mulia and Doi (15), we used two scenarios of livestock production ratios: (1) current livestock ratio with almost 0% insect meat production and (2) an increase in insect meat to 10% of total caloric demand as the typical pattern of the simulation by Mulia and Doi (15). The livestock productions in the simulation were beef, pork, lamb, poultry, fish, as well as insects. We simulated land use for production of enough livestock meat to sustain the human society as per the predicted energy demand in four different SRES scenarios from 2020 to 2100. The simulation was performed for each SRES scenario with A1 (economic, global issue), A2 (economic, regional issue), B1 (environment, global issue), and B2 (environment, regional issue) (Table 1); thus, we used the combined land use predictions of A1, A2, B1, and B2 for the following classifications. We analyzed the future land use in 2100 in each country.


Table 1. General assumptions of Special Report on Emissions Scenarios (SRES).
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CLASSIFICATION METHODS

All statistical and graphical analyses were performed using R ver. 4.0.3 (2020) (21). We employed random forest to classify the countries using the above simulation data in the randomForest function in “randomForest” ver. 4.6.14 package. We preliminarily performed several models with different numbers of trees, but did not find significant differences, and determined the most appropriate number of trees to be 1,000. Using the random forest classification, we determined the cutting categories using Ward's method regarding the hclust function in R. We created the graphics using “ggplot2” ver. 3.3.3. We used map data from “maps” ver. 3.3.0 free license package.



CLASSIFICATION RESULTS AND DISCUSSION

Our classifications showed a globally variable pattern in the category (Figures 1, 2). In the figures, we should note the land use demand for livestock with increasing category numbers. For the current livestock ratio scenario (scenario 1, almost 0% insect meat production), countries were mainly placed in the same category, including developed and developing countries (Figure 1). This probably means that the current livestock ratio is distributed without regarding the economy and locations, especially in category 1 (Figure 1).
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FIGURE 1. Global map for random-forest classification of land use demand with (1) the current livestock ratio in 2070–2100. Categories 1–5 represent the classification groups with generally increasing land use demand under the various Special Report on Emissions Scenarios (SRES).
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FIGURE 2. The global map for random-forest classification by land use demand with (2) increased insect meat to 10% in 2070–2100. Categories 1–5 represent the classification groups with generally increasing land use demand under the various Special Report on Emissions Scenarios (SRES).


For the scenario in which insect meat production was increased to 10% (scenario 2, increase in insect meat to 10% of total caloric demand), many large-area countries, such as Russia, China, the USA, and India, as well as the continents Europe and Africa, were also included in category 5 (Figure 2). The categories can be considered to represent the importance of increasing insect meat production among countries. In large-area countries, we expected that it may not be necessary to increase insect meat production because the land area is not limited, from the simulation, while in small countries, increasing insect meat production is necessary to consider the land use proportion in each country. Therefore, we expected that, especially in small-area countries, increasing insect meat production may play an important role in land use issues under future climate change scenarios.

In summary, from the categorical maps, we found that the land area of the countries may be an important factor in considering the increase in insect meat production in the future. Land use is a critical issue in food security (1, 3, 22) as well as environmental issues (13, 14, 22). Therefore, mapping with a clear classification would be useful for future studies and policymaking. In this study, we performed the random forest machine learning technique to categorize the future predictions of 157 countries, which could be applied to create categorical maps of other food security and economic issues.



CONCLUSION REMARKS

Our classification can be used as a reference for future food policies at the country, regional, and/or global levels. We believe that these maps can be used to determine whether sufficient food supplies can be obtained from available livestock land or from insect production. However, it may be difficult to predict future livestock energy demands and the complex structures of food supply and policymaking. In addition, for policymaking, we should consider the demerit of insect production, such as invasive species escaping from insect-rearing factories (23). In the present study, we only focused on the country-level phenomena; however, future studies are required on certain localized factors for each region, such as ecosystem protection and conservation with different priorities and conditions, to develop local scale mapping of the land use demand for future livestock by considering the potential increase in insect production.
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