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Abstract

:

Future dietary changes will increase the global demand for agricultural resources per person. Food production requires several resources which are interrelated: land, water, nutrients and energy. Other studies have calculated the per capita requirements of only one resource (nitrogen or land). In this paper, we combine several parameters (diets, production systems and nitrogen-land trade-off) in one analysis in order to provide a more integrated assessment of the impacts of the use of agricultural resources for food. We estimated the trade-off between the per capita use of synthetic nitrogen fertilizer and crop land. With our methodology, we are able to identify separately the impacts of the type of diet and of the type of production system. We use national level data of five countries as examples of global extremes: from extensive to highly intensive systems, and from very basic diets to very affluent diets. The present differences in diets and production systems result in large differences in the per capita use of resources which ranges from 3 to 30 kg of nitrogen fertilizer use per person, and from 1800 to 4500 m2 of arable land use per person. As the results show, in 2050, the average per capita availability of crop land will not be enough to produce food for affluent diets with present production systems. Our results are useful to assess future requirements of nitrogen fertilizer for the limited land available on the planet.
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1. Introduction


In the coming decades, more food will be needed due to global population growth and dietary changes in line with affluent consumption patterns [1,2]. Currently, the largest share of food is produced in arable land which has the highest quality soils [3], and most of the global area suitable for arable land is already in use. The FAO projects that a future increase of food production will result mainly from increasing crop yields and not from agricultural expansion [3]. Alexandratos et al. [3] show that agricultural expansion has been slowing down in the last decades and it is expected to slow down further from 28% in the period of 1961–2007 to 10% in the period of 2007–2050. Crop yields on a global scale have doubled in the last 50 years in combination with a strong increase in artificial nitrogen fertilizer [4]. From the 60s to nowadays, the global use of artificial nitrogen fertilizer has increased 10 fold: from 11 Mtones to 120 Mtones [4]. Therefore, future increase of crop yields will come in combination with the increase of yield-related-inputs such as fertilizer use and irrigation, especially in developing countries [5,6].



The use of nitrogen fertilizer has had enormous consequences on the global nitrogen cycle [7,8,9,10,11]. Between 1950 and 2000, the nitrogen surplus on arable land has increased globally by a factor of 7 [8] causing major local environmental problems. However, differences exist throughout the world in which some regions experience strong local pollution (e.g., eutrophication in Eastern Asia) [12] due to nitrogen surpluses, and other regions are experiencing nitrogen scarcity causing soil depletion (e.g., in Africa) [13]. Future increase in crop yields would require an efficient use of nitrogen and land to minimize potential environmental problems.



Recently, several papers have been published about food production and its use of resources [14,15]. A special type of research are footprint studies based on measuring the use of resources per person [16,17,18,19,20,21,22]. These studies calculate the amount of resources needed to produce one food item or the food that a person consumes in one year. These studies have shown the strong impact of type of diet on the use of agricultural resources. In general, diets with large consumption of animal products require more resources than vegetarian diets. This type of studies requires very detailed analysis since they determine the amount of resources for each individual food product. As a result, these studies are able to analyze a limited set of parameters: only one resource (land [17,18], water [16] or nitrogen [19,21]), only one country and, as a result, only one dietary pattern (affluent diets from developed countries [20,22]).



The production of food requires several inputs: land, water, nutrients, energy, labor and others. These inputs are related and their use results in trade-offs among each other. For instance, the use of fertilizer results in an increase of crop yield and, therefore, in a lower use of land: trade-off between land and nitrogen. The use of machinery reduces the use of human labor, but results in a higher energy use per kilogram of food produced: trade-off between energy and labor. In this paper, we are interested in analyzing these trade-offs in combination with the impact of dietary patterns and production systems. We focus on the trade-off between land and synthetic nitrogen fertilizer.



Earlier land use footprint studies have shown that the use of land per person strongly differs throughout the world [17,18]. In general, the increase of crop yields has decreased the use of land per person. However, in some regions, the changes to affluent consumption have overruled this pattern and has resulted in an increase in land use per person (e.g., Easter Asia [18], Philippines [17]). Further, Lassaletta et al. [23] studied the nitrogen related with food over a period of time (1960–2050). These studies have shown differences among countries where the use of nitrogen per person could differ by a factor larger than 2 [19,21].



Our main goal is to identify the global extremes in the use of land and nitrogen fertilizer per person. This will depend on the type of production system and on the type of diet. To illustrate the global differences, in relation with the production systems, we analyze, in one extreme, extensive systems with no (or very low) use of synthetic nitrogen fertilizer and low crop yields; and, in the other extreme, we analyze intensive systems with high use of nitrogen fertilizer and high crop yields. In relation to the type of diet: in one extreme, basic diets with low consumption of animal food products; and in the other extreme, affluent diets with large consumption of animal food products. Simplification was needed in the methodology to estimate the per capita use of land and nitrogen in order to identify the impact of all these parameters and the trade-off between nitrogen and land use. We chose five countries as examples to illustrate the global variations. France and the USA as examples of intensive systems and affluent consumption, Tanzania as an example of extensive systems and a basic diet, and the Philippines and Mexico as examples of the transition between the extremes of both production systems and food consumption. Furthermore, we analyze the individual impact of the type of diet and of the type of production system. To do this, we combine the data of production systems and diets among the five countries. We discuss the global variations and the drivers for the use of land and nitrogen fertilizer for food. Finally, we combine the different types of production systems and diets to assess the impact on land and nitrogen fertilizer use in terms of future dietary changes and changing production systems.




2. Materials and Methods


We follow a similar methodology to the footprint studies mentioned above to calculate the per capita use of nitrogen fertilizer and arable land. Food consumption data in kilograms of food per person per year are linked with agricultural production data, specifically nitrogen fertilizer use per ton of food and arable land per ton of food. The methodology is summarized in Equations (1)–(6).



We used national level data of crop yields from FAOSTAT [4], nitrogen fertilizer application rate per crop from FertiStat [24] and food supply per capita from the Food Balance Sheets of the FAO [4] of five countries: France, USA, Mexico, the Philippines and Tanzania. The selection of these countries was based on national data availability of crop’s production (both crop yield and Fertilizer’s application) and food supply; and on the type of production system (covering the range from extensive to intensive systems). FAOSTAT data of crop yield and food supply is widely available (for all countries, crops and food items, and years 1960–2003). However, data on fertilizer application per crop is more limited. Fertistat [24] gives data on fertilizer application for 94 countries in a certain year (from 1994 to 2004) and only for a limited number of crops (ranging from 4 crops to 20 crops per country). The criteria of selection of these five countries was based on the following. First, we chose at least one country illustrating an example of an intensive system, a transition system and an extensive system. Below, we describe the criterion to define these systems; second, Each country should have at least one crop representing each food category of the diet; third, the area for each crop reported by FertiStat [24] should be the same as the harvested area for each crop reported by the FAO [4]; in this way, we validate methodologically the combination of two different databases (see methodology below): crop yields data [4] with nitrogen application rate’s data [24]. In the Supplementary Material 1, we discuss this assumption.



To calculate the nitrogen and land use per person, we needed to simplify the production system and the diets to be able to analyze several parameters illustrating global differences: dietary differences, production systems differences, and trade-offs between land use and nitrogen fertilizer use. The simplification of the production systems includes: selection of one crop representing each food category (Table 1), all livestock animals are feed with feed and not by pasture land (The reason for this assumption is that the aim of this paper is to discuss the trade-off between synthetic nitrogen fertilizer and land use. We excluded the use of pasture land since most pasture in the world is not fertilized.), maize is considered as the only feed crop for all livestock (Supplementary Material 2), and all food items in the diet are grouped into seven food categories which are described below. The assumptions for the calculations are discussed in the Supplementary Material.



The criteria to determine the type of production systems is based on the nitrogen application rate which illustrates the range from extensive to intensive systems. We refer to High Input Systems (HIS) if the nitrogen application rates are high, Low Input Systems (LIS) if the nitrogen application rates are low, and Middle Input Systems (MIS) if the nitrogen application rates are between HIS and LIS. The value of each type of food category differs, and they are illustrated in Table 1. We use national average data of five countries representing these three types of production systems which illustrate the global extremes.



Due to the simplifications mentioned above and the exclusion of food imports, we do not calculate the use of resources for the five countries from which we used their production and consumption data. We use their country level data as examples to illustrate global differences in production systems and diets. To avoid this misinterpretation, when using their national data, we recall them based on their type of production system. France is deemed as a High Input System A (HIS A), USA as High Input System B (HIS B), Mexico as a Middle Input System A (MIS A), the Philippines as a Middle Input System B (MIS B), and Tanzania as a Low Input System (LIS).



The criteria of the type of diet is based on the consumption of staple food and affluent food. These diets illustrate the dietary patterns of the Nutrition Transition Theory [25]: from a very basic diet to a rich affluent diet. A Basic Diet is rich in staple food (cereals, roots and pulses) with a low amount of animal products; a Transition Diet includes larger consumption of animal products, sugars and vegetable oils, and an Affluent Diet includes high consumption of animal products and low consumption of staple food (see Section 3.2). In relation to this categorization, the food supply data of France and the USA are used to represent an affluent diet: Affluent Diet A (France), and Affluent Diet B (USA); Mexico and the Philippines a transition Diet: Transition Diet A (Mexico) and Transition Diet B (the Philippines), and Tanzania a Basic Diet.



In relation to the use of nitrogen, we focus on the use of synthetic nitrogen fertilizer and not on other sources of nitrogen found throughout the food chain. Other studies have calculated all sources of nitrogen related with food production and consumption [19,20,21]. In contrast, in this paper, we are interested in the trade-off between arable land use and synthetic nitrogen fertilizer; therefore, we only consider the use of synthetic nitrogen fertilizer for the production of the food. In relation to land, we focus on the use of arable land. In the rest of the paper, we refer to arable land as land.



For the consumption data, we used food supply data from the Food Balance Sheets [4]. The food supply is not the actual food consumption of the population since it includes food losses. For the aim of this paper, it is more relevant to discuss food supply instead of the actual diet because food losses also require nitrogen fertilizer and land to produce them. A more accurate source of diets is household level surveys. However, these surveys are only available on a national level, and do not include global data. However, Gerbens-Leenes et al. [26] (Figure 7) show a clear relationship between food supply data and household levels surveys. Throughout the paper, we refer to diets when discussing food supply data.



For the production data, we calculated the nitrogen fertilizer use per ton of food by combining nitrogen application rates (kg·N/ha) with crop yield data (ton/ha), see Equations (1) and (3); and the arable land per kilogram of food with the inverse of the crop yield, see Equations (2) and (4). We used crop yield data from the FAO Statistics [4]; however, they do not provide data on nitrogen application which in general is local data that is not widely available on a global scale. The FertiStat Database [24] has national average data for some countries and some crops in a certain year.



We used the FertiStat data [24] on nitrogen application rates and linked it with the crop yield given by FAO Statistics [4]. To validate this assumption of combining two different databases, we compare our calculations with some studies that provide crop field scale data on both nitrogen application and crop yield, see Supplementary Material 1.



For some crops, only a share of the harvested area of the country is fertilized, and FertiStat indicates this percentage (see Supplementary Material 1). Since we link this application rate with the national crop yield given by FAO Statistics, we multiply the application rate by the share of the area, resulting in a weighted nitrogen application rate. For instance, the nitrogen application rate of maize production in Tanzania in 1997 was 80 kg·N/ha, but only 10% of the harvested area was fertilized. So, the value of nitrogen rate that we used is 8 kg·N/ha (80 kg·N/ha × 10%). This assumption is validated in Supplementary Material 1 in which we show that our calculations are in the same order of magnitude as crop field studies with accurate nitrogen application rates data.



We linked agricultural production data with consumption data for the average diet of each country in 2009 [4], see Equations (5) and (6). The diet consists of several food items and each one is produced in different systems. Simplification of the diet is needed to identify the factors driving the use of nitrogen fertilizer and land. Therefore, we used data on the 14 main food categories given by the Food Balance Sheets [4] to represent the diet of each country. The data is discussed in Section 3.2. The food categories are: cereals, roots, sugars, pulses, vegetable oils, vegetables, fruits, alcoholic beverages, milk, eggs, beef, pork, mutton meat and poultry meat. We are able to combine these because the food items included in each food category have similar agricultural production characteristics. For instance, cereals (wheat, rice and maize) in general require similar nitrogen application rates and obtain similar crop yields in comparison with roots (cassava, sweet potatoes and potatoes).



For the vegetable products, one food item and its crop equivalent was chosen to represent each food category. The crops and food items for each category and each country are indicated in Table 1. We choose the crop equivalent of each food category with the largest harvested area according to the FertiStat Database [24]. For instance, for Mexico, FertiStat gives data on maize, rice and wheat production. Maize has the largest harvested area so we chose maize to represent cereals. Sugars, vegetable oils and alcoholic beverages were converted into crop equivalents using conversion factors from Kastner and Nonhebel [17] (Table A1).



Equations to calculate nitrogen and land use per person:



Production data for vegetable products:


(kg·N/ha) a/(ton/ha) × Conversion factor b = kg·N/ton food



(1)






(1/(ton/ha) c) × Conversion Factor c × 10,000 = m2/ton food



(2)







Production data for animal product d:


(kg·N/ha) a/(ton/ha) × feed-food eff. factor = kg·N/ton food



(3)






(1/(ton/ha)) × feed-food eff. factor = m2/ton food



(4)







Combining production data (results of Equations (1)–(4)) and consumption data:


(kg·N/ton food) × (kg food/cap/year) × 1/1000 = (kg·N/cap/year)



(5)






(m2/ton food) × (kg food/cap/year)× 1/1000 = (m2/cap/year)



(6)







(NOTES: Units refer to: Nitrogen application: (kg N/ha): Crop yield: (ton/ha), Food supply: (kg food/cap/year). a For the crops which all the harvested area is not fertilized, the Nitrogen application rate is a weighted value from the one given by the FertiStat database [24]. See text for details; b The nitrogen application and crop yield values are for the feed crop of the livestock. See text for details; c The crop yield data was converted from tones into kilograms and hectares into m2; d The Conversion Factors are only used for sugars, vegetable oils and alcoholic beverages. See text for details.)



Equations (1) and (2) show the calculations to estimate the amount of nitrogen fertilizer use per amount of crop (kg·N/ton crop) and land use per amount of crop (m2/cap). Then, Equations (5) and (6) show the calculations combining production and consumption data to estimate the amount of nitrogen and land use per food category of the diet. We do this for each food category of the vegetable food products in the diet.



Equations (3) and (4) show the calculations used to estimate the nitrogen use for the animal food products. We used a similar methodology to Elferink et al. [27] who calculated the land requirements for different meat products. We calculated the nitrogen fertilizer and land use separately for beef, pig meat, poultry meat, mutton meat, milk and eggs; and we excluded fish and animal fats. The nitrogen and land use for each of these animal food products is the indirect use for the feed crop. First, we calculated the nitrogen fertilizer and land use per ton for the feed crop using Equations (1) and (2). We assumed that all animal products in the five production systems are produced with the same feed crop: maize, which is the feed crop most widely used globally [4]. Supplementary Material 2 discusses the assumption of considering only one type of feed crop. The amount of meat, milk or eggs produced with this feed depends on the feed-food efficiency factor (see Table 2). The feed-food efficiency factor is the ratio of kilogram of feed crop needed to produce a kilogram of meat, milk or eggs. We assumed the same feed-food efficiency factors for all countries (kg dry mass feed/kg output). We used the values for the global average and industrial system given by Mekonnen and Hoekstra [28], see Table 2. This is a simplified assumption since feed efficiencies vary a lot among regions and production systems; but this simplification is necessary to avoid adding extra variables to the calculation in order to only focus on the impact of the type of production system in relation to nitrogen fertilizer application rate.



Finally, we aggregated the nitrogen and land use values for all food categories of the diet to estimate the total nitrogen fertilizers and land use per person. These results are discussed in Section 3.3. Then, in Section 3.4, we calculated individually the impact of diets and production system on the per capita use of nitrogen fertilizer and land. To do this, we selected one diet of each type and we assumed that this diet was produced in all five of the production systems analyzed in Section 3.3. Figure 2a of Section 3.4 shows the affluent diet B produced in all five systems, Figure 2b shows the transition diet A produced in all five systems, and Figure 2c shows the basic diet produced in all five systems. With this figure, it is possible to identify the individual impact of diets and production systems.




3. Results


3.1. Production Systems: Nitrogen Fertilizer and Land Use Per Kilogram of Food


Table 1 shows the production systems’ factors for each food category and country: nitrogen fertilizer application rate in kg·N/ha and crop yield in ton/ha. These factors differ among the systems and also among the food categories.



In general, the High Input Systems (HIS) have both the largest values of nitrogen application rates (amount of nitrogen fertilizer applied in the crop field (kg·N/ha)) and crop yields (amount of crop produced (ton/ha)), the Low Input System (LIS) has the lowest, and the Middle Input Systems (MIS) have intermediate values. Though, the nitrogen fertilizer per amount of crop produced (column 5 of Table 1) does not follow this pattern (column 5 of Table 1). The largest rate of nitrogen application does not necessarily result in largest nitrogen fertilizer use per kilogram of crop. For instance, the maize production in the MIS A shows a smaller nitrogen application rate as does the crop yield to wheat production in the HIS A. However, the nitrogen fertilizer per amount of maize produced in MIS A is more than two times larger than the wheat production in the HIS A. This may be attributed to the relationship between nitrogen application and crop yield. With only 30% higher nitrogen application, the crop yield obtained in HIS A is more than 3 times higher than in MIS A. Sunflower seed, barley and maize production showed similar trends among these types of systems. Note that the application rate of potatoes, beans and vegetables differs among the highly intensive systems (between HIS A and HIS B). The application rate for beans is almost three times larger for HIS A than that for HIS B; for potatoes, it is more than five times larger for HIS B than for HIS A; and for vegetables it is more than three times larger for HIS B than for HIS A. This shows that within one type of production system (e.g., intensive system), differences exist in the production factors. For this reason, we use two systems to include these variations.



The production systems of the LIS show much lower nitrogen use per kilogram of food due to the very low nitrogen application rates. In addition, the land use per kilogram of food is generally much larger due to the low crop yields obtained. So, a clear trade-off is shown between nitrogen and land use per kilogram of food produced.



A pattern can be recognized in the values of nitrogen and land use per kilogram of crop among the food categories. Vegetables, fruits, potatoes and sugars have the lowest values. These categories show one order of magnitude lower values of nitrogen and land use per kilogram of crop produced than pulses and cereals. Though, note that for sugars the nitrogen and land use increases 10-fold in the conversion of the crop equivalent (sugar cane or sugar beet) into its food category (sugar), which is the food item consumed in the diet. The production of oil crops for vegetable oil production shows large variation among countries due to large differences in nitrogen application and crop yield. Note that the crops chosen to represent this food category also vary widely: from soybean, which is a legume that generally does not require a large amount of nitrogen application, to coconuts, cotton and sunflower.



The nitrogen fertilizer and land use per kilogram of food for the animal products (Table 2), especially for the meat products, is much higher than that for the vegetable products. The differences among animal food products are related with the feed-food efficiency factor. Beef is the product with the largest feed-food efficiency factor and it requires the largest amount of both nitrogen and land use per kilogram of food, followed by mutton and goat meat, pork, poultry, eggs and milk.



The differences among the countries in Table 2 are related with the feed values shown in Table 1. LIS uses the largest amount of land and the lowest amount of nitrogen fertilizer per kilogram of food due to the low nitrogen application and low crop yield of maize. The nitrogen application of the High Input Systems (HIS A & HIS B) is much higher than that of the Middle Input Systems (MIS A & MIS B), the former obtaining much higher crop yields than the latter. As a result, the nitrogen and land use per kilogram of maize in the High Input Systems is lower than in the Middle Input Systems. This shows, once again, that larger nitrogen application rates do not necessarily result in larger nitrogen use per kilogram of food depending on the crop yield obtained.




3.2. Food Consumption Patterns


The nitrogen fertilizer and land use per person depends not only on the production system (Table 1 and Table 2) but also on the amount of food consumed (Table 3). Table 3 shows large variation among diets. A person with a Basic Diet consumes a larger amount of staple foods such as roots and pulses than the rest of the systems. Also, a person with an Affluent Diet consumes a larger amount of luxurious food products such as sugars, vegetable oils, vegetables and animal products.



The consumption of the animal products is particularly relevant for the nitrogen fertilizer and land use per person due to the larger requirement of resources than the vegetable products as shown in Table 1 and Table 2. The Affluent Diet B involves the largest consumption of animal products in kg/cap/year followed by Affluent Diet A, Transition Diet A, Transition Diet B and Basic Diet. The composition of the food categories in the diet is different. In general, the consumption of milk is the largest among the animal products for all systems, except for Transition Diet B, followed by beef, chicken and pork, then eggs, and the consumption of mutton meat is the lowest. The importance of beef, chicken and pork in the diet differs among the systems (see Table 3). For instance, for Affluent Diet A pork consumption is larger than chicken, and, for Affluent Diet B, chicken consumption is larger than pork.




3.3. Trade-Off between Nitrogen Fertilizer and Land Use Per Person


The combination of the production data (Table 1 and Table 2) and the consumption data (Table 3) with Equations (5) and (6) gives the nitrogen fertilizer and land use per person. The results are presented in Figure 1 for five scenarios: the HIS A with an Affluent Diet A, the HIS B with an Affluent Diet B, the MIS A with a Transition Diet A, the MIS B with a Transition Diet B, and the LIS with a Basic Diet. Large differences exist among the five scenarios due to the differences in both production and consumption data discussed above. The order of the systems, left to right of x axis in Figure 1, is in accordance with the type of diet, from affluent to staple, and in accordance with the production system, from large to low amounts of nitrogen application. Though, for the nitrogen application, this trend is not followed by all the food categories and, in some cases, a system on the right side of Figure 1 might have larger rates of nitrogen application than a system which is on the left side of Figure 1.



HIS B is the scenario with the largest nitrogen fertilizer use per person followed by HIS A and MIS A, then MIS B, and LIS has much lower nitrogen fertilizer use per person than the rest of the scenarios. As mentioned before, due to the relationship between nitrogen application and crop yields [29], a trade-off between nitrogen fertilizer and land use is expected in which large nitrogen fertilizer use results in low land use. However, the trade-off between nitrogen fertilizer and land use per person does not follow the same trend. LIS is the system with the largest land use per person followed by MIS A, HIS B, MIS B and HIS A. So, some systems use both large land and nitrogen fertilizer. HIS B has both larger nitrogen fertilizer and land use per person than HIS A, and MIS A show the same relation in comparison with MIS B.



The composition of the nitrogen fertilizer and land use per person is different among the systems. For the High Input Systems, the animal food products account for the largest share of the nitrogen fertilizer and land use per person. The reasons are both the large consumption of animal food products and the low nitrogen fertilizer use per kilogram of food of the vegetable products. In contrast, for the Low Input System, the staple food accounts for the largest share of the land use per person. The reasons are the large consumption and the low crop yields of these food products.




3.4. Role of Type of Production System and Diet in Nitrogen and Land Use


Figure 1 shows large differences in nitrogen fertilizer and land use per person due to production systems and diets. In this section, we discuss how individually the production system and the diet contribute to the nitrogen fertilizer and land use per person (Figure 2).



Figure 2 shows the use of nitrogen fertilizer and land per person for the three diets, each one produced the five production systems analyzed in Figure 2. The differences among Figure 2a–c show the impact of the diets (with a constant production system), and the differences within each graph (left to right) show the impact of the production systems (with a constant diet).



The differences in diets can result in as much as four times more nitrogen fertilizer and land use per person, comparing the affluent and the staple diets. The staple diet, low in animal products, requires less nitrogen fertilizer than the affluent diet rich in animal products. Also, the composition of the use of resources is different. For the affluent diet, animal products account for 75% (produced in MIS A) to 90% (produced in MIS B) of the nitrogen fertilizer use per person. For the staple diet, animal products account for only 40% (produced in HIS B) to 60% (produced in MIS B).



The differences in agricultural production systems can also result in large differences in the use of nitrogen fertilizer and land. For example, look at Figure 2a. MIS A uses four times more nitrogen fertilizer per person than LIS, and LIS uses seven times more land per person than HIS A.



The order of the systems in Figure 2 (left to right) is related to the use of land: from low to high land use per person. This allows us to identify the trade-off between nitrogen fertilizer and land use due to the production systems since the diet is constant in contrast with Figure 1. Figure 2 shows that the trade-off is not linear: the nitrogen fertilizer use per person does not follow an opposite trend than the land use (higher to lower values). The Middle Input Systems use both larger nitrogen fertilizer and land use per person than the High Input Systems. The reason is the values of the nitrogen fertilizer use per kilogram of food of the different food categories (Table 1) which were calculated with the nitrogen fertilizer application and the crop yield. As mentioned before, even though the High Input Systems have higher nitrogen fertilizer application rates, the nitrogen fertilizer per amount of food produced is lower than the ones for the Middle Input Systems because of the high crop yields of the High Input Systems in comparison with the Middle Input Systems.



The most striking result of this analysis is the large variations that can result from the type of diet and the type of production system used in the per capita use of nitrogen fertilizer and land. An affluent diet produced in the LIS uses 24 times more land than a staple diet produced in the HIS. Furthermore, the affluent diet produced in HIS A uses nine times more nitrogen fertilizer than the staple diet produced in LIS. Changes in diets from a staple to an affluent diet generally result in a stronger increase in use of both land and nitrogen (vertical differences in Figure 2). However, the type of production system can strongly change the use of resources and the ratio between nitrogen fertilizer and land use (horizontal differences of Figure 2).





4. Discussion


4.1. Future Implications


The suitable global land for food production is already in use. With future population growth, the available land per person for food production will be greatly reduced. In 2050, the global availability of arable land per person will decrease to less than 2000 m2 per person [3] (Figure 4.3). In addition, a large share of global population is expected to change their diets to a more affluent consumption requiring more resources per person. The transition countries are expected to experience major changes in diets which include Mexico and the Philippines which were studied in this paper but also China and India which are countries with low land availability per person [30] and large populations which together account for 35% of global population [31]. With our results (Figure 2), we can estimate the nitrogen fertilizer needed per person with the available land depending on the type of diet. For an affluent diet, it is only possible to produce food with an intensive system such as HIS A or B (Figure 2a) and 30 kg/cap/year is needed. In contrast, for a basic diet it is possible to produce food using a less intensive system such as MIS A or B (Figure 2c) and “only” around 10 kg·N/cap/year is needed. Tilman et al. [32] forecast two scenarios for global nitrogen fertilizer use in 2050, the first following the trends of the past decades and the second involving a more sustainable intensification of agriculture. Using their predictions, the global average use of nitrogen fertilizer per capita for both scenarios will be 26 kg·N/cap and 24 kg·N/cap, respectively (assuming population growth with medium fertility rate [31]). Figure 2 shows that with this amount of nitrogen and less than 2000 m2, it is not possible to produce the food needed for an affluent diet with any of the five selected production systems used in this paper. It is possible to produce the food required for a transition diet but only using intensive systems such as HIS A and B because the other systems require more than 4000 m2/cap. This implies the following: For 2050, it is not possible to produce food with current production systems if all people follow an affluent dietary pattern. If, globally, diets change to that of a transition consumption pattern, then it is only possible to produce the food needed using intensive production systems. This would imply strong intensification and a higher increase in nitrogen fertilizer use than present estimates [32]. Our results deviate from these estimates by including several parameters which are interrelated: dietary changes, production systems and the trade-off between nitrogen fertilizer and land.




4.2. Our Results within the Broader Literature


In this paper, we have quantified the global variations on the use of nitrogen fertilizer and land per person depending on the type of production system and diet followed. To do this, we used examples of production and diets which illustrate global extremes. This represented a methodological challenge due to the complexity of the food systems so simplification was needed which was described in the methodology. However, we obtain a more integrated analysis of the impact of resource use for food.



Other studies in the literature [16,17,18,19,20,21,22] have calculated regional use of resources similar to what we did in Figure 1, but with a more accurate methodology used to calculate the regional use of resources per person. We do not attempt to do this, but we aim to show the global variations in the impact of the type of diet and the type of production system on the use of nitrogen fertilizer and land per person and, most importantly, the trade-off. Our results show similar orders of magnitude to the footprint studies which we discuss below [16,17,18,19,20,21,22].



The studies on nitrogen footprint calculate not only the use of nitrogen fertilizer but also other sources of nitrogen related with consumption patterns. The main sources of nitrogen related with food production are synthetic nitrogen fertilizer, manure, nitrogen fixation and nitrogen deposition [33]. Including all sources of nitrogen in one analysis is relevant to discuss change in the global nitrogen cycle, and soil and water pollution resulting from agricultural systems. Leach et al. [19] calculated the nitrogen footprint for the USA and the Netherlands, but only for affluent food patterns and intensive systems. They show that nitrogen use for food production is between 20 and 24 kg/cap/year (similar to our results). Pierer et al. [20] also calculate the nitrogen footprint for affluent patterns and production systems (for Austria, the USA, the Netherlands and the UK) resulting in similar values: 16–25 kg·N/cap/year. Other studies show the nitrogen footprint of food using the Nitrogen Calculator (a website designed for consumers to calculate their N footprint: www.n-print.org). The values for Mexico range from 20 to 50 kg·N/cap/year [19] and for Tanzania it is 14 kg·N/cap/year [21]. These comparisons show that our results are in the same order of magnitude as the present literature, and the differences are due to our simplifications and the fact that we only considered the use of synthetic nitrogen fertilizer in order to discuss the trade-off between the use of nitrogen fertilizer and land.



In relation to land, Kastner et al. [18] calculate the land requirements for all sub-continents covering all types of dietary patterns. They show that for affluent diets and intensive production systems (North America and Western Europe), the requirements of land range from 2000 to 2500 m2/cap/year; and for basic diets and extensive systems (Eastern Africa and Southeast Asia), they range from 1500 to 2000 m2/cap/year. So, for these results, the type of diet does not have a large impact on the use of land. However, in these cases, the use of inputs such as fertilizers overrules the impact of type of diet. The small differences in the use of land in relation to the type of diet are due to the intensity of the production system: the “low” land use for an affluent diet (North America and Western Europe) is due to the large use of crop yield related inputs such as nitrogen fertilizer, and the “large” use of land use for the basic diet (Eastern Africa and Southeast Asia) is due to the low use of crop yield related inputs. We have shown that the use of nitrogen fertilizer per person could be 6–10 times higher with an intensive system for an affluent diet than an extensive system for a basic diet. Furthermore, Peters et al. [34] show the impact of the type of diet on the agricultural land use per person produced using management systems in the United States. They show that plant-based diets require around three times more cropland than diets rich in animal products, similar to our results in Figure 2.



Thus, our results, in comparison with the existing studies on nitrogen footprint and land use requirements, present a more integrated analysis of the impact of diets and production systems by including two essential agricultural inputs which require a strong trade-off between them: nitrogen fertilizer and land. In addition, with our approach, it is possible to identify separately the impact of the type of diet and of the type of production system on the per capita use of nitrogen and land (Figure 2).



This paper has shown the importance of addressing the trade-off between the use of agricultural resources and the impact of the type of diet and production system. Other studies have shown the trade-off between the use of human labor and machinery for intensive and extensive systems, and for affluent and basic diets [35]. Further studies should estimate the trade-off between other important yield-related inputs such as water and land use.




4.3. The Role of Food Imports


In this paper, we have not included the role of food imports in the calculation of land and nitrogen use per person. It was necessary to exclude food imports in the calculations in order to analyze only one type of production system: the production system of the country itself. In this way, it was possible to identify the impact of each production system on the land and nitrogen use per person and their trade-off. Otherwise, the production data would have been a combination of two production systems: the production system of the country which is analyzed, and the production system of the country where the food imports were produced. These production systems generally differ. For instance, the food imports of developing countries with extensive systems (such as LIS in our paper) are generally produced using highly intensive systems [36,37]; in contrast, the affluent food items such as coffee which are imported by developed countries are generally produced with extensive systems in developing countries [35].





5. Conclusions


The future challenges for global food supply include shortage of land, large use of nitrogen fertilizer affecting the global environment, and increase of food demand due to dietary changes and population growth. Earlier studies have analyzed the options for solving one of these problems due to the increase of food demand: shortage of land or the surplus of nitrogen in the environment. To ensure a sustainable future, we need to reduce all impacts. This represents a complex challenge since the use of these resources is interrelated and requires trade-offs among them. This study represents the first attempt to estimate in one analysis the impact of several parameters: type of diet, type of production system, land use per capita and nitrogen use per capita. We have discussed the impact of five scenarios which illustrate the global extremes of present diets and production systems. Our results show that nitrogen fertilizer use varies from 3 to 30 kg per person, and arable land use varies from 1800 to 4500 m2 per person. The nitrogen and land use trade-off depends on the relationship between the nitrogen application rate and the crop yield obtained. A clear trade-off was shown between the extremes of production systems: High intensity systems (low land use and high nitrogen use) and Low intensity systems (high land use and low nitrogen use). However, some transition systems demonstrate inefficient use of nitrogen and, as a result, some production systems require high use of both nitrogen fertilizer and land.



Our paper provides a more integrated assessment to design future sustainable solutions by estimating, for each scenario of diets and production systems, the trade-off between nitrogen fertilizer and land use. The solutions deviate from present studies because, with our approach, it is possible to identify pathways to reduce both land and nitrogen use. Future research is needed to include the trade-offs of other resources such as water use, pesticides and herbicides which should also be reduced to ensure a sustainable future.
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Figure 1. Nitrogen fertilizer and land use per person. Staple food includes the consumption of cereals, roots and pulses. Affluent vegetal includes sugars, vegetable oils, fruits and vegetables. Animal products include beef, pork, chicken, mutton meat, eggs and milk. Source of data: calculations from the authors, see text for details. The data of this figure is presented in the Supplementary Material 4. 
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Figure 2. Individual role of diets and production systems in the nitrogen fertilizer and land use per person: (a) Affluent Diet B, (b) Transition Diet A, (c) Basic diet. Source of data: calculations from the authors, see text for details. The data of this figure is presented in the Supplementary Material 4. 
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Table 1. Production systems data for the vegetable products and feed.
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Production System

	
Crop (Food Item)

	
N Application (kg·N/ha) 1

	
Crop Yield (ton Crop/ha) 2

	
kg·N/ton Crop 3

	
kg·N/ton Food 3

	
m2/ton Crop 3

	
m2/ton Food 3






	
Cereals

	

	

	

	

	

	

	




	
HIS A

	
Wheat (wheat)

	
80

	
7

	
11

	
11

	
1405

	
1405




	
HIS B

	
Wheat (wheat)

	
63

	
3

	
22

	
22

	
3444

	
3444




	
MIS A

	
Maize (maize)

	
60

	
2

	
26

	
26

	
4268

	
4268




	
MIS B

	
Rice, paddy (rice)

	
43

	
3

	
14

	
18

	
3138

	
4048




	
LIS

	
Maize (maize)

	
8

	
1

	
7

	
7

	
8541

	
8541




	
Roots

	

	

	

	

	

	

	




	
HIS A

	
Potatoes (potatoes)

	
35

	
40

	
1

	
1

	
253

	
253




	
HIS B

	
Potatoes (potatoes)

	
209

	
38

	
5

	
5

	
260

	
260




	
MIS A

	
Potatoes (potatoes)

	
108

	
20

	
5

	
5

	
488

	
488




	
MIS B

	
Potato (potatoes)

	
68

	
12

	
5

	
5

	
806

	
806




	
LIS

	
Sweet potatoes (sweet potatoes)

	
1

	
2

	
0.3

	
0.3

	
5447

	
5447




	
Pulses

	

	

	

	

	

	

	




	
HIS A

	
Beans, dry (beans)

	
150

	
3.0

	
49

	
49

	
3283

	
3283




	
HIS B

	
Beans, dry (beans)

	
64

	
1.8

	
36

	
36

	
5625

	
5625




	
MIS A

	
Beans, dry (beans)

	
17

	
0.6

	
28

	
28

	
17,027

	
17,027




	
MIS B

	
Beans, dry (beans)

	
8

	
0.7

	
10

	
10

	
13,376

	
13,376




	
LIS

	
Pulses (pulses)

	
1

	
0.7

	
1

	
1

	
14,531

	
14,531




	
Sugar & Sweeteners

	

	

	

	

	

	




	
HIS A

	
Sugar beet (sugar)

	
145

	
76

	
1.9

	
10

	
132

	
702




	
HIS B

	
Sugar beet (sugar)

	
120

	
50

	
2.4

	
13

	
199

	
1061




	
MIS A

	
Sugar cane (sugar)

	
90

	
78

	
1.2

	
14

	
129

	
1603




	
MIS B

	
Sugar cane (sugar)

	
68

	
70

	
1.0

	
12

	
143

	
1782




	
LIS

	
Sugar cane (sugar)

	
1

	
87

	
0

	
0

	
116

	
1436




	
Vegetable Oils

	

	

	

	

	

	




	
HIS A

	
Sunflower seed (sunflower oil)

	
130

	
2.5

	
52

	
148

	
3974

	
11,407




	
HIS B

	
Soybeans (soybean oil)

	
21

	
2.6

	
8

	
21

	
3821

	
10,088




	
MIS A

	
Sunflower seed (sunflower oil)

	
60

	
0.8

	
79

	
227

	
13,154

	
37,753




	
MIS B

	
Coconuts (coconut oil)

	
6

	
4.2

	
1

	
7

	
2395

	
11,497




	
LIS

	
Seed cotton (cotton oil)

	
9

	
0.5

	
19

	
67

	
21,299

	
74,334




	
Vegetables

	

	

	

	

	

	

	




	
HIS A

	
Vegetables (vegetables)

	
45

	
23

	
2

	
2

	
440

	
440




	
HIS B

	
Vegetables (vegetables)

	
171

	
26

	
7

	
7

	
390

	
390




	
MIS A

	
Vegetables (vegetables)

	
42

	
16

	
3

	
3

	
634

	
634




	
MIS B

	
Vegetables (vegetables)

	
0.025

	
8

	
0

	
0

	
1179

	
1179




	
LIS

	
Vegetables (vegetables)

	
10

	
6

	
2

	
2

	
1540

	
1540




	
Fruits

	

	

	

	

	

	

	




	
HIS A

	
Fruits (fruits)

	
50

	
11

	
5

	
5

	
915

	
915




	
HIS B

	
Fruits (fruits)

	
93.5

	
24

	
4

	
4

	
413

	
413




	
MIS A

	
Fruits (fruits)

	
40

	
11

	
4

	
4

	
882

	
882




	
MIS B

	
Fruits (fruits)

	
38

	
11

	
3

	
3

	
886

	
886




	
LIS

	
Fruits (fruits)

	
1

	
3

	
0.3

	
0.3

	
3224

	
3224




	
Alcoholic Beverages

	

	

	

	

	

	




	
HIS A

	
Barley (beer)

	
120

	
6

	
19

	
3

	
1580

	
237




	
HIS B

	
Barley (beer)

	
60

	
3

	
19

	
3

	
3095

	
464




	
MIS A

	
Barley (beer)

	
32

	
2

	
21

	
3

	
6513

	
977




	
MIS B

	
Rice, paddy (beer)

	
43

	
3

	
14

	
2

	
3138

	
549




	
LIS

	
Barley (beer)

	
1

	
2

	
1

	
0

	
6000

	
1080




	
Feed

	

	

	

	

	

	

	




	
HIS A

	
Maize

	
170

	
9

	
19

	

	
1102

	




	
HIS B

	
Maize

	
150

	
8

	
18

	

	
1185

	




	
MIS A

	
Maize

	
60

	
2

	
26

	

	
4268

	




	
MIS B

	
maize

	
46

	
2

	
25

	

	
5495

	




	
LIS

	
maize

	
8

	
1

	
7

	

	
8541

	








Names of systems and the countries of their data sources: High Input System A (HIS A): France, High Input System B (HIS B): USA, Middle Input System A (MIS A): Mexico, Middle Input System B (MIS B): Philippines, Low Input System (LIS): Tanzania. Note: For sugars, vegetable oils and alcoholic beverages, the food item is different than the crop. See column 2. In these cases, the kg·N/ton of food and m2/ton of food is different than the kg·N/ton crop and m2/ton crop. Furthermore, no data of kg·N/ton food and m2/ton food is given to feed since it is converted into animal food products. See Table 2. Data sources: 1 FertiStat Database [24]; 2 FAO Statistics [4]; 3 calculations from the authors from Equations (1) and (2), see the methodology section for details.
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Table 2. Production data for the animal food products.
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Production System

	
kg·N/ton Food 1

	
m2/ton Food 1

	

	
kg·N/ton Food 1

	
m2/ton Food 1

	
Feed-Food Efficiency Factors in kg Feed/kg Weight Carcass or Milk and Eggs 2






	
Beef

	

	

	
Poultry

	

	

	
Beef

	
19.0




	
HIS A

	
356

	
20,932

	
HIS A

	
52

	
3085

	
Mutton meat

	
13.3




	
HIS B

	
338

	
22,517

	
HIS B

	
50

	
3318

	
Pork

	
3.9




	
MIS A

	
487

	
81,096

	
MIS A

	
72

	
11,951

	
Poultry Meat

	
2.8




	
MIS B

	
484

	
104,407

	
MIS B

	
71

	
15,386

	
Milk

	
1.1




	
LIS

	
130

	
162,282

	
LIS

	
19

	
23,915

	
Eggs

	
2.3




	
Mutton & goat meat

	

	

	
Milk

	

	

	

	




	
HIS A

	
249

	
14,653

	
HIS A

	
21

	
1212

	

	




	
HIS B

	
236

	
15,762

	
HIS B

	
20

	
1304

	

	




	
MIS A

	
341

	
56,767

	
MIS A

	
28

	
4695

	

	




	
MIS B

	
339

	
73,085

	
MIS B

	
28

	
6045

	

	




	
LIS

	
91

	
113,598

	
LIS

	
8

	
9395

	

	




	
Pork

	

	

	
Eggs

	

	

	

	




	
HIS A

	
73

	
4297

	
HIS A

	
43

	
2534

	

	




	
HIS B

	
69

	
4622

	
HIS B

	
41

	
2726

	

	




	
MIS A

	
100

	
16,646

	
MIS A

	
59

	
9817

	

	




	
MIS B

	
99

	
21,431

	
MIS B

	
59

	
12,639

	

	




	
LIS

	
27

	
33,311

	
LIS

	
16

	
19,645

	

	








Names of systems and the countries of their data sources: High Input System A (HIS A): France, High Input System B (HIS B): USA, Middle Input System A (MIS A): Mexico, Middle Input System B (MIS B): Philippines, Low Input System (LIS): Tanzania. Data sources: 1 Calculations from the authors from Equations (3) and (4), see text for details; 2 Mekonnen and Hoekstra [28] (Appendix 1).
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Table 3. Food consumption data for each system.
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kg/Cap/Year

	
Affluent Diet A

	
Affluent Diet B

	
Transition Diet A

	
Transition Diet B

	
Basic Diet






	
cereals

	
120

	
108

	
162

	
154

	
105




	
roots

	
53

	
57

	
16

	
31

	
162




	
pulses

	
2

	
5

	
12

	
2

	
20




	
sugars

	
41

	
64

	
52

	
23

	
10




	
vegetable oils

	
22

	
28

	
10

	
5

	
7




	
vegetables

	
93

	
123

	
57

	
62

	
34




	
fruits

	
115

	
111

	
109

	
122

	
77




	
alcohol

	
87

	
98

	
61

	
15

	
63




	
beef

	
26

	
40

	
17

	
4

	
7




	
mutton meat

	
3

	
1

	
1

	
1

	
1




	
pork

	
31

	
30

	
15

	
18

	
0




	
chicken

	
22

	
49

	
30

	
10

	
1




	
milk

	
247

	
256

	
113

	
13

	
38




	
eggs

	
14

	
14

	
18

	
4

	
1








Names of systems and the countries of their data sources: Affluent Diet A: France, Affluent Diet B: USA, Transition Diet A: Mexico, Transition Diet B: Philippines, Basic Diet: Tanzania. Source of data: Food Supply data of 2009 from the Food Balance Sheets [4].
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