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Given the agricultural demand to supply animals with food, the scope of today's soybean production and international trade can influence the nitrogen cycle. Rather than using soybeans from within the region of animal production, animal producers import nutritional supplements from distant growers. This widely opens the biogeochemical cycle of nitrogen, which reduces local recycling and increases carriage of reactive nitrogen via the supply chain. Ultimately, this potentiates the effects of a "nitrogen cascade" process. This study estimates nitrogen flows for Brazilian soybean transported to feed European livestock and attempts to quantify the understanding of how this flow can impact the nitrogen cascade effect. The hypothesis is that the growing trade of Brazilian soybean products is sufficient to spike reactive nitrogen production that can potentially cause distant environmental impacts of the nitrogen cascade. In this respect, the estimation of the nitrogen flows was evaluated using material flow analysis, and the cascade effect was quantified by means of a nitrogen cascade indicator (NCI). Notably, NCI can calculate the released amount of nitrogen in the environment along the entire supply chain of livestock products. NCIbased evaluation of Brazilian soybean products consumed by European livestock indicated the accumulation of nitro-gen levels. There was also an increase in nitrogen flows in the Brazilian phase (0.058 Gg in 2007 to 139.86 Gg in 2019 for soybean meal; 584.28 Gg in 2007 to 309.78 Gg in 2019 for soybeans) accompanying a stability in European livestock production. This highlights the necessity for adjustments in nitrogen circularity between all levels of food production and improved strategies of more localised feed autonomy for sustainable global development.

Introduction

The global nitrogen cycle has a major correlation with agri-culture [START_REF] Billen | A biochemical view of the global agro-food system: nitrogen flows associated with protein production, consumption and trade[END_REF][START_REF] Erisman | Setting ambitious goals for agriculture to meet environmental targets[END_REF]. Augmented nitro-gen flows generate surplus production, which is relevant to societal development [START_REF] Mazoyer | The politics of flexing soybeans: China, Brazil and global agroindustrial restructuring[END_REF], and this increased production concomitantly generates the release of higher reactive nitrogen (all nitrogenous compounds, except atmospheric N 2 , are N r ) to the biosphere [START_REF] Erisman | Setting ambitious goals for agriculture to meet environmental targets[END_REF][START_REF] Galloway | The human creation and use of reactive nitrogen: a global and regional perspective[END_REF]). In the biosphere, however, the release of more N r has mainly influenced the quality of air and water by the leaching and the denitrification of the nitrogenous compounds into the atmosphere [START_REF] Erisman | Setting ambitious goals for agriculture to meet environmental targets[END_REF][START_REF] Galloway | The human creation and use of reactive nitrogen: a global and regional perspective[END_REF].

Recently, expanded networks for transportation of agri-cultural products have brought a major change to global agri-cultural systems [START_REF] Sutton | Just enough nitrogen: Summary and synthesis of outcomes[END_REF][START_REF] Sutton | The nitrogen decade: mobilizing global action on nitrogen to 2030 and beyond[END_REF]. The increase in foreign trade has simultaneously impacted land use and the emission of greenhouse gas (GHG) and N r [START_REF] Lassaletta | Food and feed trade as a driver in the global nitrogen cycle: 50-year trends[END_REF]. The upgrades in the supply system have supported livestock and agricultural growth with more economically available materials, e.g. chemical fertilisers (especially), machinery and animal feed [START_REF] Galloway | Reactive nitrogen: too much of a good thing?[END_REF][START_REF] Mazoyer | The politics of flexing soybeans: China, Brazil and global agroindustrial restructuring[END_REF]. Consequently, regions where livestock and/or agriculture are specialised and concentrated have undergone the effects of physical distancing from major resources [START_REF] Erisman | Consequences of human modification of the global nitro-gen cycle[END_REF][START_REF] Uwizeye | Nitrogen emissions along global livestock supply chains[END_REF]. The main consequence of distancing is the degraded recycling of nutrients [START_REF] Galloway | Transformations of the nitrogen cycle: recent trends, ques-tions, and potential solutions[END_REF]) that have, in turn, increased demand for extra N r at each phase of the production chain. As stated, the use of additional N r can increase nitrogen emission to the ecosystem, and this is termed the "nitrogen cascade effect" [START_REF] Galloway | Transformations of the nitrogen cycle: recent trends, ques-tions, and potential solutions[END_REF][START_REF] Lassaletta | Food and feed trade as a driver in the global nitrogen cycle: 50-year trends[END_REF][START_REF] Rezende | Cascade effect of nitrogen on Brazilian soybean produc-tion chain[END_REF]). The cascade effect permits nitrogen mobility, which then transforms and accumulates it locally, regionally and globally; this can potentially damage the bio-sphere [START_REF] Galloway | The global nitrogen cycle: changes and conse-quences[END_REF][START_REF] Erisman | Setting ambitious goals for agriculture to meet environmental targets[END_REF]. The accumulation and overproduction of N r have led to the combination of nitrogen and phosphorus becoming a planetary boundary that surpasses the level of uncertainty, which influences life on the planet (Rockström et al. 2009). The cascade effect can be exacerbated through agriculture activities, as in the case of soybean production, which is a global crop and a major source of protein and nitrogen for livestock. Furthermore, soybean is a leguminous plant that naturally fixes atmos-pheric nitrogen via symbiosis with the bacteria present in plant roots.

Soybean is an important crop in many countries around the world, especially for enhancing the nutrition of livestock feed. In 2019, Brazil and the USA supplied 64% of Europe's soybean demand (FAO 2021), and in the last few decades, Brazil has expanded soybean production and exports [START_REF] Lima | Demys-tifying sustainable soy in Brazil[END_REF]. This increase was based on the reported land use changes and deforestation of the Cerrado and Amazon biomes [START_REF] Lima | Demys-tifying sustainable soy in Brazil[END_REF][START_REF] Rausch | Soy expansion in Brazil's Cerrado[END_REF]. This produc-tive expansion reached a major level that has caused a short-age in the logistical structures of transport [START_REF] Souza Junior | Environmental impacts caused by soybean losses dur-ing logistics[END_REF]. In Brazil, soybean is stored in warehouses of limited capacity and transported by trucks that are often not well maintained over roads that are sometimes substandard [START_REF] Souza Junior | Environmental impacts caused by soybean losses dur-ing logistics[END_REF][START_REF] Barbosa | Pre-haversting, harvesting, and transport of soybean to Brazilian ports: bioeconomic losses[END_REF]). These lessregulated supply chain elements cause a major loss in soy-bean products that is estimated to be about 1 million tonnes per year [START_REF] Pera | Perdas logıśticas de soja e milho no Brasil: contribuiçoẽs para o fortalecimento do agronegoćio. Anais do XII SEMEAD -Seminários em Administração[END_REF]. In addition, the envi-ronmental loss (where the environmental annual impact is calculated as the sum of food provisioning and other eco-nomic services, multiplied by the land use changes) of about US$ 120 billion in 2008 mainly arose from the transaction of soybean products for Europe [START_REF] Boerema | Soybean trade: balancing environmental and socio-economic impacts of an intercontinental market[END_REF]. It has been confirmed that the agro-industrial benefits of such soybean shipments are generally obtained at the expense of environmental damage which compromises the future quality of life [START_REF] Boerema | Soybean trade: balancing environmental and socio-economic impacts of an intercontinental market[END_REF]. Furthermore, mod-elling has demonstrated that to be able to feed the human population and reduce the environmental impact, a systemic change in food supply and demand is needed. As examples, this could be accomplished by considering changes in diet, waste reduction and circularity between production systems [START_REF] Billen | Two contrasted future scenarios for the French agro-food system[END_REF][START_REF] Billen | Reshaping the European agro-food system and closing its nitrogen cycle: the potential of combining dietary change, agroecology, and circularity[END_REF][START_REF] Duru | Sceńarios de sys-tems alimentaires à l'horizon 2050 au niveau europeén et fran-çais: quells ećlairages pour les politiques publiques?[END_REF][START_REF] Van Selm | Circularity in animal production requires a change in the EAT-Lancet diet in Europe[END_REF]. Moreover, the Russia/Ukraine conflict is another factor that can amplify this discussion; these countries are major suppliers of agricultural products to Europe and sev-eral other countries, including Brazil [START_REF] Ettiene | Crise agricole et crise alimentaire: une alternative est possible[END_REF]FAO 2022).

Hypothetically, the trade of Brazilian soybeans and soy-bean meal is an important part of the planet's ecosystem processes and can potentiate the nitrogen cascade effect on the environment. This study quantified the nitrogen flow in Brazilian soybean products used by European livestock within a period of 12 years (2007 to 2019).

Material and methods

The methods and materials' analysis presumed that the nitro-gen inputs subtracted from the outputs and stock variation would be equal to zero [START_REF] Billen | A biochemical view of the global agro-food system: nitrogen flows associated with protein production, consumption and trade[END_REF][START_REF] Gameiro | Nitrogen, phosphorus and potassium accounts in the Brazilian livestock agro-industrial sys-tem[END_REF]. Complete details regarding nitrogen flows are given in online resource 1. For Brazilian soybean products, the system boundaries and nitrogen flows followed [START_REF] Rezende | Cascade effect of nitrogen on Brazilian soybean produc-tion chain[END_REF]. This study considered the data (Eurostat and FAOSTAT) from swine, cattle and chicken herds from 28 countries in the European Union (European Commission 2021; FAO 2021).

The Brazilian soybean production chain was allocated into (i) the soybean crops, indicating soybean cultivation, including a subsequent crop of corn, called "safrinha" (meaning the "small season harvest"), (ii) the cereal ware-house, showing soybean stock and trade and (iii) the oil industry, where soybean is crushed to obtain oil and sub-product meal. The environmental factors that we consid-ered were nitrogen emissions from deforestation and land use change, biological nitrogen fixation and atmospheric deposition. European consumption of Brazilian soybean and soybean meal was divided into (i) soy oil processing that produces soybean meal, (ii) soybean meal to European feed industry, (iii) soybean meal commercialised as a main ingre-dient in livestock feed on the European market and (iv) the livestock sector, such as beef and dairy cattle, broilers and laying hens and swine (sows, piglets, growing pigs and fat-tening pigs). All the flows are described in online resource 1.

The amount of soybean meal available on the customer market (the amount of soybean meal sold within the Euro-pean Union as animal feed, excluding industrialisation and exportation) was estimated based on the following equation:

SBcm = SBtotal -(SBindustry + SBexport) (1)
Milk production and milk average protein details were obtained from the Eurostat database (raw cow's milk). To convert milk protein into nitrogen, a correction factor of 6.38, proposed by the FAO (2018), was used. The data source for beef production was FAOSTAT, and the nitrogen content was computed by considering 26% crude protein, while the nitrogen conversion factor was 6.25 (FAO 2018). Swine production data reflecting 27% crude protein were also obtained from FAOSTAT, and the correction factor for conversion to nitrogen was 6.25 (FAO 2018). Egg produc-tion considered whole eggs with shells (eggs, hens, in shell, number) from the FAOSTAT database, and the nitrogen con-tent considered was 1.03 g -1 egg as described by the FAO (2018). The data for chicken meat were also obtained from FAOSTAT as 27% crude protein, also with a correction fac-tor for nitrogen of 6.25 (FAO 2018). In all conversions of the crude protein to nitrogen content, Eq. ( 2) was considered by adjusting the conversion factors for each product of animal origin, as recommended by the FAO (2018).

To estimate the manure produced by the livestock sector considered in this model, first, the effective number of heads was obtained for the following herds: (i) laying hens, (ii) broiler chickens, (iii) bovine herds (including all categories), (iv) dairy cows, (v) sows, (vi) piglets, (vii) growing pigs and (viii) fattening pigs. The average excretion from animal production followed the model described by [START_REF] Billen | A biochemical view of the global agro-food system: nitrogen flows associated with protein production, consumption and trade[END_REF], where the headcount numbers of different species and categories were multiplied by the per capita excretion factors described by Le Noë et al. (2017b). Of this waste, 30% was deducted as storage loss and animal waste manage-ment [START_REF] Billen | A biochemical view of the global agro-food system: nitrogen flows associated with protein production, consumption and trade[END_REF]. The remainder were considered in this model as waste available for crop production.

In Eq. ( 1), "SBcm" indicates soybean meal consumption in the European market; "SBtotal" shows total soybean meal production; "SBindustory" depicts soybean meal consump-tion as livestock feed in the European Union and "SBexport" shows exportation of soybean meal by the European Union.

Additionally, prior to estimating the total amount of soybean meal by the livestock sector, the data that show consumption of soybean meal by the animal feed industry were added to the utilisation data of soybean meal by the consumer market in the European Union. This dataset was converted into the nitrogen amount, considering soybean meal with a crude protein of 46% (Eq. ( 2)).

CP N = 6.25 (2)
In Eq. ( 2), "N" indicates nitrogen content; "CP" dem-onstrates crude protein in the feed and the value of "6.25" reveals the nitrogen correction factor for protein (FAO 2018).

Due to a lack of information regarding soybean meal con-sumption by different livestock production systems, the esti-mated consumption of vegetable protein was used accord-ing to [START_REF] Billen | A biochemical view of the global agro-food system: nitrogen flows associated with protein production, consumption and trade[END_REF]. In this approximation, vegetable protein consumed by species was considered the sum of the produced manure and the production of beef, dairy, eggs, chicken and pork meat. Nitrogen content and the production data of animal by-products, e.g. leather, viscera, blood and bones, were not considered, which follows [START_REF] Billen | A biochemical view of the global agro-food system: nitrogen flows associated with protein production, consumption and trade[END_REF] and [START_REF] Lassaletta | Food and feed trade as a driver in the global nitrogen cycle: 50-year trends[END_REF]. In Eq. ( 4), NCI is a nitrogen cascade indicator, where "N1" represents the loss of nitrogen in manure (30%) dur-ing management, storage and application before manure reaches cropland. We did not consider animal manure as a loss, as it is used to fertilise crops, and finally, we did not consider nitrogen losses after spreading (either for volatilisation or leaching). "N2" reveals loss in Brazil-ian soybean meal by considering flows in the emission 0.713Ef lh+0.314Ef br+113Ef dc+82.5Ef bc+12.36Ef fp+3.83Ef gp1000
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(3) of gases due to deforestation, land use change and loss in harvest, storage and logistics. "N3" is the nitrogen present in livestock products, for example beef, dairy, eggs, pork and chicken meat.

In the hypothesis, the loss of nitrogen in the produc-tion chain of Brazilian soybean products is a crucial basis for Nr emission. In this respect, by developing a sce-nario that aimed at agriculture, the storage and logistical losses would be equal to zero from 2007 to 2019. Thus, it assumed no loss caused by the transportation and harvest of Brazilian soybeans, and therefore, NCI was recalculated to compare the expected results.

Results

Nitrogen flow in Brazilian soybean and soybean meal to Europe

Brazil is an important supplier of soybean products to Europe. In 2007, 584.28 gigagrams (Gg) of nitrogen was imported through soybeans, when compared to a reduced amount of 309.78 Gg in 2019 (-47%). As a major sup-plier, Brazil has shown a reduction in soybean exportation to Europe in the range from 59 to 31% between 2007 and 2019. Part of this decrease can be attributed to the increase in grain production by Europe, as well as other participating coun-tries, such as the USA, that supplies soybeans. In addition, it seems that there is an incentive to import products with higher added value. Conversely, soybean meal importation has increased. In 2007, nitrogen importation through Bra-zilian soybean meal was almost nothing: 0.0058 Gg; how-ever, in 2019, this value had increased to 139.86 Gg. This indicates that the Brazilian participation rate in European imports increased from 0 (2007) to 6.59% (2019).

Brazilian flow represents a large contribution of Nr in all production chains. In 2019, it was observed that Brazilian flows of soybeans destined for the foreign market realised a significant increase, although within the European system there was no considerable change in the nitrogen flow. Soy-bean importation and consumption of soybean meal by the animal feed industry remained the largest flows observed in the European phase. After processing, the production of soybean meal by Europe during the evaluated period remained relatively stable at around 920 Gg of nitrogen. The Brazilian share in producing soybean meal was 14% (2007) and 13% (2019), with a tendency for stability. This may be related to the fact that the continental demand for soybean meal is practically stable; however, no significant changes were seen in herd numbers within the studied time. Soybean meal production had considerable destinations: export, the animal feed industry and the domestic market. The 2000 Gg of nitrogen was destined for the animal feed industry.

The nitrogen balance in this stage revealed a positive stock variation, and this may be due to soybean meal stocks from 1 year to another. However, this was not allocated to nitrogen outputs because of the lack of consistency and official data on their quantity.

The outputs of soybean meal for processing and the domestic market have displayed soybean meal availability to livestock. In addition to the nitrogen flows via soybean meal, the protein flows of vegetable origin were more con-siderable factors in livestock, and although assessing a single diet for multiple animals and in a production system is challenging, the evaluation of the consumed vegetable protein led to the confirmation of more real flows. In this regard, the available data on EUROSTAT (animal feed protein balance report) were compared to those computed by the model presented in this study. The main aim was to determine a proportional correctness between vegetable protein and the soybeans consumed by European livestock. Consequently, a share of soybean meal for the total con-sumed vegetable protein was identified as 24 (2007) to 27% (2019). Similarly, the Brazilian share of total vegeta-ble protein that was consumed within a period of 12 years remained stable at 3% (Fig. 1).

Nitrogen flow from European livestock

To estimate nitrogen flow, the data of European livestock products, such as swine, cow's milk, chicken meat and beef, were converted into gigagrams (Gg) and calculated. 2019). The small-est contribution was computed to be 300 Gg for beef in the same duration (2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019). In line with the herd size, little variation was seen for animal headcounts. Thus, the broiler and laying hens showed a decrease in herd size between 2018 and 2019, but it is still large, followed by swine and cattle.

To analyse and quantify vegetable protein, we determined that about 9.6 million Gg of nitrogen from vegetable protein was consumed by European livestock in 2007. This amount considers the consumed protein in the diet from different origins of either forage or cereal supplements. In the same year (2007), manure production was 9 million Gg, of which 6 million Gg was destined for crops, and 3 million Gg were lost in handling and storage conditions. In 2019, however, the consumption of vegetable protein decreased to 9.1 mil-lion Gg. This indicates a slight decrement in manure pro-duction that possibly occurred due to increased livestock efficiency. The following nitro-gen flows were calculated: (i) the "soybean crop", which considered nitrogen inputs via atmospheric deposition, biological fixation and from the soil (corresponding to environmental box), and nitrogen corresponding to harvest losses and flows transferred to the subse-quent harvest ("Safrinha") with nitrogen outputs, "cereal warehouse", "national market" and "international market" in soybeans. (ii) "Cereal warehouse": at this stage, soybeans are stored and destined for the Brazilian vegetable oil industry or the international market. (iii) "Oil industry": the production of soybean meal with flows regarding logis-tic and industrial losses, and stock variation. For Europe, we consid-Due to limitations, nitrogen flows were not calculated for individual specimens in the livestock described in this research. It was cumbersome to identify a production sys-tem that could represent Europe and even a feed ration for producing animals. Moreover, the values of nitrogen excre-tion per animal did not change from 2007 to 2019. This may overestimate nitrogen excretions, as there are European programmes that increase the efficiency of the nitrogen con-sumed by livestock.

ered: (iv) "soy product imports" (soybean and soybean meal), which were the flows of soybean products from Brazil and from other coun-tries (international market box) that sell to Europe. (v) "Oil indus-try": the flows that were present the vegetable oil industry in Europe, considering imported and produced soybeans. (vi) "Feed industry": the soy products that were used to produce livestock feed. (vii) The box "European market" represents the flows of soy products traded in bulk. (viii) The box "livestock" represents the consumption of soybean meal by European livestock, considering the production of beef cattle, dairy cattle, swine, broilers and laying hens. (ix) The box "manure" represents manure production considering livestock factors for nitrogen excretion and losses (considering 30% loss during stor-age and management of manure). All flows are described in online resource 1

Nitrogen cascade indicators

The nitrogen cascade indicator (NCI) is used to measure nitrogen loss occurring in the production chain.

In this study, NCI was applied to track nitrogen loss that had occurred in Brazilian soybean products and in Europe through the management of animal manure. The NCI in this study was stable at 42.84% from 2007 to 2019. This means that the equivalent of 42.84% of the nitrogen contained in animal products has been lost to the environ-ment in the production chain and manure management. This demonstrates that NCI can also be tested in other activities relating to the calculation of environmental pres-sure in the production chain.

The NCI calculations for the production chain of Bra-zilian soybean to the European livestock revealed: (i) a soybean production of 0.524% in 2007 to 0.522% in 2019 [START_REF] Rezende | Cascade effect of nitrogen on Brazilian soybean produc-tion chain[END_REF]), (ii) the agro-industrial production of Brazilian soybean meal of 4.145% in 2007 to 5.216% in 2019 [START_REF] Rezende | Cascade effect of nitrogen on Brazilian soybean produc-tion chain[END_REF]) and similarly (iii) the European livestock was 42.84% over the entire period. The resultant increase suggests nitrogen accumulation in the environment, corresponding to 42.84% of the total nitrogen available in livestock products (meat, milk and eggs).

Moreover, NCI exhibited minute growth in the Brazil-ian soybean meal production chain in the same period and stability for the European livestock. This disclosed accumu-lated nitrogen in different ratios within the livestock chain. In absolute terms, nitrogen emitted to the environment and the inputs of N r in the evaluated systems were significantly improved. Notably, the vegetable protein consumed by livestock decreased along with the reduced manure disposal in the same duration, although the efficiency of the animals in that period probably increased but was limited to farm levels. Throughout the production chain regarding nitrogen emissions, no changes occurred in the NCI. This requires a readjustment in the livestock system to better integrate the flows within the nitrogen cycle and thus reduces the impacts of the activity on global ecosystems.

The scenario, which was without harvest and logistics losses, reduced nitrogen emissions in the evaluated pro-duction chain. The accumulated NCI was 41% in 2007 and 39% in 2019. In soybean production, the NCI estimated was 0.021% and 0.001%, respectively. In industrial processing, the NCI was 0.116% in 2007 and 0.132% in 2019.

Discussion

The environmental, economic and social crises that have intensified since 2008 showed that changes in the agricul-tural and food polices are necessary in Europe [START_REF] Marsden | Re-building food systems: embedding assemblages, infrastructures and reflexive govern-ance for food systems transformations in Europe[END_REF]. Currently, the dominant forms of agricultural and food governance, considered consolidated, are progres-sively losing their social acceptance [START_REF] Marsden | Re-building food systems: embedding assemblages, infrastructures and reflexive govern-ance for food systems transformations in Europe[END_REF]. The environmental effect that the food production chain gen-erates around the world has encouraged studies for quantify-ing impacts and proposing alternative production systems (Oita et al. 2016;[START_REF] Dumont | Review: Make ruminants green again -how can sustainable intensification and agroecology con-verge for a better future?[END_REF][START_REF] Van Der Linden | A review of European models to assess the sustainability performance of livestock production systems[END_REF][START_REF] Zhang | Quantifying nutrient budgets for sustainable nutrient man-agement[END_REF][START_REF] Van Selm | Circularity in animal production requires a change in the EAT-Lancet diet in Europe[END_REF]. In this sense, the analysis of nitrogen flow has gained prominent atten-tion in research and highlighted an urgent need for greater food autonomy on a global scale [START_REF] Billen | A vast range of opportunities for feeding the world in 2050: trade-off between diet, N contami-nation and international trade[END_REF][START_REF] Billen | Reshaping the European agro-food system and closing its nitrogen cycle: the potential of combining dietary change, agroecology, and circularity[END_REF][START_REF] Bonaudo | Analysing intensification, autonomy and efficiencies of livestock production through nitro-gen flows: a case study of an emblematic Amazonian territory[END_REF][START_REF] Duru | Sceńarios de sys-tems alimentaires à l'horizon 2050 au niveau europeén et fran-çais: quells ećlairages pour les politiques publiques?[END_REF].

Thus, Europe's dependence on soybean products has been considered with the use of varied temporal bounda-ries [START_REF] Lassaletta | Food and feed trade as a driver in the global nitrogen cycle: 50-year trends[END_REF][START_REF] Boerema | Soybean trade: balancing environmental and socio-economic impacts of an intercontinental market[END_REF][START_REF] Uwizeye | Nitrogen emissions along global livestock supply chains[END_REF]. [START_REF] Uwizeye | Nitrogen emissions along global livestock supply chains[END_REF] declared that 12% of GHG emissions from the international trade of livestock feed was from Brazilian soybeans. [START_REF] Lassaletta | Food and feed trade as a driver in the global nitrogen cycle: 50-year trends[END_REF] reported that 81% (in 2010) of the world soybean exports were produced in the USA, Brazil and Argentina. The trade between Brazil and Europe has been shown to have delete-rious environmental and socio-economic effects on capital investments and permanent losses in important ecosystem services [START_REF] Boerema | Soybean trade: balancing environmental and socio-economic impacts of an intercontinental market[END_REF]. Studies have shown the same results by suggesting that international trade has a mutualis-tic relationship with the increasing nitrogen impacts in production regions. These areas retain all environmental costs of traded products [START_REF] Gruber | An Earth-system perspective of the global nitrogen cycle[END_REF][START_REF] Burke | A global model tracking water, nitrogen, and land inputs and virtual transfers from industrialized meat production and trade[END_REF][START_REF] Lassaletta | Food and feed trade as a driver in the global nitrogen cycle: 50-year trends[END_REF][START_REF] Billen | A vast range of opportunities for feeding the world in 2050: trade-off between diet, N contami-nation and international trade[END_REF]Oita et al. 2016). Four nations are responsible for 47% N r emissions: China, India, the USA and Brazil, while 26% of total indus-trial and agricultural emissions are embodied in interna-tional trade (Oita et al. 2016). The increase in international trade of virtual nitrogen is a feature of intensive livestock production [START_REF] Billen | Reshaping the European agro-food system and closing its nitrogen cycle: the potential of combining dietary change, agroecology, and circularity[END_REF]). In the systems evaluated, local forage and grain production are inadequate to supply livestock feeding demand, which creates a dependence on long-distance feed imports (Le Noë et al. 2017a). The need for food autonomy throughout the entire production chain is an essential issue. The COVID-19 pandemic and the Russia/ Ukraine conflict have exacerbated this question (Ettienne et al. 2022;FAO 2022), and the pandemic further aggra-vated the economic crises that were already visible in several countries. This can be observed by rising inflation and a decrease in population purchasing capacity combined with a continual increase in food prices [START_REF] Beńé | Resilience of local food systems and links to food security -a review of some important concepts in the context of COVID-19 and other shocks[END_REF]. The Russia/ Ukraine conflict is one critical issue in the current situation. In fact, these countries are major producers, suppliers and great contributors of the stated products. Additionally, both countries are major exporters of many other products, such as fertilisers, petroleum (e.g. gas), and crops that include wheat, sunflower, rapeseed and corn (FAO 2022). Thus far, if such an area of conflict continues, it could further increase Europe's dependence on soybean and can strain product availability on the international market. In addition, ongo-ing or forecasted situations can further compromise all costs of the products on international, as well as on Brazilian, markets. Additionally, the COVID-19 pandemic has strongly overlapped the prices of many materials, including fertilisers that are mainly used for soybean production in Brazil (FAO 2022;[START_REF] Schnitkey | Weekly farm economics: should the Russian-Ukraine conflict impact 2022 acreage, crop insurance, and commodity title decisions in the midwest? Farmdoc daily[END_REF].

The results presented in this article identify Europe's dependence on Brazilian soybean and the proposed NCI that showed an accumulated N r in the 12-year supply chain. Higher nitrogen outflows to the environment are concen-trated in the Brazilian production chain, with the impact of harvest and logistic losses being significant on the envi-ronmental pressure of N r ; therefore, in applying a scenario without any loss in harvesting and logistics, the NCI showed an average reduction of 2.84% in the evaluated period. These results highlight the need for better governmental policies to improve soybean production in Brazil [START_REF] Filassi | Analyzing complexities in the Brazilian soybean supply chain: a systems thinking and modeling approach[END_REF]. Currently, the logistics, harvesting, storage and transporta-tion of Brazilian soybean is based on long distance routes to the international market (Oliveira and Scheneider 2016; Lopes 2021). Furthermore, Brazil is hindered by low quality highways, too little and inefficient railway services and long wait times at ports in the harvest season. All these factors contribute to increased losses in production and an upsurge in costs (Oliveira and Scheneider 2016; [START_REF] Filassi | Analyzing complexities in the Brazilian soybean supply chain: a systems thinking and modeling approach[END_REF][START_REF] Lopes | Logıśtica de escoamento dos produtos agropecuários no Brasil: estrangulamentos dos fluxos de exportaçaõ[END_REF]).

In addition to the observed losses due to logistics and har-vest, there are also emissions from deforestation and changes in land use present in all Brazilian biomes [START_REF] Lima | Demys-tifying sustainable soy in Brazil[END_REF][START_REF] Rausch | The low opportunity costs of the Amazon soy moratorium[END_REF]. Regardless of the reductions in deforestation observed in the Amazon biome (as a result of the measures in a soy moratorium), biomes such as the Cer-rado are vulnerable to Brazilian soybean expansion [START_REF] Rausch | Soy expansion in Brazil's Cerrado[END_REF][START_REF] Heilmayr | Brazil's Amazon Soy Moratiorium reduced deforestation[END_REF]. Undoubtedly, there is an increase in consumer awareness and pressure to decrease deforestation for soybean products, including from the Euro-pean market (Rajaõ et al. 2020).

Logistical factors notwithstanding, the results also high-light possibilities for readjustment in the flows to ensure greater nitrogen circularity within the entire production chain, or in other words, how the interconnected sectors can be enhanced for better nutrient recycling. This fact has also been addressed in several studies by evaluating the Euro-pean food production chain and proposing the following alternatives: (i) a change in human diet composition and an increase in the efficiency of the reuse of human waste, (ii) the promotion of more efficient agro-ecological practices and the reduction of the use of synthetic nitrogen fertilisers and (iii) the reconnection of livestock to crop production to ensure the reuse of animal manure for crop fertilisation [START_REF] Desmit | Reducing marine eutrophication may require a paradigmatic change[END_REF][START_REF] Billen | Chapter 25 -Opening to distant markets or local recon-nection of agro-food-system? Environmental Consequences at Regional and Global Scales[END_REF][START_REF] Garnier | Managing the Agri-Food System of watersheds to combat coastal eutrophication: a land-to-sea modelling approach to the French coastal English Channel[END_REF][START_REF] Billen | Reshaping the European agro-food system and closing its nitrogen cycle: the potential of combining dietary change, agroecology, and circularity[END_REF]). These possibilities, if adopted together, are achievable in Europe. It can favour nitrogen circularity in the production chain, which would consequently increase its nutrient use efficiency (NUE) and reduce Europe's depend-ence on protein sources for livestock. However, these studies have limited the growth of animal density on the continent, in addition to reducing the amount of protein consumed by humans. These aspects may have an impact on the applica-bility of the suggested model.

The present study demonstrated that the produced manure was low (in Gg of N), but livestock production increased and the consumed vegetable protein (in Gg of N) decreased, indicating a possibility in the growth efficiency of animals. This finding can be attributed to the constant decrease in livestock herd size across Europe (accumulated 8.9% in the study period). The increase in meat, milk and egg produc-tion observed during the respective period, combined with the lower number of livestock herds, can be attributed to enhanced welfare, livestock management, genetic improve-ment and monitoring of zootechnical indicators [START_REF] Liu | Global animal produc-tion and nitrogen and phosphorus flows[END_REF][START_REF] Quemada | Exploring nitrogen indicators of farm performance among farm types across several European case studies[END_REF][START_REF] Uwizeye | Nitrogen emissions along global livestock supply chains[END_REF].

In this study, the NCI proved to be an efficient indica-tor that can also be used to assess environmental pressure in production chains, as it measures emissions of the total nitrogen in the products. It can complement the NUE analy-sis by calculating potential loss. This allows for other stud-ies to investigate livestock's environmental impact, similarly shown by [START_REF] Quemada | Exploring nitrogen indicators of farm performance among farm types across several European case studies[END_REF]. The inclusion of external nitrogen losses at the farm level has a relevant influence on the efficiency of nutrient use, but this parameter is often not included in NUE analyses [START_REF] Quemada | Exploring nitrogen indicators of farm performance among farm types across several European case studies[END_REF]. The NCI together with NUE for assessing livestock production impacted at local or global levels should be accomplished in future studies.

As suggestions for further research, we emphasise the need for standardised borders and nitrogen balance methods in the international scientific literature. In addition, there is a need to develop official statistics on the consumption of animal feed, as well as diets and production systems that portray the reality of world animal production.

Conclusion

This study demonstrated the importance of Brazil as a sup-plier of vegetable protein for European livestock through the export of soybean products. Currently, Europe has a deficit in feed production and needs a foreign market source to supply its livestock production. This trade can potentiate the nitrogen cascade effect, as shown by the NCI indicator herein. The NCI showed a nitrogen accumulation of 42.84% in Brazilian soybean products intended to feed European livestock. In absolute terms, nitrogen emitted to the envi-ronment and the inputs of N r in the evaluated systems were significantly improved. The Brazilian phase is an important source for N r in this system. When the absence of logis-tics and harvest losses were applied, there was a reduction in NCI in all stages (production, industrial processing and livestock consumption), showing that improvements on Brazilian roads and ports can achieve improvements in the sustainability of soybean production. The results highlight the need for readjustment in the livestock system to better integrate the flows within the nitrogen cycle and thus reduce the impacts of the activity on global ecosystems. In addition, systemic approaches are necessary for a better understanding of nutrient use and its efficiency in food production systems.

Fig. 1

 1 Fig.1Nitrogen flows considering the Brazilian soybean production chain and the consumption of soybean meal in European livestock. In the figures, the colours represent the flow origin: green flows=prod-ucts, red flows = losses and pink flows = inputs. The following nitro-gen flows were calculated: (i) the "soybean crop", which considered nitrogen inputs via atmospheric deposition, biological fixation and from the soil (corresponding to environmental box), and nitrogen corresponding to harvest losses and flows transferred to the subse-quent harvest ("Safrinha") with nitrogen outputs, "cereal warehouse", "national market" and "international market" in soybeans. (ii) "Cereal warehouse": at this stage, soybeans are stored and destined for the Brazilian vegetable oil industry or the international market. (iii) "Oil industry": the production of soybean meal with flows regarding logis-tic and industrial losses, and stock variation. For Europe, we consid-

  The calculation represented the highest nitrogen flow of 984 Gg (2007) and 1035 Gg (2019) for swine. The second highest nitrogen flow was 719.77 Gg (2007) and 969.40 Gg (2019) for cow's milk. The chicken meat nitrogen flow was 384.27 Gg (2007) and 545.08 Gg (
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