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The predominant agro-industrial soybean production in Brazil has led to a significant socio-ecological crisis. Alternative agriculture has been increasingly marketed as a viable solution to the multifaceted challenges engendered by this intensive production system in the Atlantic Forest biome of Brazil and its related global value chains. Accurate evaluation of their true transformative impact on sustainable food system transitions is needed. We conducted a Life Cycle Assessment (LCA) of five different soybean production systems in the States of Minas Gerais and Paraná: conventional GM (genetically modified seeds), and four alternatives [(1) conventional GM inputs-reduced, (2) conventional non-GM, (3) conventional non-GM soybean–coffee intercropped, and (4) organic]. We collected life cycle inventory data through interviews and observations over a 2-year period and assessed environmental impacts on climate change, biodiversity loss, soil quality, acidification, eutrophication, ecotoxicity, human toxicity, particulate matter formation, and energy use. Results obtained showed significant variability in footprints of the studied systems, with alternatives scoring similar or higher impacts in climate change, acidification, eutrophication, and non-renewable energy use compared to conventional production systems. Organic and soybean–coffee intercropped productions had the lowest biodiversity loss, ecotoxicity, and soil quality impacts. Our sensitivity analysis indicated that a 10% reduction in fertilizers and diesel could decrease emissions by 0 to 14.4% across production systems, with most impact categories exhibiting impact reductions below 10%. Alternative productions faced challenges such as weed control, bioinput production, and efficiency, as well as contamination from conventional neighboring farms. Addressing these led to an increased use of diesel and biopesticides. From an LCA perspective, organic and non-GM production did not outperform conventional GM production. However, organic production, followed by soybean–coffee intercropping, achieved significantly higher on-farm agrobiodiversity scores. A diversification of soybean cropping systems and improved management of crop residues would effectively reduce inputs, favor closing nutrient loops locally, and avoid replicating the environmental impacts of intensive monocultures. However, the initial decrease in soybean production volumes might lead to additional land use elsewhere.
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Highlights


	• Alternative soybean production systems can have lower, similar, or higher environmental impacts compared to the conventional GM system.

	• The lowest GHG emissions per kg of soybean were obtained in the soybean–coffee intercropped system with 0.58 kg CO2e.

	• Organic production faces challenges with weeds, bio-inputs, and contamination from neighboring conventional farms.

	• Reducing environmental impact requires not only minimizing inputs but also intercropping.

	• Different functional units and agroecological metrics are needed for a comprehensive sustainability assessment.





1 Introduction

Brazilian agricultural production is among the most expansive and the fastest transforming in history (Søndergaard et al., 2023). Brazil stands as the world’s leading producer of soybean (Glycine max (L) Merr.), as the crop has emerged as a key commodity in global agribusiness, significantly contributing to the country’s gross domestic product (USDA, 2024; CONAB, 2025; FAOSTAT, 2025). In 2025, the country produced a record of 171 million tons of soybean, on a record area of 47 million hectares, and exported an unprecedented 107 million tons (63% of total production), worth over $53 billion, of which 73% headed to China (CONAB, 2025; CEPEA/ESALQ, 2025). In 2024, increases of around 2.5% were projected in both area planted and total production, driven mainly by the steady increase in global demand for feed proteins (Weis, 2013; Escher and Wilkinson, 2019) to record values (Trase, 2023; IBGE, 2024).

Brazil officially authorized genetically modified (GM) crops in 2003, and by 2023, over 95% of its soybeans were grown conventionally1 with GM seeds (de Almeida et al., 2017; Embrapa, 2023; Proterra, 2024). This predominant production pathway is input-intensive, especially in terms of mineral fertilizers, pesticides, and diesel. Over 80% of mineral fertilizers used in Brazil are imported, primarily from Russia, Canada, China, and Morocco (ANDA, 2024). Moreover, Brazil accounts for over 20% of global pesticide use, of which more than half is applied to soybeans (Bombardi, 2017; de Almeida et al., 2017).

Soybean expansion has spanned all Brazilian biomes (Bustamante et al., 2023) and continues to spread (Bombardi, 2017; Song et al., 2021; IBGE, 2024; CONAB, 2025). This growth follows the productive model of the industrial grain–oilseed–livestock complex and reflects a food regime dominated by a corporate hegemony and capitalism (Weis, 2013; Escher and Wilkinson, 2019). The expansion and intensification of agriculture is the root cause of the global ecological crisis (Campbell et al., 2017; Rasmussen et al., 2018; Song et al., 2021), such as deforestation, land use change, greenhouse gasses (GHGs) emissions, biodiversity loss, seed genetic erosion, soil compaction, acidification, eutrophication, water and air pollutions, and human health effects (da Silva et al., 2015; Fehlenberg et al., 2017; Balmford et al., 2018; Escobar et al., 2020; Garofalo et al., 2022), as well as social injustices (Søndergaard et al., 2023; Maluf et al., 2023). Humanity has already transgressed six out of the nine planetary boundaries, and the share of agriculture to environmental impacts is large, amounting to 25% of GHGs, 80% of land system change, 80% of loss of biodiversity integrity, and over 85% of biogeochemical flows of nitrogen and phosphorus, causing acidification and eutrophication (Campbell et al., 2017; Richardson et al., 2023).

There is an urgency to transition to sustainability in food systems and adopt imperative post-growth paradigms of regeneration rather than intensive extraction (McGreevy et al., 2022; Søndergaard et al., 2023). Recently, scientists have increasingly called for converging to more sustainability in soybean production and related food systems (Muller et al., 2017; Poore and Nemecek, 2018; Sun et al., 2020; McGreevy et al., 2022; Maluf et al., 2023; Søndergaard et al., 2023). Increasing attention has been paid to the environmental footprints of agricultural production systems as indicators of environmental performance (Campbell et al., 2017; Rajão et al., 2020; Sun et al., 2020; Song et al., 2021; McGreevy et al., 2022; Søndergaard et al., 2023). Alternative production systems have been expanding and increasingly marketed as “sustainable” solutions to the multifaceted challenges engendered by the intensive production system (Tricase et al., 2018; Costantini and Bacenetti, 2021; Durham and Mizik, 2021; Kremsa, 2021). As these alternative production systems co-exist with the conventional system in the dynamic interplay with markets and unbalanced power relations among the many local and global value chain stakeholders (Maluf et al., 2023), there is therefore a need for a comprehensive understanding of the performance and actual transformative contribution of different soybean production systems to environmental sustainability.

Our two studied regions, located in the states of Minas Gerais and Paraná, are part of the Atlantic Forest biome, which is the Brazilian biome very deforested, with the lowest percentage of native forests left, and where soybean is still driving deforestation, though to a small extent compared to other biomes (Trase, 2023; IBGE, 2024; USDA, 2024). The biome is also a harbor of a rich biodiversity with over 20,000 plant species, of which around 6,000 are endemic, 850 birds, 370 amphibians, 200 reptiles, and 270 mammal species (Fundação SOS Mata Atlântica, 2023). Traditionally known for coffee production, the south of Minas Gerais state has been recently one of the regions with the highest rates of soybean expansion, while the west of Paraná is in the second largest soybean producer state of Brazil, with a history of over three decades of soybean production and with a continuous expansion of the area planted with soybeans (Fundação SOS Mata Atlântica, 2023; CONAB, 2025). Differently organized soybean production systems and related value chains have been emerging in these regions, with different degrees of innovative alternative systems, such as organic and conventional non-GM soybean production, and varying levels of input reduction or substitution (Conte et al., 2019; Kremsa, 2021; IDR-Paraná, 2025).

Life Cycle Assessment (LCA) has been widely adopted to compare production systems and the environmental performance of agricultural products (Naudin et al., 2014; Clark and Tilman, 2017; Acosta-Alba et al., 2019; Nemecek et al., 2019; van der Werf et al., 2020; Hashemi et al., 2024). The environmental impacts of soybean production can vary significantly depending on the study’s assumptions and spatio-temporal considerations. Escobar et al. (2020) estimated average GHG emissions of 0.6 and 0.4 kg CO2-eq kg−1 soybean in Minas Gerais and Paraná states, respectively. Raucci et al. (2015) found very low emissions of 0.18 CO2-eq kg−1 soybean in Mato Grosso state, while with high spatio-temporal differences, Romeiko et al. (2020) found much larger variations in the same production systems, and between production systems, Matsuura et al. (2017) found substantial variations in several environmental impacts of monocropped and intercropped soybean.

In recent years, many LCA studies of soybean in Brazil have often emphasized conventional production, often with carbon footprint as the main impact category, and sometimes no consideration of land use change in the assessment (Raucci et al., 2015; Maciel et al., 2015; Escobar et al., 2020). This leaves the assessments incomplete and unable to capture the complexity of agricultural systems. Alternative production systems can approach, match, and even exceed the productivity and the gross economic margin of industrial systems if they are measured by other metrics, beyond the yield and carbon footprint, like the food biomass produced per unit area or the number of people fed per unit of land (Gliessman, 2015; Sukhdev et al., 2016; Durham and Mizik, 2021). Furthermore, little emphasis has been made on soil quality impacts such as soil carbon, erosion, and compaction in LCA reports of agricultural systems, even though soil degradation is a major concern due to intensive land use (Sonderegger et al., 2020; De Laurentiis et al., 2024).

Accurate evaluation of their true transformative impact on sustainable food system transitions is needed, supported by ground-truth data, regionalized characterization factors, and context-relevant impact categories (Bartl et al., 2012; Kamali et al., 2017). We aimed to fill these research gaps by answering the question of how sustainable are the conventional and innovative alternative soybean systems from an environmental and agroecological perspective? How sensitive are the systems to input reduction? Site-specific inventory and emission estimations integrating local biophysical conditions and advanced LCA methods are necessary for more precise assessment and quality of results (Steubing et al., 2020; Romeiko et al., 2020; Matsuura et al., 2022). This study is groundbreaking as we used relevant metrics and agroecological parameters, such as on-farm agrobiodiversity and soil health (Meier et al., 2015; FAO, 2019; Lucas et al., 2025), to complement LCA’s results.

The objective of this study was to assess the environmental footprints of conventional and alternative soybean production systems in Paraná and Minas Gerais, Brazil. Given the various soybean cultivation pathways in Brazil, and for a comprehensive assessment, we identified the following impact categories as essential to investigate for their relevance in crop production systems: climate change, acidification potential, eutrophication potential, ecotoxicity potential, human toxicity potential, ozone depletion, particulate matter formation, non-renewable energy use, land use, biodiversity loss impact, and soil quality (Bartl et al., 2012; Naudin et al., 2014; Legaz et al., 2017; Matsuura et al., 2017; Nemecek et al., 2019; De Laurentiis et al., 2024; Lucas et al., 2025). In addition to LCA, we also assessed the extent of on-farm agrobiodiversity (FAO, 2019). Thus, this study provides a robust empirical foundation and a broader perspective on the sustainability of soybean production systems, facilitating informed decision-making in the design of environmentally sustainable food systems.



2 Methods


2.1 Study area

This study was carried out in the south of Minas Gerais state, municipalities of Paraguaçu, São Gonçalo do Sapucaí, Luminarias, Três Coraçoes, and Machado; and in the west of Paraná state, municipalities of Cascavel, Toledo, Ubiratã, Capanema, Realeza, Manguierinha, and Cruseiro do Iguacu (Figure 1). In both areas, alternative soybean value chains have evolved to meet market needs and societal changes. These value chains were particularly relevant to our research questions, as they are designed to somehow enhance farmers’ knowledge, participation, technology adoption, and overall environmental performance. The landscape in the west of the Paraná region is relatively flat and shaped by crops (soybeans, maize, and wheat) and animal farms, mainly poultry, while in the south of Minas Gerais, it is characterized by highlands, slightly hilly terrain, and a dominant presence of coffee, soybeans, and maize. Figure 1 presents the investigated farms’ locations in the study area.
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FIGURE 1
 Farms locations and their related production systems in the two study areas.


Farmers’ cooperatives served as a crucial starting point for studying soybean systems, given their central role in value chain development. In many cases, cooperatives facilitated the collection and storage of soybeans from farms for export or processing. With the assistance of local scientists and collaborators, cooperative technicians, and rural development extensionists, we mapped soybean value chains that were linked to regional and global supply chains and subsequently selected soybean farms to represent typical systems (Table 1).


TABLE 1 Main inventoried inputs of soybean production systems.


	Region
	South of Minas Gerais
	West of Paraná
	p-value



	Conv. GM
	Conv. non-GM
	Intercropping
	Conv. GM
	Conv. non-GM
	Conv. inputs red.
	Organic



	Conv. non-GM, interc.
	Coffee interc.

 

 	Number of farms 	9 	2 	3 	3 	4 	1 	7 	10 	


 	Soils properties


 	pH H2O 	6.28 (0.1) 	6.13 (0.4) 	6.14 (0.4) 	6.14 (0.4) 	6.14 (0.3) 	5.64 	6.15 (0.4) 	6.27 (0.2) 	0.68


 	SOC (tC ha−1, at 0–30 cm) 	36.8 (6) 	45.1 (4) 	50.3 (17) 	50.3 (17) 	52.4 (10) 	49.5 	47 (21) 	40 (24) 	0.5


 	Total phosphorus (mg kg−1) 	386 (175) 	256 (32) 	235 (74) 	235 (74) 	386 (63) 	262 	473 (80) 	423 (144) 	0.07


 	Inputs


 	Soybean farm size (ha) 	157 (120)abc 	214 (292)b 	8.98 (1.86)c 	21.2 (12.2)d 	111 (86) abc 	200b 	33.4 (29.8)a 	57.2 (128)e 	0.049


 	Seeds (kg ha−1) 	45b 	47.5 (3.5)ab 	60 (8.6)ab 	- 	50 (5)b 	60ab 	53.9 (6.7)ab 	62.5 (4.2)a 	<0.001


 	Inoculation (kg ha−1) 	0.37 (0.38) 	0.8 	0.53 (0.46) 	- 	0.35 (0.25) 	1 	0.32 (0.22) 	0.54 (0.43) 	0.11


 	Diesel total (L ha−1) 	30.1 (4.68)c 	28.9 (8.23)d 	49.4 (2.92)ab 	58.3 (12.9)b 	32.6 (6.6)c 	29.7d 	30.6 (3.32)e 	39.3 (14.5)a 	<0.001


 	Lime (kg CaCO3 ha−1 year−1) 	806 (410) 	1,250 (354) 	278 (255) 	833 (764) 	588 (656) 	667 	505 (570) 	278 (255) 	0.32


 	Compost (kg ha−1 year−1) 	18.5 (55.6)d 	0e 	3.89 (6.7)d 	7.78 (13.5)c 	2,123 (2718)a 	1000d 	973 (1126)f 	528 (588)b 	<0.001


 	Mineral N input (kg ha−1) 	20.4 (3.68) 	21 (1.41) 	21 (21.3) 	42 (42.5) 	16.5 (4.49) 	16.5 	8.51 (9.45) 	7.2 (9.4) 	0.06


 	Mineral P input (kg P2O5 ha−1) 	98.6 (18)a 	102 (2.83)ab 	21.7 (18.9)ab 	43.4 (37.8)ab 	65.5 (32)a 	78ab 	35.5 (23.9)ab 	16 (16.8)b 	<0.001


 	Mineral K input (kg K20 ha−1) 	120 (7.5)b 	120c 	43.8 (27)d 	87.6 (55)a 	90 (24.5)a 	60c 	53.3 (21)d 	10.4 (9)d 	<0.001


 	Land occupation (m2 year kg−1) 	8.18E-05 	9.5E-05 	1.02E-04 	- 	8E-05 	9.5E-05 	8.3E-05 	1.1E-04 	0.51


 	Land use change due to soybean (kg CO2e ha−1 year−1) 	0.97 (0.3) 	1.27 (0.07) 	1.54 (0.5) 	−3.39 	0.19 (0.04) 	0.23 	0.49 (0.3) 	0.22 (0.23) 	-


 	Biological control inputs application (y/n) 	no 	no 	no 	no 	no 	yes 	yes 	yes 	-


 	Pesticides application frequency (n) 	8 (1.4) 	7 (1) 	5 	8 	7.5 (1.6) 	5 	5.2 (0.5) 	3.1 (2) 	-


 	Output


 	Yield (kg ha−1) 	4,087 (400)a 	3,650 (778)ab 	3,360 (216)ab 	1861 (207) 	4,157 (422)a 	3600ab 	4,044 (544)ab 	3,313 (674)b 	0.006





Conv. non-GM, Conventional non-GM; Conv. non-GM inter., Conv. soybean non-GM intercropped with coffee. Coffee inter. is the coffee intercropped with the soybean. For the intercropped system, the values reported are those of the system expansion to 1 ha. For the organic production systems, the mineral N, P, and K reflect the amount of these nutrients in the blended and enriched organic fertilizers used in the region. Land use change values were obtained from Garofalo et al. (2022). To account for normality, homogeneity, and sample sizes, normality and homogeneity of variances were tested with the Shapiro–Wilk and Bartlett tests. Means were compared using Welch’s or the Kruskal–Wallis ANOVA, followed by the respective pairwise post hoc tests at a 0.05 significance level. a or b are significance letters denoting different groups after statistical analysis.
 



2.2 Case studies

Based on an initial exploratory study, we identified five soybean production systems: conventional GM, conventional GM inputs-reduced, conventional non-GM, conventional non-GM intercropped, and organic (Table 2). These systems were differentiated by inputs, seed types, farming practices, and value chain organizations. A brief description of each system is provided in the following section:


	(1) Conventional GM system




TABLE 2 Characteristics of the production systems studied and their related value chains.


	Region
	Production system
	Seed type
	Particularity
	Decision on crop management by
	Supply market
	Final soybean use

 

 	South of Minas Gerais 	Conventional 	GM 	Scheduled applications 	Cooperative 	National, global 	Feed/oil


 	Conventional non-GM 	non-GM 	Scheduled applications 	Cooperative 	National, global 	Food/beverage


 	Conventional non-GM intercropped 	non-GM 	Soybean + coffee 	Cooperative 	National, global 	Feed/oil


 	West of Paraná 	Conventional 	GM 	Scheduled application 	Cooperative 	National, global 	Feed/oil


 	Conventional inputs-reduced 	GM 	Use of IPM, IDM practices, bio inputs 	Cooperative and farmers 	National, global 	Feed/oil


 	Conventional non-GM 	non-GM 	Use of IPM, IDM practices, 	Cooperative and farmers 	National, global 	Feed/food/oil


 	Organic 	non-GM 	On-farm bioinputs 	Cooperative and farmers 	National, global 	Feed/food/oil





GM, Genetically Modified seeds; IPM, Integrated Pest Management; IDM, Integrated Disease Management.
 

In both study areas, conventional GM soybean production was the predominant system. It is intensive, utilizing GM seeds, monocropped on large fields, and coupled with scheduled preventive management of the crop cycle and inputs, all of which are mechanized, with the ultimate objective of maximizing productivity. As of 2023, over 95% of soybean seeds in Brazil were genetically engineered (Proterra, 2024) and grown in monocultures with conventional methods. Different types of GM seeds were found to be used, and the most used were varieties of the third generation of transgenicity: “Intacta RR2 IPRO” and “Intacta 2 Xtend.” These transgenic varieties have the Bacillus thuringiensis (Bt) and/or Roundup Ready (RR) technologies, creating tolerance to different herbicides and toxins against pests (Embrapa, 2023). Compared to non-GM soybeans, the GM varieties are promoted as mitigating ecological damage through reduced pesticide applications and higher yields, but controversies exist as they induce resistance in weeds, leading to an increased use of higher dosages and harmful pesticides (Stirle et al., 2024; Freitas et al., 2024).


	(2) Conventional GM inputs-reduced



This production system represented conventional farms that followed the integrated pest and disease management (IPM and IDM) protocols (Conte et al., 2019; IDR-Paraná, 2025). The GM seeds were still used, but instead of a scheduled preventive application of pesticides, a monitoring and needs-based application was adopted in farms. According to IDR-Paraná (2025), the use of IPM and IDM can reduce the use of pesticides by up to 50% and increase the yield by an average of 150 kg ha−1. In addition, some practices linked to regenerative agriculture were used on most of the surveyed farms in this system, such as the mixed cover crops after the second crop season “safrinha,”2 before growing soybean as the first crop; and the combination of both bioinputs and chemical inputs in soybean production. The bioinputs, locally termed ‘TMT’ (standing for ‘Tomita’, named after the developer Celso Tomita), were organic inputs produced on farms and used as biofertilizer and biopesticides. The SI provides details on the composition of bioinputs.


	(3) Conventional non-GM system



As an alternative system to the conventional GM production, the conventional non-GM soybean production used non-GM, also called transgenic-free, seeds, but operated similarly to the conventional GM soybean production in all other agricultural management practices, such as fertilizer use. However, certain pesticides were restricted in non-GM soybean production due to their use in direct human consumption, beverages, feed, and oil, or export to the European market. Developed by Embrapa, the non-GM soybean varieties were claimed to also have high productivity as the GM soybean when produced under good pest and disease management (Embrapa, 2023). Despite the dominance of GM soybeans, the non-GM soybeans represented less than 5% of the total soybeans grown in Brazil, but were recently increasingly cultivated to respond to an increasing demand for transgenic-free products (Proterra, 2024). Additionally, transgenic-free soybean production was encouraged by a premium price over GM soybean (Proterra, 2024).


	(4) Conventional non-GM soybean–coffee intercropped



In the coffee-dominated region in the south of Minas Gerais, conventional soybean was also intercropped with coffee, with soybean grown in three rows in between coffee rows and occupying in total one-third of the total surface. This system was relatively recent (< 5 years in most cases) for coffee producers in the region, and intercropping was a strategy for efficient land use, increasing the resilience of the farming system to pests and diseases, and providing an opportunity for extra income generation. The inputs and management were similar to those of conventional non-GM soybean production and conventional coffee production.


	(5) Organic soybean



Organic soybean was produced with non-GM seeds and without synthetic fertilizers or pesticides. This production also used the “TMT” bioinputs produced on farms, as well as copper oxychloride and sulfur-based mineral pesticides allowed in organic production. The premium price, and sometimes the minimum price in case of harvest losses, incentivizes the organic system, which has generally lower yields compared to the GM soybean in the regions. More description of the bioinputs is presented in the Supplementary Information, section 1 (Malembaka, 2025).

Table 2 presents an overview of the studied production systems’ characteristics. In most cases, farm management and decisions regarding input use were made by the agricultural extension services of the associated cooperative on behalf of the farmer, and value chains were extended to national and global markets.



2.3 Life cycle assessment methodology

The lifecycle assessment method was used following the ISO 14044 standard (ISO, 2006).


2.3.1 Goal of the LCA

The goal of the LCA was to assess the environmental impacts of conventional and alternative systems of soybean production in the Atlantic Forest biome in Brazil.



2.3.2 Scope of the LCA

The system boundaries were from cradle to farm gate. Figure 2 presents the system boundary of the studied production systems.
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FIGURE 2
 System boundaries from cradle to farmgate of the studied soybean value chains [graph adapted from Bartl et al. (2012), and main destinations of Brazilian soybean (CONAB, 2025)].


We used the mass (1 kg) and area (1 ha) of soybeans as functional units (FU). Multiple FUs are important for comparing different cropping systems, including organic (Hashemi et al., 2024). The mass FU helped for a comparison with results of other similar studies, while the area FU helps to account for the regional character of the impact categories assessed, as environmental impacts of the agricultural activities on a local or regional level have a strong area-related aspect (Bartl et al., 2012; Hashemi et al., 2024).



2.3.3 Life cycle inventory


2.3.3.1 Data collection

The field data collection, referred to as foreground inventory, encompassed all agricultural operations and management practices (Figure 2), such as soil preparation, fertilizer and lime application, diesel usage, seed application, pesticide applications, and soybean harvest, over two seasons. We collected data through interviews and observations on 36 farms in total for the two production years 2022–2023 and 2023–2024 for more consistent average data of production in the regions (Nemecek et al., 2015). For the soybean–coffee intercropping system, data on the production of the associated coffee were also collected. To observe soil properties, we sampled soils on farms in the rhizosphere, at 0–30 cm depth, and made composite samples of four subsamples taken at locations that appeared to represent the field conditions well. We then analyzed the soils for pH, total carbon, total nitrogen, total phosphorus, and texture. Details on the soil analysis methods are presented in the Supplementary Information, section 2.

On-farm emissions were modeled using the BR-Calc methodology of the ICVCalc tool version 1.0, an inventory and emission modeling tool, developed for tropical agriculture and considers regional biophysical conditions at the municipality level in Brazil (Matsuura et al., 2022). The soil properties were used in this emissions modeling, in the soil quality assessment, and for enhanced comprehension of the results. In addition, we accounted for carbon emissions from land use change related to soybeans in each municipality studied, which were obtained from the BRLUC v2.05 tool (Garofalo et al., 2022).

The background inventory data of inputs, production, and transports, and agricultural machinery and their associated emissions were modeled using the Ecoinvent database, version 3.9.1. which contains updated background inventory data from the Brazilian lifecycle network (Ecoinvent, 2024).



2.3.3.2 Allocation methods and handling of co-products

For soybeans grown in monocropping, mass allocation and area allocation were considered, and all impacts were allocated to the harvested beans, as there were no co-products. In the soybean–coffee intercropping system, soybeans occupied one-third of the land surface and lasted 4 months, while coffee plants were permanent throughout the year. The system expansion was conducted to ascertain the avoided burden of producing soybeans elsewhere rather than on the same coffee farm. The avoided burden impacts were subtracted from the overall system impacts, which were then allocated based on the area occupied by each crop and the duration of its cultivation. Economic allocation was avoided due to the significant economic disparity between coffee and soybean, with coffee valued nearly 10 times higher than soybean, and the volatile market prices of both commodities (CEPEA/ESALQ, 2025). This approach also facilitated comparisons with other monocropped soybean systems.




2.3.4 Life cycle impact assessment


2.3.4.1 General impact categories assessed

We carried out Life Cycle Impacts Assessment (LCIA) for the following impact categories: climate change, acidification, eutrophication, ecotoxicity, human toxicity, ozone depletion, particulate matter formation, cumulative non-renewable energy demand, biodiversity loss potential, and soil quality. The climate change impact was assessed with the IPCC 2021 GWP100a. The ReCiPe midpoint characterization factors (CFs) were used (Huijbregts et al., 2016) to assess the acidification, eutrophication, ecotoxicity, human toxicity, ozone depletion, particulate matter formation, and cumulative energy demand impacts. Pesticide emissions were calculated using the emissions fractions of the harmonized OLCA-Pest (Nemecek et al., 2022), and the impact on human toxicity and freshwater ecotoxicity was assessed using the USEtox CFs (Fantke et al., 2021).

The LCIA was computed using Activity Browser software version 2.7, built on the Brightway2 advanced LCA framework (Steubing et al., 2025) for all the impact categories besides biodiversity loss potential and soil quality.



2.3.4.2 Biodiversity loss potential impact

The potential biodiversity loss impact was assessed to determine the different production systems’ impact on potential global species loss due to land use in each ecoregion of the study areas. We used the recently updated CFs of biodiversity loss (Scherer et al., 2023). Farms studied were in the ecoregions: Alto Paraná Atlantic forests, Campos Rupestres montane savanna, and Araucaria moist forests. From the observed data on agricultural processes, crop rotation, or succession, farms were classified into the following land use intensity types: “minimal,” “light,” or “intense” following the criteria in Scherer et al. (2023), presented in the Supplementary Information, section 3. Then, the biodiversity impact of land use due to soybean cultivation was calculated using the global CFs of the related land use intensity, derived from the species–area relationships model that relates the level of land use intensity to the potential biodiversity loss of the specific ecoregion. The biodiversity impact of soybean production, expressed in Potentially Disappeared Fraction (PDF) of global species, was then calculated as in Equation 1:
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where CFglobal,i is the CF of global species loss of land occupation (PDF / m2), i is land use intensity, and Y is the soybean yield (kg / m2 yr). We used the global marginal CFs of land occupation as they are more suitable for standard LCAs of products, and since the different systems studied are in two different ecoregions (Scherer et al., 2023).



2.3.4.3 Soil quality impact of land use

We used the recommended method of De Laurentiis et al. (2024), which assesses soil organic carbon (SOC) as a robust indicator for soil quality. SOC has often been recognized as the best stand-alone indicator for soil quality as it relates to a wide range of soil properties responsible for soil resilience and fertility (Legaz et al., 2017). The soil quality impact of land use by occupation was assessed using the CF of the soil quality index, calculated as the difference between the potential SOC of the native undisturbed soil and the SOC of the soil under the studied soybean land use (Grant et al., 2019; De Laurentiis et al., 2024), as given in Equation 2:
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where CFocc, LUi is the soil quality index of occupation of the land by soybean. SOCref is the SOC stock of the undisturbed situation under native vegetation, with values derived from Bernoux et al. (2002) and Assad et al. (2013) that evaluated SOCref to around 64 and 70 t C ha−1 in native vegetation in the south of Minas Gerais and the west of Paraná, respectively. SOCLUi is the SOC measured in the current land use and, results are presented in Table 1. Lower CFocc, LUi values indicate reduced negative impacts of soybean cultivation on soil quality.




2.3.5 Uncertainty and sensitivity analysis

To study the robustness of the results obtained and enhance the interpretation of the results, uncertainty analyses were performed. Uncertainties for each elementary flow in inputs from the technosphere and output to the biosphere were estimated using the pedigree approach (Weidema and Wesnæs, 1996) and complemented by the uncertainty in background data reported by Igos et al. (2019), Wei et al. (2015). The data variability among surveyed farms was used as input for sensitivity modeling (Bartl et al., 2012). A coefficient of variation of about 19% in the total diesel use and 40% mineral fertilizer use was observed across production systems. In this regard, we assumed that with better management, such as crop rotation, mixed cover crops, IPM, and IDM, a reduction of inputs could be possible. Therefore, we tested the sensitivity of the environmental impacts to a reduction of at least 10% in the diesel and mineral fertilizer application on all production systems.




2.4 On-farm agrobiodiversity assessment

We observed on-farm agrobiodiversity following the Tool for Agroecological Performance Evaluation (TAPE) method (FAO, 2019). This observation was to complement the biodiversity loss impact assessed in LCA, which measures the potential disappeared fraction of global species at the level of ecoregions. On-farm agrobiodiversity data were collected through transect observations across the soybean field, which involved counting crop species and varieties, assessing their relative areas, and documenting the presence of natural vegetation, trees, and pollinators. These observations were used to calculate the Gini-Simpson index and the “natural vegetation, trees, and pollinators” index, with their average constituting the agrobiodiversity score (FAO, 2019; Mottet et al., 2020).




3 Results


3.1 Inventory of soybean production systems

The inventoried results of different production systems in terms of soil properties, main inputs, and outputs are presented in Table 1. Values are annualized and represent the average of the two crop years investigated. Values in brackets are standard deviations. The nutrients N, P, and K inputs from fertilizers were calculated from their elemental concentrations in the specific mineral and organic fertilizers inventoried.

We observed considerable variability in farm size across nearly all production systems. In the south of Minas Gerais, soybean–coffee intercropping was on the smallest farms with (8.98 ± 1.86 ha covered by soybean), while conventional GM monocropped farms of >300 ha were observed. In the west of Paraná, organic soybean was grown on smaller farms (17 ha on average). In general, conventional GM production systems were grown on significantly larger farms than on intercropped and organic farms (p = 0.049). Organic with 62.5 ± 4.2 kg seeds ha−1 and soybean–coffee intercropped systems with 60 ± 8.6 kg seeds ha−1 use more seeds per hectare compared to conventional systems (around 50 kg ha−1) (p < 0.001). Similarly, diesel consumption per hectare was significantly higher (p < 0.01) in organic (39.3 ± 14.5 L ha−1) and soybean–coffee intercropped (49.4 ± 2 L ha−1) than in conventional GM. The conventional GM inputs-reduced used the least diesel (30.6 ± 3.32 L ha−1). This increased diesel consumption in organic and intercropped systems may be attributed to the fact that, despite generally having lower frequencies of pesticide applications, they often involve tilling the soil or using smaller, less efficient machinery that consumes more diesel.

Conventional GM production systems were notably input-intensive, relying on high quantities of phosphorus and potassium synthetic fertilizers, as well as a range of hazardous ingredients. Pesticides were applied systematically, with approximately eight applications during the soybean growth cycle. We noticed that as farm size increased, pesticide application frequency rose. Notably, a single organic soybean farm of 420 ha observed to apply the TMT biopesticides at a similar frequency as conventional GM farms, in addition to manual labor for weeding throughout the cropping season. This simple substitution of synthetic pesticides with the TMT biopesticides resulted in higher diesel consumption due to the lower efficiency of the biopesticides used. Details on the inventoried pesticide quantities in each system, active ingredients, and hazard classifications are provided in Supplementary Information, section 6.

Yields were significantly higher in conventional GM systems (4,157 ± 422 kg ha−1), followed by the conventional GM inputs-reduced (4,044 ± 544 kg ha−1), and conventional non-GM (3,600 kg ha−1). Organic production yielded 3,313 kg ha−1, approximately 20% less than the conventional GM. There was no correlation between farm size and productivity (R2 ~ 0.02), primarily because mechanization enabled consistent management across the entire farm.



3.2 Environmental impacts of soybean production systems


3.2.1 LCIA scores of soybean production

An overview of the LCIA scores revealed significant variability, with no single system consistently outperforming others across multiple impact categories. The LCIA results of soybean production are illustrated in Figure 3, with detailed results provided in the Supplementary Information, section 4.
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FIGURE 3
 Footprints of soybean production systems (a) per kilogram, and (b) per ha of soybean.


Conventional GM soybean emitted 0.65 and 0.64 kg CO2e per kg, while conventional non-GM soybean emitted 0.93 and 0.63 kg CO2e in the south of Minas and west of Paraná, respectively. Organic production emitted up to 0.9 kg CO2e, and the lowest emissions were obtained in the soybean–coffee intercropped system with 0.58 kg CO2e kg−1 soybean. Specifically, in the west of Paraná, both conventional GM and conventional GM inputs-reduced systems demonstrated the highest impacts for acidification (0.0077 and 0.0083 kg SO2e), ecotoxicity (39.01 and 21.7 CTU), and particulate matter formation potential (0.0011 and 0.0014 kg PM2.5e). This could originate mainly from the diesel use, mineral fertilizers, and mineralization of manure.

Organic production exhibited the lowest impacts in terms of ecotoxicity and non-renewable energy demand, and the second lowest impacts on human toxicity and biodiversity loss potential, following the intercropped system. Yet organic production was taking place in monocultures, alike the conventional system, and therefore scored the highest in land occupation and ozone depletion potential impacts.

Compared to the impact per kg, impact per hectare shifted in almost all impact categories with reductions in organic and soybean–coffee intercropping systems. For instance, in the west of Paraná, conventional GM soybean emitted slighter higher GHGs with a total of 2,723 kg CO2e ha−1 compared to organic production that reached 2,623 kg CO2e ha−1 on average. In the south of Minas Gerais, the highest emissions were from the conventional non-GM (3,224 kg CO2e ha−1), while the lowest emissions were obtained in the soybean–coffee intercropped system (1959 kg CO2e ha−1). Note that in Figure 3, soil quality was not expressed per FU, as it was a result expressed only per hectare since this difference in SOC is rather attributed to the farm than the sole soybean produced. In addition, the land occupation, as an inventory, was already a function of area, and thus, per hectare, it could come in all systems to 0.342 ha/year.

We observed that in both FUs, conventional systems in the west of Paraná showed a high acidification potential. This could be largely explained by the frequent application of fresh poultry manure on these farms, which was not common in the south of Minas Gerais.

The biodiversity loss potential indicates how land use intensity threatens the biodiversity in the ecoregion. Conventional production leads to increased land stress, resulting in further biodiversity loss in the Atlantic Forest biome. Organic soybean production resulted in the lowest biodiversity loss impact, particulate matter formation, and ecotoxicity per hectare. The Atlantic Forest biome, where this research was conducted, is currently experiencing a significant soybean expansion, even though almost 90% of this biome’s forest has already been destroyed (Fundação SOS Mata Atlântica, 2023).

The soil quality, assessed as differences in the SOC (ΔC t Cha−1) between the native conditions and land use, was, however, not statistically different between the different soybean production systems (p = 0.076). We found that the organic system had the highest difference in SOC of 30.12 kg C ha−1 while the soybean–coffee intercropped system had only 13.7 kg C ha−1. This high CF in the organic system means less carbon compared to soils in undisturbed conditions and was explained by frequent tillage for weed control, compared to conventional systems with direct planting and the mixed cover crops before planting soybean, favoring SOC build up. The intercropped soybean had the lowest CF of soil quality, likely due to the coffee trees’ influence on storing and maintaining soil carbon. It’s important to note that the 64 and 70 t C ha−1 in native vegetation, respectively, in the south of Minas Gerais and the west of Paraná, and the subtractions from the current observed SOC to get the CFs are claimed to be simplistic indicators and debatable (De Laurentiis et al., 2024).

Uncertainty distributions enhanced the understanding and interpretation of the discrete scores. They also allowed us to compare the systems statistically. Figure 4 presents the uncertainty distributions of climate change impacts of soybean production per kg and per hectare. For instance, the climate change impact was significantly different between systems (p < 0.001), with organic soybean scoring highest due to the relatively high use of machinery, while intercropped soybean scored lowest. However, the propagation overlap between systems is also high. The uncertainty propagation results of all the impact categories are presented in the Supplementary Information, section 5.
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FIGURE 4
 Uncertainty distributions of the climate change impact of soybean production systems (a) per kg, (b) per ha, (c) acidification per kg, and (d) eutrophication per kg.




3.2.2 Sensitivity results

Our sensitivity analysis indicated that a 10% reduction in fertilizers and diesel could decrease emissions by 0 to 14.4% across production systems, with most impact categories exhibiting reductions below 10%. Climate change impacts were reduced by only up to 2.6% in conventional production, by 3.9% in organic, but by 11.3% in intercropped soybean. The lowest change in acidification was in conventional soybean production, with 0.5%, while acidification in organic could be reduced by 9.5%. Figure 5 presents the sensitivity results of all the resulting emissions to changes in the inputs. The sensitivity analysis suggests that a mere reduction of fertilizers and diesel has a limited impact on footprints reduction. Therefore, better environmental performance can be obtained through the reduction of inputs by implementing and leveraging intercropping systems. However, efforts in transitioning to less input-intensive systems often came with major challenges in limited knowledge, inadequate technical support, and the need for bioinputs production on-farm.
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FIGURE 5
 Sensitivity to changes in inputs in soybean production systems. The percentage are the resulting average changes between the actual impact and the impact after 10% inputs reduction.





3.3 On-farm agrobiodiversity

The agrobiodiversity score indicates the extent to which a farm is effectively biodiverse, as it accounts for the crop species and varieties grown, and the presence of trees and pollinators on the farm plot. Figure 6 presents the agrobiodiversity scores for each system and reveals that for organic and soybean–coffee intercropped systems, the scores were mainly acceptable–desirable (80 and 66%). We found that, overall, only 11.1% of farms showed a desirable agrobiodiversity score of at least 0.7; and 20.5% of farms surveyed had an acceptable score of 0.5–0.7. The rest of the farms, which were mainly conventional farms, around 69.5%, had scores below 0.5, deemed to be unsustainable (FAO, 2019). Detailed results of the Gini–Simpson index and final scores are presented in the Supplementary Information, section 7.

[image: Violin plot comparing agrobiodiversity scores across different farming systems: Conventional GM, Conventional GM with reduced inputs, Conventional non-GM, Conventional non-GM intercropped, and Organic. Scores range from unsustainable to desirable, with Organic showing the highest scores in the desirable range.]

FIGURE 6
 Agrobiodiversity scores of soybean farms in their production systems.


From this agroecological indicator, the contrast between productivity and sustainability is depicted, with conventional systems having less biodiversity of living organisms on farms.




4 Discussion


4.1 Environmental footprints of soybean production systems

Alternative systems to the conventional production of soybean exhibited variabilities in their impacts, with none of them consistently scoring lower impact across multiple impact categories. At the farm gate level, we found an average emission of 0.65 kg CO2e kg−1 soybean for conventional GM soybean. This value is close to the estimates of Escobar et al. (2020), who reported 0.6 kg CO2e kg−1 soybean in Minas Gerais and 0.4 CO2e kg−1 soybean in Paraná state. However, our values were different from the much lower values of 0.18 kg CO2e kg−1 soybean obtained by Raucci et al. (2015), who did not consider the land use change emissions in the calculations. The latter argues as well that much of the emissions are from crop residues decomposition, and as in Brazil, the size of the soybean biomass residues market is huge. Lopes et al. (2025) looked beyond the composting option and proposed several valorization approaches, such as processing into fiber for further uses. Our impact scores exhibited greater consistency compared to the substantial variability in conventional soybean’s GHG emissions (−11.4 to 22.0 kg CO2-eq kg−1), documented by Romeiko et al. (2020). Their study, spanning multiple years and locations, accounted for emissions from soil carbon, nitrogen, and irrigation, and they concluded that limited irrigation and continuous organic matter application fostered soil carbon sequestration, resulting in overall reductions in GHG emissions. These contrasts emphasized the regionalized LCA for precision in results, which is what we strived for in this study.

Organic and conventional non-GM soybeans had the highest climate change and land use impacts per kg of soybean due to more diesel use and relatively lower yields (p = 0.006). This is consistent with other studies which concluded that, in the case of monocultures, organic agriculture often uses more land, yields around 20% less, and emits more GHGs (Muller et al., 2017; Clark and Tilman, 2017; de la Cruz et al., 2023). This is because, although not using GHG-intensive synthetic fertilizers, the organic system uses manure that increases the availability of reactive nitrogen in the soil and converts it into nitrous oxide over time; yet, per hectare, conventional systems have a higher climate change impact than the other systems.

The highest acidification potential was surprisingly in the conventional GM inputs-reduced system, followed closely by conventional GM, organic, and conventional non-GM-coffee intercropped. Sources of soil acidification could be the nitrogen mineral fertilizations, diesel burning emissions, fresh manure applied, and rapid decomposition in the soils. The same trends have been found by other studies. Clark and Tilman (2017) also found, in a meta-analysis, that alternative systems have a similar acidification potential and even 37% more eutrophication than conventional production systems. Bartl et al. (2012) identified ammonia emissions from urea and manure applied as the primary contributors to acidification, accounting for 94%. These emissions, along with nitrogen leaching that leads to eutrophication, were significant drivers of environmental impact in tropical farming systems, as Lucas et al. (2025) reported in the Paraná state as well.

Our study highlights the trade-offs between the impacts of different farming systems, particularly organic and intercropped systems versus conventional systems (GM, non-GM soybeans, and input-reduced systems). While organic and soybean–coffee intercropped systems had lower impacts on biodiversity loss, non-renewable energy use, acidification, and human and environmental toxicity, they scored higher impacts on land occupation and soil quality. Mixed results were found between systems regarding climate change impact, eutrophication, and non-renewable energy use. This suggests that only substituting inputs in production systems shifts impacts from one category to another, emphasizing that sustainability requires evaluating multiple environmental factors rather than relying on a one-size-fits-all approach.

In organic production, controlling weeds manually or mechanically was a major concern, especially when the farm size was larger. Furthermore, pesticides drifting from neighboring conventional farms damaged protective vegetation barriers and increased infestation risks from surrounding farms, making organic farming even more difficult. The spillover effect of this proximity has been demonstrated to lead to more pesticides being used on both sides (Larsen et al., 2024). In the studied regions, a legal reserve of native forest of 20% of the total farm area is required on medium (20–300 has) and large farms (>300 ha) (Embrapa, 2024), and this was mostly spared aside on parts of the farm or entirely in other regions. However, a land sharing approach and more vegetation and perennial barriers between farms or windbreaks within fields could foster more ecological interactions and less pesticide application in different neighboring systems (Larsen et al., 2024).

The soybean–coffee intercropped production system had better efficiency, meaning producing lower environmental externalities as they had better SOC, lower GHG emissions, biodiversity impacts, and eutrophication potential. Our findings are consistent with Balmford et al. (2018), who proved that land-efficient systems have low externalities, and high-yielding monocrops have high environmental costs. Optimizing soybean–coffee intercropping by increasing the number of soybean rows to more than three could reduce diesel use and minimize soil compaction by decreasing the frequency of spraying. Research is needed to investigate ideal crop combinations and rotations to optimize inputs and minimize emissions in soybean farming.



4.2 Sensitivity analysis of impacts to input reduction

We found that a 10% reduction in fertilizers and diesel led to reductions in emissions ranging from 0 to 14.4%, with most impact categories showing reductions below 10% across production systems. In the acidification and eutrophication potential, the low variability of impacts can be attributed to the low base saturation levels and cation exchange capacity of acidic soils, the predominance of acidic to neutral pH levels (Table 1), and the specific management practices of each farm. Many farms have been applying limestone and poultry manure, as it is more available in the region, for several years, irrespective of their production systems, which likely contributes to these observed differences. Low sensitivity results have been observed by other authors (Bartl et al., 2012), who found that increasing inputs did not necessarily increase all emissions; instead, the variability differed for each impact category. Additionally, Romeiko et al. (2020) observed that acidification and eutrophication in soybean systems are primarily driven by the application of soil organic matter and nitrogen. These results signal that attention is to be paid to which input to use, and to their possible optimization.

Our findings further indicate that intercropping significantly reduces GHG emissions, acidification, human toxicity, and energy demand through decreased input use, in line with Matsuura et al. (2017) and Nemecek et al. (2015). Other authors confirmed that land use change was the largest source of GHG emissions in soybeans in Brazil, followed by decomposition of crop residues (Raucci et al., 2015; Matsuura et al., 2017). This suggests that a substantial reduction in environmental impact requires not only minimizing fertilizers and diesel but also prioritizing the diversification of cropping systems and better crop residue management. Diversification is crucial not only for reducing pest and disease pressure but also for adding systems’ biomass, preventing erosion, increasing land use efficiency, enhancing plant–soil–microorganism interactions, crucial for nitrogen fixation, and reducing external fertilizer requirements (McBratney et al., 2014; Tang et al., 2021; Altieri et al., 2024), and is proven to be even more economically sustainable in the long term (Durham and Mizik, 2021). To reduce overall footprints and promote circularity, soybean crop residues (stalk) that were often left over at the soil surface after harvest can be valorized and processed further into compost or animal feed, films, particle board, or food additives (Bramorski et al., 2024; Lopes et al., 2025).



4.3 Pesticide use, ecotoxicity, and human toxicity impact

We identified a notable disparity in the distribution of active ingredients among various production systems. Specifically, conventional GM systems contained at least 37 active ingredients, whereas conventional non-GM systems had 21 active ingredients, because the latter was a Fairtrade certified and had restrictions on some pesticides as per certifier rules, and at least two in organic soybean production, namely copper hydroxide and sulfur. The organic soybean and conventional non-GM systems consistently recorded lower ecotoxicity and human toxicity, both per kg and per ha. The integrated pests and diseases management used in the inputs-reduced system, though claimed to reduce pesticide use by 51% (IDR-Paraná, 2025) had the lowest human toxicity but high ecotoxicity, and still yielded comparably to conventional GM with scheduled preventive pesticide applications in the west of Paraná. It is important to keep in mind that we considered only carcinogenic substances for human toxicity and used the recent CFs (Fantke et al., 2021) that were not yet parametrized for the Brazilian context at the time of research.

The GM seeds, farm size, and weed resistance partly explained the use of more pesticides and the many active ingredients observed. We observed several weeds, such as Digitaria insularis, Amaranthus spp., Euphorbia heterophylla, Conyza spp., and Bidens pilosa on the farms, that have developed resistance to several herbicides such as 2,4 D, glyphosate, clethodim, and Diquat (Cerdeira et al., 2011; Merotto et al., 2022; Heap, 2024). Also, resistance developed by pests influenced more pesticide use (Cerdeira et al., 2011; de Almeida et al., 2017; Larsen et al., 2024). As an effort to manage resistant weeds, farmers applied a mixture of concentrated herbicides at higher doses than the recommended ones. The existing practice of scheduled and preemptive pesticide application in conventional GM production is contested as not the best ecological or economic practice, as, despite high yields, the gross economic margin is smaller compared to other systems (Leonidas Zorzi, personal communication, January 23, 2023).

Furthermore, some of these active ingredients, such as Epoxiconazole, Cyproconazole, Tebuconazole, 2,4-D, Haloxyfop-R, Fipronil, and Copper hydroxide, were classified as hazardous to human health or the environment, and have been blacklisted and prohibited in various regions of the world (Neumeister, 2016). The complete list of active ingredients in each system and their hazard classes are presented in the Supplementary Information, section 6.

The consequences of pesticide use on human health and water quality are enormous, as evidenced by correlations between pesticide use in soybean cultivation, endocrine disturbances, and human mortality (da Silva et al., 2015; Tang et al., 2021). While the active ingredients were typically disclosed, the adjuvants, surfactants, and inert ingredients were not disclosed in the products’ composition. Furthermore, the residues and dispersion post-application remain largely uncharacterized. Most of the Atlantic Forest biome is at high risk of pesticide pollution since pesticide residues in the environment have exceeded the predicted no-effect concentrations by threefold magnitude (Tang et al., 2021). Therefore, since insects and fungi only attack bad or incorrectly grown plants (Howard, 1943), we advocate for reducing pesticide use to safeguard biodiversity, soil health, and human health through crop diversification and land-sharing strategies wherever possible.



4.4 Multiple functional units to compare production systems

Impacts per kilogram of outputs tended to favor the most productive systems, while the area is argued to be a better operational indicator for a fair basis of comparison. Alternative soybean systems resulted in lower impacts per unit area than per unit mass in many impact categories compared to the conventional GM. Classical LCA may underestimate the ecological performance of less intensive agroecological systems, such as organic farming (Meier et al., 2015; Meier et al., 2017; van der Werf et al., 2020; Hashemi et al., 2024), because of a narrow perspective on the functions of agricultural systems and an inconsistent modeling of indirect effects (van der Werf et al., 2020). Examples include nutrients carried over between crop successions, nutrient retention in cover crops, and improved soil health associated with agroecological practices observed in these alternatives. Our findings are in agreement with Sukhdev et al. (2016), Meier et al. (2017), and Hashemi et al. (2024) who found that multiple FUs could capture the multifunctionality of alternative systems that were not only aiming at productivity.



4.5 Agroecological considerations in LCA

Intensive systems with crop specializations were found to have unsustainable agrobiodiversity scores on 70% of the farms. The diversity of living organisms managed on a farm is a production factor, as sheltering pollinators and natural enemies of pests contributes directly to the regulation and control of pests and diseases while improving yields (Altieri et al., 2024). Its role has been linked to sustainability, resilience of the system, and food security (Kremsa, 2021). Given the lower agrobiodiversity scores in conventional systems, integrating more biological diversity on farms is desirable for productivity and sustainability.

In contrast to the LCA results, the high-yielding systems did not achieve better agrobiodiversity scores. However, the soybean–coffee intercropped and organic systems achieved superior agrobiodiversity scores. Efforts to increase agrobiodiversity in the soybean production would need to integrate several aspects of land-use planning at the landscape level for reconciling resource conservation and agricultural production (Bustamante et al., 2023; Lucas et al., 2025), which are sometimes in opposition with the conventional agriculture model that specializes in a few crops rather than diversifying. Less emphasis has been put on agrobiodiversity considerations of cropping systems (Jones et al., 2021), but it should ultimately be placed among the major criteria of sustainability, along with other agroecological metrics (Sukhdev et al., 2016; McGreevy et al., 2022), to complement LCA reports.

Agroecological practices are knowledge-intensive and require leveraging local knowledge and resources, emphasizing co-creation, co-design of solutions, and environmental awareness. Lan and Yao (2019), as well as Romeiko et al. (2020), found that information exchange, environmental awareness, and access to data are key factors influencing environmental impacts. However, the larger the farm gets, the more difficult it is to implement agroecological practices.



4.6 Practical implications and outlook

Since most environmental impacts in soybean agri-food value chains occur at the farm level, the findings of this research can be used to support farmers, regional authorities, and policymakers in decision-making to reduce the environmental footprint of soybean value chains. The prevailing trends in conventional GM soybean production systems were environmentally destructive and kept farmers trapped in a vicious cycle of dependency on seeds and input supplies, raising concerns about long-term sustainability, as they prioritize farm profitability and economic growth while causing socio-ecological issues (Ofstehage and Nehring, 2021; McGreevy et al., 2022). Unfortunately, the alternative systems studied seemed to replicate this model. However, rather than achieving true sustainability, we observed that some of these alternatives simply redistributed environmental burdens into other environmental impact categories or maybe into social impacts. Additionally, while striving to meet economic objectives, alternative systems faced challenges, such as certification costs and social pressure from neighbors. This was evident from the numerous certification schemes governing organic and non-GM soybean production, which were absent in the predominant conventional GM soybean systems.

Alternative systems, such as intercropping and crop rotation, optimized for better nutrient recycling and with lower external inputs, and organic farming (when practiced on manageable farm sizes) could reduce environmental footprints while providing better gross economic margin (Durham and Mizik, 2021). Further research is needed on how to scale farm management complexity on large farms and in intercropping and how to account for ecosystem services provided by the alternative practices (Tittonell et al., 2020). Finally, it is essential to combine soybean value chain LCA results with agent-based modeling to better understand how demand shifts could influence overall environmental footprints (Lan and Yao, 2019; Romeiko et al., 2020). In agreement with Maluf et al. (2023), this is particularly relevant in the Brazilian soybean context, where global demand, especially from China, significantly influences production pathways, with private strategies often viewed as false solutions to sustainability.




5 Conclusion

We assessed the environmental sustainability of soybean production systems in Brazil’s Atlantic Forest biome. This is one of the first studies with a wide range of indicators extended to environmental, agroecological, soil quality, and biodiversity aspects, accounting for regional land use change impacts. The analysis included conventional GM production and alternative systems: conventional GM inputs-reduced, conventional non-GM, no-GM soybean–coffee intercropping, and organic soybean production.

Our findings showed that all systems had significant environmental impacts until the farm gate. Alternative systems displayed variable impacts, with none consistently performing better across multiple impact categories, suggesting that substituting inputs may only shift the impacts from one category to another. Notably, organic production showed similar emissions to more intensive systems in several impact categories. Against a sensitivity to input reduction, each system offered potential for environmental outcomes improvement, with the soybean–coffee intercropping being most promising. While organic and intercropped systems enhanced agrobiodiversity, challenges to their adoption included direct planting, weed control, manual labor, and on-farm bioinputs production, among others. Drawing near imperative environmental sustainability would be facilitated through intercropping and land sharing, which foster ecological interactions and closed nutrient cycles. Although the initial decrease in soybean production volumes may lead to additional land use elsewhere, an optimized solution reconciling socio-economically acceptable production with environmental preservation would be ideal to seek out.
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Footnotes

1   In Brazil, the term “conventional soybean” is used mainly to refer to non-GM soybean. To avoid any confusion, in this article, we always specify the type of soybean we are referring to by using the exact terms “conventional GM” or “conventional non-GM.”

2   Safrinha is the second crop, often maize, planted in the second season (summer), after the first crop, which is often soybean.
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