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Abstract 

The move toward sustainable crop production has brought attention to environmental 

issues; meanwhile, the growing population pressures the food system to increase production. 

Sustainable intensification addresses both issues by intensifying management to increase 

production while still being environmentally sound; however, definitions and quantifications of 

sustainability have been inconsistent and subjective. Therefore, this thesis attempted to provide 

clarity about sustainable intensification of crop production following two major strategies: (i) a 

comprehensive literature review of current knowledge across major crops, and (ii) a field and 

laboratory study to inform decision making in bread wheat systems. In our first effort, we 

conducted a review of sustainability literature to identify commonalities in definitions, themes, 

and indicators across the production, environmental, economic, social, and human condition 

domains of sustainability. We also reviewed metrics and tools commonly used in sustainability 

studies, including those applicable to research and those relevant at the farm level. In addition, 

current sustainability literature representing four of the major food crops [wheat, Triticum 

aestivum L.; rice, Oryza sativa L.; maize, Zea mays L.; and soybeans, Glycine max (L.) Merrill] 

was investigated to identify common topics and research gaps. A majority of these studies 

addressed production and environmental or economic indicators of sustainability, with fewer 

studies delving into human or social aspects. Translation of research findings to field 

applications (i.e., the adoption of sustainable practices and technologies by producers) seem to be 

limited by adoption initial cost (not only direct monetary but also in terms of human capital) and 

unavailability. There seems to be opportunities for future research to include end-use quality 

parameters in sustainability assessments and to increase the robustness of small-scale 

assessments of social and human condition sustainability. In our second effort, we established 



  

field experiments where we replicated the management intensities currently adopted in 

commercial wheat fields to identify avenues to increase bread production and improve or 

maintain environmental footprints simultaneously. Four management intensities (i.e., low, 

average, high, and top) were derived from a survey of 656 commercial fields and replicated in 

trials conducted in 23 site-year combinations in the sub-humid and semi-arid regions of Kansas. 

Milling and baking analysis provided quality data to the loaf of bread. Cradle-to-grave life cycle 

assessment (LCA) quantified global warming potential (GWP) and energy inputs relative to a 

functional unit of 1 kg of bread, while estimates of carbon sequestration and bread energy output 

allowed the calculation of net GWP and net energy yield (NEY). As management intensity 

increased, both grain yield and protein increased despite a negative relationship between the two 

within management intensity. The combination of yield and protein gains resulted in higher 

bread yields. GWP and energy inputs for both the wheat production phase and the entire bread 

production system increased as a result of added inputs with each step of intensity, but the 

magnitude of increase when yield-scaled was alleviated by increases in bread yield. Although 

mean GWP and energy input increased with more intensive management (1.22-1.46 kg-CO2e 

and 15.02-16.34 MJ per kg-bread-1), differences decreased as bread yield increased, which was 

further reduced when net GWP and NEY were considered. These results suggest an opportunity 

to increase bread yields with minor increases in environmental impact per unit bread. 
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Chapter 1 - Sustainable intensification of crop production: A review 

of current knowledge and future prospects 

Abstract 

The move toward sustainable crop production has brought attention to environmental 

issues; meanwhile, the growing population pressures the food system to increase production. 

Sustainable intensification addresses both issues by intensifying management to increase 

production while still being environmentally sound; however, definitions and quantifications of 

sustainability have been inconsistent and subjective. Therefore, we conducted a review of 

sustainability literature to identify commonalities in definitions, themes, and indicators across the 

production, environmental, economic, social, and human condition domains of sustainability. We 

also reviewed metrics and tools commonly used in sustainability studies, including those 

applicable to research and those relevant at the farm level. In addition, current sustainability 

literature representing four of the major food crops [wheat, Triticum aestivum L.; rice, Oryza 

sativa L.; maize, Zea mays L.; and soybeans, Glycine max (L.) Merrill] was investigated to 

identify common topics and research gaps. A majority of these studies addressed production and 

environmental or economic indicators of sustainability, with fewer studies delving into human or 

social aspects. Many of these studies highlighted management modulations as opportunities to 

improve a system’s sustainability, especially in the production and environmental domains. 

Translation of research findings to field applications (i.e., the adoption of sustainable practices 

and technologies by producers) seem to be limited by adoption initial cost (not only direct 

monetary but also in terms of human capital) and unavailability. There are opportunities for 

future research to include end-use quality parameters in sustainability assessments and to 
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increase the robustness of small-scale assessments of social and human condition sustainability. 

Here, we took an initial step in reviewing the current knowledge around sustainable 

intensification to provide directions at all levels including farms, supply chains, industry 

programs, and policy.  

1.1 Introduction 

Crop production must increase by 50% by 2050 to meet the food demands of a growing 

population (Parry & Hawkesford, 2010). Global food security is further challenged by a 

changing climate and geo-political conflicts, which call for improvements in the climatic and 

economic resilience of local, regional, and national food systems (Al-Saidi, 2023; Barrett, 2013; 

Junior et al 2022). Feeding the world without massive cropland expansion requires increases in 

grain yield (Foley et al., 2005), which can be attained through crop intensification and the 

adoption of intensified management practices to narrow existing yield gaps (van Ittersum et al., 

2013). However, it is critical that these efforts to increase yield avoid excessive input usage that 

would lead to negative socio-economic and environmental impacts, such as increased global 

warming potential and decreased profit (Greer et al., 2020).  

The need for more food production while adapting to climate change and reducing 

environmental footprint has increased public concern and is now impacting consumers’ food 

choices, which led many multinational companies to develop sustainable sourcing programs for 

agricultural commodities (Appendix A) (Leach et al., 2016; Thomson et al., 2017). However, 

very few studies have provided frameworks backed by scientific evidence for measuring 

progress in sustainable intensification of crop production (e.g., Barnes and Thompson, 2014; 

Gadanakis et al., 2015; Mouratiadou et al., 2021). Thus, while these existing individual private 

sourcing programs may be valuable, they are fragmented and therefore inefficient, bombarding 



3 

 

producers with different initiatives that require labor- and resource intensive- data collection and 

may not always be backed up by scientific evidence. Thus, we propose that advancing the 

science of sustainable intensification of crop production is essential to improve policy and to 

ensure that these private programs are not only relevant to the consumer, but also result in real 

advances toward sustainable food production, helping to address the gap between science and 

action (Clark & Harley, 2020; Wyborn et al., 2019). 

There is a consensus that sustainable yield increases to meet growing food demands must 

(i) be profitable, (ii) supply produce that meet expectations for human consumption, and (iii) 

account for social prospects, while (iv) attaining acceptable standards of environmental quality 

(Cassman, 1999; Sadras et al. 2009). Therefore, the proper assessment of the benefits and 

challenges of any component of a given agricultural system must be performed in the context of 

multiple specific and quantitative production, economic, environmental, social, and human 

consumption indicators (Smith et al., 2017). However, the literature on sustainable 

intensification is currently fragmented, challenging the quantification of sustainability using the 

most appropriate metrics (Smith et al., 2017). To address this gap, here we review the history of 

sustainability research, the existing concepts and metrics of sustainable intensification of crop 

production, and finally we consider previous studies in wheat (Triticum aestivum L.), rice (Oryza 

sativa L.), maize (Zea mays L.), and soybeans (Glycine max (L.) Merrill) as examples to 

summarize the current literature and identify gaps for future research. We focused on these four 

crops because together they account, directly or indirectly, for about 41 and 37% of total human 

calories and protein consumption (FAO, 2020) and are an integral part of modern, globalized 

food systems that are structured for products that can be dried quickly, stored for long periods, 

easily transported, and processed with fairly low energy requirements for food consumption 
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(Cassman and Grassini, 2022). We acknowledge, but deliberately avoid the inclusion of legumes 

in African agriculture, of integration of break crops into continuous crops, of smallholder 

systems, of agro-ecology, of biotechnology, and of the concomitant addition of animal or tree 

production to grain crops (i.e., silvopastoral systems) to a system’s sustainability as these have 

been the focus of previous reviews (Broom, 2017; Chianu et al., 2011; Das et al., 2023; Ewert et 

al., 2023; Franke et al., 2018; Hegewald et al., 2018; Kirkegaard et al., 2008; Popoola et al., 

2022; Reich et al., 2021; Seymour et al., 2012; Smith et al., 2017; Vanlauwe et al., 2019). We 

attempt to provide some clarity in explaining the large variability in methods used to quantify, 

and in the reported outcomes from, interventions for sustainable crop intensification, while 

considering the depth and breadth of each. We also make recommendations of potential 

mechanisms to extend these insights to the farm level so that sustainability programs are relevant 

across the supply chain. 

1.2 Definitions of sustainability: Historical perspective and agronomic 

context 

Sustainability is a widely discussed subject that lacks an agreed-upon definition, as these 

have been developed tailoring the needs of individual disciplines. Still, having a clear definition 

of sustainability is crucial to prioritizing actions and policies (Brown et al., 1987). In simple 

terms, the idea of ‘sustainability’ can be expressed as the ability of a system to persist into the 

future (Costanza & Patten, 1995; Hansen & Jones, 1996). This suggests a degree of uncertainty 

present when considering how the system will affect the future, which cannot be directly 

observed (Hansen & Jones, 1996). Because of this, most definitions of sustainability refer to 

what actions one predicts will result in sustainability (Costanza & Patten, 1995). This brings 

challenges defining sustainability in a consistent manner.   
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The term ‘sustainability’ is often referred to as ‘sustainable development’ within many 

fields of study. Sustainable development was first defined in the famous “Brundtland Report” 

published in 1987 by the United Nations as “…development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs” (WCED, 1987). 

The report further explained that sustainable development is a process where changes are made 

considering the needs of both the present and the future, rather than a fixed state that can be 

achieved. This approach is consistent with the definition approved by the Food and Agriculture 

Organization (FAO) of the United Nations in 1988 that describes sustainability as meeting 

present and future generation’s needs through changes in management, conservation, and 

institution (FAO, 1989). These definitions of sustainable development led to the creation of 17 

goals by the United Nations in 2015, which called for global efforts to better conditions for 

humanity and the planet (United Nations, 2015). The goals address human well-being, economic 

growth, and improvement of ecosystems in a sustainable manner, while acknowledging the 

requirement of global support.  

Other definitions of sustainable development outline similar themes as those in political 

documentation. Sustainability has been considered a methodology for strengthening the social 

and environmental systems of the planet whose support systems are becoming threatened 

(Basiago, 1995). However, a system that is environmentally sound but does not produce enough 

economic reward cannot be considered sustainable (Yunlong & Smit, 1994). Therefore, the 

development of society should follow natural processes while also being economically 

responsible (Glavič & Lukman, 2007). From a global perspective, countries that are “achieving 

higher and more equally distributed well-being levels within ecological limits” are considered to 

be developing sustainably (S. Zhang & Zhu, 2020). From these definitions arise common 
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concepts; thus, sustainable development is often grouped into three pillars regarding economic, 

environmental, and social aspects (Khan, 1995; Muralikrishna & Manickam, 2017). The classic 

visual of these pillars is often portrayed in the form of a Venn diagram (Mebratu, 1998).  

In the scope of agriculture, the concepts of sustainability follow a similar structure. All 

ecosystems that are impacted either directly or indirectly by agriculture must be considered for 

crop production to be sustainable (Lewandowski et al., 1999). The integration of natural 

processes and the reduced usage of finite resources with adverse impact the ecosystem are 

crucial in sustainable production agriculture (Pretty, 1997, 2008), with some authors further 

emphasizing the conservation of land from degradation while being practical economically and 

socially acceptable (Brown et al., 1987).  

Several agricultural organizations in the United States have developed their own 

definitions for sustainable agriculture. The American Society of Agronomy (ASA) defines 

sustainable agriculture as “growing adequate nutritious and affordable food for the world’s 

growing population while protecting the environment” (ASA, 2022). The United States 

Department of Agriculture (USDA) has a similar definition, also emphasizing sufficient income 

for farmers and other individuals in the sector (USDA, 2022). Other organizations like the 

American Farm Bureau Federation focus mostly on environmental issues and promote “climate-

smart” production practices (American Farm Bureau Federation, 2022). Most definitions of 

sustainable agriculture revolve around the same three principles of economic, environmental, and 

social sustainability; however, some studies and frameworks include additional domains. A 

review of farm-level sustainability assessments identified five domains used in the literature 

evaluating agricultural sustainability, including: environment, governance and institutional, 

social, economic, and agronomic (Chopin et al., 2021). Similar to this agronomic grouping, other 
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literature reviewing agricultural sustainability shows several articles proposing “productivity” as 

an attribute to considered in assessments (Rao & Rogers, 2006). Food security and human 

nutrition are also discussed in several studies (Eakin et al., 2017; Herforth et al., 2014; Mazac et 

al., 2021), which are sometimes placed in a “human” or “human condition” domain (Musumba et 

al., 2017; Smith et al., 2017). Here, we review the five principles of economic, environmental, 

social, production, and human sustainability within the scope of agriculture. 

1.3 Metrics for quantifying sustainability in agricultural systems 

1.3.1 Economic  

The introduction of economic sustainability as a topic of interest can be attributed in part 

due to the 1980s farm crisis that occurred in the United States. Growing demand for U.S. grain 

increased commodity prices in the 1970s, making investments in land favorable and paying back 

large farm debts feasible. Increases in land and equipment prices in the 1980s, along with 

decreasing commodity prices due to high quantities of production and falling exports, placed a 

great financial burden on farmers. These events brought forward discussion of policy change and 

concerns that the system was not financially sustainable. The problems experienced in the 1970s 

and 1980s showed how reliance on very few crops as an income source and spending too much 

on inputs to produce these crops can create economic issues for farmers (Schaller, 1993).  

Economics has been commonly considered in most decisions made within the 

agricultural sector. While profitability tends to be the most often highlighted metric, economic 

sustainability encompasses factors that affect longevity and decisions that farms make. On a 

micro-scale, it is defined as the ability of a farm or system to survive in fluctuating economic 

conditions over time (Latruffe et al., 2016). This can include topics on the ability to withstand 

variations in profit, diversifying income across entities, and requirements of labor. Economic 
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sustainability should also be considered on a macro scale such as general welfare, which can be 

determined through poverty indicators. Markets are large determinants of producers’ decisions; 

therefore, the development of markets plays a large role in economic sustainability.  

Within this context, the most common metrics used to evaluate the economic 

sustainability of a given agricultural system are provided in Table 1.1, including the system’s 

profitability, variability of profit, financial capital, and resilience. 

1.3.2 Environmental 

Environmental sustainability has been one of the main focuses in the development of 

sustainable agricultural practices due to the pressing need to adjust practices in the context of 

climate change. Some authors argue that the other pillars cannot be achieved unless ecological 

factors are satisfactory (Lewandowski et al., 1999; Morelli, 2011), as the improvement of human 

welfare by protecting resources and preventing harm to the environment is the center of 

sustainability (Goodland, 1995). Environmental sustainability focuses on ecosystems and the 

functions that support life for humans (Dong & Hauschild, 2017), including the preservation of 

these ecosystems while meeting current and future human needs (Morelli, 2011). Themes in 

environmental sustainability literature, as categorized by Morelli (2011), include meeting 

societal needs, preserving biodiversity, regeneration of natural resources, recycling and reuse, 

and limitations on nonrenewable resources and waste production.  

Decisions in the agricultural sector have a direct impact on the environment; thus, 

environmental sustainability is crucial for an overall system’s long-term sustainability. The most 

common metrics used to quantify a system’s sustainability – from the environmental perspective 

– are shown in Table 1.2. The agricultural sector plays a significant role in greenhouse gas 

(GHG) emissions (Garnett, 2011), which in turn impacts climate change. The sector is 
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responsible for 21% of all GHG emissions, including 14% of carbon dioxide emissions, 41% of 

methane emissions, and 69% of nitrous oxide emissions (Shukla & Skea, 2022), creating 

pressure on agriculture to reduce emissions. Due to the resources used and the emissions 

associated with its production, energy consumption is often considered in environmental 

sustainability (Chel & Kaushik, 2011; Omer, 2008). Nitrogen losses from fertilizer use in 

agricultural soils can cause nitrous oxide emissions (Van Groenigen et al., 2010), in addition to 

contaminating groundwater and eutrophication (Zhang et al., 2015). Soil phosphorus in eroded 

agricultural soils has also been linked to eutrophication of water bodies (Bennett et al., 2001), 

which has several negative effects including declines in aquatic species through promotion of 

algal blooms (Daniel et al., 1998; V. H. Smith & Schindler, 2009). In addition to its effects on 

eutrophication, soil erosion also causes the negative effects of land degradation through loss of 

topsoil (Lairez et al., 2023). Monoculture agriculture has influenced ecosystem biodiversity, 

which can also have positive effects in pest management (Pacini et al., 2003). Additionally, 

pesticide use can have potential issues with toxicities and unintended consequences with non-

target organisms (Margni et al., 2002). 

1.3.3 Social 

Due to its subjective nature, social sustainability has very limited literature on the 

quantification metrics compared to the environmental and economic pillars (van Calker et al., 

2007). The current available metrics for social sustainability are shown in Table 1.3. Social 

sustainability includes aspects from both the survival and happiness of the human life (Brown et 

al., 1987). One of the most common themes in literature is the concept of equity, which refers to 

equality among people of different backgrounds and justice regarding all three pillars of 

sustainability (Eizenberg & Jabareen, 2017; Jabareen, 2008; Littig & Griessler, 2005; McKenzie, 
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2004). Meanwhile, the lack of equity has a role in degradation of the environment, as addressing 

equity and other basic human needs allows people to begin considering ecological concerns 

(Vallance et al., 2011). Additionally, safety or security emphasize human health and the right to 

protection when vulnerable (Colantonio, 2009; Eizenberg & Jabareen, 2017). Human rights and 

work conditions are often used to evaluate quality of life and societal impacts but are not enough 

to evaluate social sustainability (Janker & Mann, 2018). Other themes relate to happiness, 

employment, access to resources, and quality of life (Colantonio, 2009; Littig & Griessler, 2005). 

The evaluation of social sustainability should not be confined to a specific scale, as social 

sustainability involves matters on the farm, community, and society levels in agriculture 

(Latruffe et al., 2016).  

1.3.4 Productivity  

With a growing global population and limited land available, especially under the need to 

reduce the expansion rates of agricultural land into native vegetation and when rates of crop 

productivity have plateaued in many important food growing regions of the world (Grassini et 

al., 2013), increases in production on current agricultural land are necessary (Foley et al., 2005). 

Therefore, productivity (and its gap in reference to the potential productivity, i.e., yield gap; van 

Ittersum et al., 2013) is often considered in sustainability assessments (Table 1.4). Productivity 

refers to the ability of a system to generate outputs (Rao & Rogers, 2006). Intensifying 

production on land currently devoted to agriculture is a way to maintain adequate food supply. 

The concept of sustainable intensification is based on this idea of increase yield per unit land 

while being economically- and environmentally-cognoscenti and is one approach to make 

agriculture more sustainable (Oberč & Schnell, 2020). This concept involves increasing food 

production on existing farmland without causing more damage to natural resources. This also 
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calls for an increase in efficiency of production, as well as the entire food system (Garnett et al., 

2013). Yield-gaps are one of the most widely used methods for quantifying sustainable 

intensification potential and productivity (e.g., Silva et al., 2021; Yuan et al., 2021; 2022), as this 

displays the difference between actual and attainable yields (Mueller et al., 2012). Within 

sustainability, productivity accounts for the ability to reach optimum yields while balancing 

other aspects of sustainability such as economics and environmental targets. 

1.3.5 Human Condition 

The sustainability principle of human condition focuses on concepts related to human 

health, food quality, security, and safety (Table 1.5). Food quality centers on having access to 

food that meets human dietary needs (Herforth et al., 2014). In addition to access to nutritional 

food, the production of nutrient-rich foods and crops is of global importance. This is especially 

true for those nutrients considered to be micronutrients by crops (Graham, 2008). Food security 

can be related to nutrition in the sense of having access to an adequate amount of food and to 

nutritious food (Eakin et al., 2017). Food safety is not often included in sustainability 

assessments; however, existing literature has identified it as a gap within sustainability 

frameworks (A. Smith et al., 2017). This can include topics on pesticide residues (Carvalho, 

2006), risks of mycotoxins (Wagacha & Muthomi, 2008), and other food contamination factors 

that can negatively affect human health. 

1.4 Tools to assess a system’s sustainability 

Assessments of sustainability are very complex due to their multidisciplinary nature, thus 

creating challenges when evaluating whether assessment methods are suitable for a given 

situation. To address these challenges, the Bellagio Principles for Assessment were created as a 

guide for sustainability assessments in 1996 (Hardi & Zdan, 1997) and later updated to become 
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known as BellagioSTAMP (Sustainability Assessment and Measurement Principles) (Pintér et 

al., 2012). The revised principles provide common principles by which assessments should 

follow regarding its vision, considerations, scope, framework and indicators, transparency, 

communication, participation, continuity, and capacity. Using the principles of BellagioSTAMP, 

literature has developed a comprehensive methodology that provides procedural steps for 

sustainability assessment that define the sustainability approach, targets, the context in which 

decisions are made, and the methodologies used in the assessment (Sala et al., 2015). Although 

these themes are general in nature, they have direct application to production agriculture by 

providing guidance for thorough sustainability assessments. 

Some early literature provides a procedure for farmers to insure sustainable crop 

production, with a focus on environmental preservation (Lewandowski et al., 1999). The first 

steps include recognizing compounds emitted and released from crop production and identifying 

the impact to the ecosystem that they have. Indicators of the ecosystem are selected to describe 

the state of the ecosystem, and threshold values are determined for these indicators. By tracing 

these back to the farm level, tolerable levels of emissions and releases are determined to create 

indicators. Management practices crucial to sustainable crop production are identified with 

thresholds for farm inputs to create indicators for evaluation. Farms can then be evaluated for the 

level of sustainable crop production based on these farm-level indicators. 

Defining “sustainability” in different contexts is crucial to the determination of indicators 

and metrics to be used in its evaluation (Huang et al., 2015). These indicators are context-

dependent for the specific topic of interest (Dong & Hauschild, 2017). It is important to identify 

the most applicable indicators due to the surplus of possible metrics that could be tied to 

sustainability (Verma & Raghubanshi, 2018). Similarly, the benefits of monitoring an indicator 
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should be higher than the costs, making in necessary to place a valuation on conceptual benefits 

like a higher understanding for future decision-making (Pannell & Glenn, 2000). Tools that 

evaluate and combine these indicators are useful for comparative and comprehensible 

assessments of sustainability.  

Many tools are available for farm-level assessment of sustainability. Although most 

sustainability tools share a similar purpose, there is a high level of variation between methods of 

assessment (de Olde et al., 2017). In this sense, assessment tools are better equipped to help 

direct change on a specific farm or production system, rather than changing agriculture as a 

whole (Slätmo et al., 2017). The adoption of sustainable practices is dependent on farmers and 

these tools are becoming more directive towards farmers (Coteur et al., 2020). Here, we discuss 

sustainability tools that can be used in both research and commercial farm settings. 

1.4.1 Life Cycle Assessment (LCA) 

Life Cycle Assessment (LCA) is a tool that can be used to quantitatively evaluate the 

potential environmental impacts of a product over its life cycle (Lee & Inaba, 2004). These 

measurements start at the manufacturing, packaging, and transportation of the raw materials used 

in input creation (often referred to as “cradle”), and its assessment can stop at any stage within 

the production of a given product (for example, a LCA of agricultural crops can stop at the 

product produced in the farm [often referred to as “gate”; e.g., (Biswas et al., 2010; Grassini et 

al., 2012; Taki et al., 2018; L. Zhang et al., 2021)]; or it can evaluate the entire production, 

consumption, and disposal of the end product [often referred to as “grave”; e.g. (Deng et al., 

2021)]). LCA focuses primarily on the environmental aspects and usually does not consider 

economic and social properties of the systems evaluated. It considers the products produced, 

emissions to the environment, and other environmental impacts. An LCA consists of four phases: 
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i) goal and scope definition, ii) inventory analysis, iii) impact assessment, and iv) interpretation 

(Lee & Inaba, 2004). 

The first phase of LCA involves defining the goal and scope of the assessment, which 

identifies the purpose, boundaries, assumptions, and the products resulting from the study. The 

LCA’s goal recognizes the product in question and the target audience and is where the objective 

of the study is located. This determination lays out the reasoning for completing the analysis. 

The scope focuses on the specifics of the assessment including methods for the impact 

assessment, data quality requirements, the functional unit, and the boundaries and parameters 

used in data collection. 

 In the second phase, the life cycle inventory analysis (LCI) includes quantifying the 

material and energy inputs and outputs for the product through data collection and calculations. 

This can occur through public databases, literature, or direct measurements. These are the basis 

for the life cycle impact assessment (LCIA). This third phase of an LCA consists of four 

elements which are used to estimate potential environmental impacts: i) classification, ii) 

characterization (these are considered mandatory to the assessment), iii) normalization, and iv) 

weighting (these are considered optional). Based on the impact they may have on the 

environment, LCIA inputs and outputs are classified into categories. These inventory parameters 

are then quantified within their respective impact categories and is characterized by equivalency 

factor for comparison. Normalization can be conducted to account for the period of time and the 

geography of the product being assessed. These values may also be subjected to weighting, 

where a relative significance is assigned to each of the impact categories. 

 LCI and LCIA results are analyzed in the final phase as the life cycle interpretation, 

which comprises of three elements: i) identification of key issues, ii) evaluation, and iii) 
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conclusions. Key issues that have a substantial effect on the overall impact of a system should be 

identified and are crucial for improving the product’s environmental impact. All results should 

also be evaluated for their completeness, sensitivity, and uncertainty, and whether they were 

completed consistently with quality data. Finally, conclusions and recommendations may be 

made concerning the evaluated data and key issues.   

 Life cycle assessment has been used to analyze the environmental effects in several areas 

within agriculture, especially within the major agronomic crops of the world - many of which are 

summarized in Section 5. Briefly, in rice production, LCA has been used to estimate greenhouse 

gas emissions (Abdul Rahman et al., 2019; Gathorne-Hardy, 2013) and combinations of 

environmental factors such as carbon sequestration, water provisioning, air quality and water 

quality (Liu et al., 2020). Rice management strategies and tactics have been compared using 

LCA, including conventional versus organic production (He et al., 2018; Jirapornvaree et al., 

2021), planting and input tactics (Habibi et al., 2019), and residue management (Soam et al., 

2017; Van Hung et al., 2020). Other studies analyzed rice production systems as a whole to 

identify problematic environmental impacts (Jimmy et al., 2017; Wang et al., 2010). Wheat 

production LCA studies featured freshwater pesticide contamination impacts (Berthoud et al., 

2011), greenhouse gas emissions in organic and conventional systems (Meisterling et al., 2009), 

energy use estimations (Houshyar & Grundmann, 2017; Taghavifar & Mardani, 2015), and 

fertilizer quantity comparisons (Charles et al., 2006). Comprehensive assessments of production 

are featured specifically for wheat (Holka, 2016) and for small grains in general (Fallahpour et 

al., 2012). 
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1.4.2 Water-Energy-Food Nexus (WEF) 

The Water-Energy-Food Nexus (WEF) is a concept developed by the Food and 

Agriculture Organization of the United Nations (FAO) in 2011 (FAO, 2014). WEF was 

developed as another outlook to address the issue of sustainability in the context of using limited 

resources to provide for human needs. It focuses on the interaction of water, energy, and food to 

assess the impact on the sector in question, as well as other sectors that may be affected in this 

regard. This is especially directed towards use by governments and large multinational 

companies to assess the impact of policy changes and address the management of resources as 

they relate to the sustainable development goals created by FAO.  

The WEF Nexus Index has been developed to quantify the interactions between the 

pillars of water, energy, and food (Simpson et al., 2022), which are valued equally within the 

framework. Each pillar has two sub-pillars which address equitable access and physical 

availability. A total of 21 indicators are used to characterize and quantify these sub-pillars. Water 

access is characterized by the percentage of people using basic drinking water and sanitation 

services, as well as implementation of Integrated Water Resources Management [part of a 

Sustainable Development Goal (United Nations, 2015)]. Water availability includes annual 

freshwater withdrawals, renewable freshwater resources, environmental flow requirements, and 

precipitation. Energy access is highlighted by electricity access, renewable energy consumption 

and output, and carbon dioxide emissions. Consumption of electricity and energy imports are 

used to describe energy availability. Food access is characterized by malnourishment, children 

affected by wasting, children who are stunted, and adult obesity. Indicators of food availability 

include protein supply, grain yield, adequacy of dietary energy supply, and value of production. 

After the determination of indicator values, normalization transforms them to a uniform scale. 
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Scores are then calculated at the sub-pillar level by using the mean of indicators, and equal 

weighting is used at the pillar level to ensure each pillar is represented with equal importance. 

Finally, the average of the pillars determines the overall WEF Nexus Index.  

The WEF Nexus Index is intended to be used on a large scale and a national index has 

been calculated for 181 countries (Simpson et al., 2022), in addition to implementation in several 

different disciplines including agriculture. WEF concepts are found within many studies and 

WEF Nexus Index has been used to evaluate production agriculture, especially when comparing 

crop species and cropping systems. Seven crop species were compared using this method in Iran 

(Saray et al., 2022), 14 crop species also in Iran (Sadeghi et al., 2020), four species in China 

(Feng et al., 2022), and seven different cropping systems in China (Li et al., 2021).  

1.4.3 Response-Inducing Sustainability Evaluation (RISE) 

Farm-level sustainability can be quantified using “Response-Inducing Sustainability 

Evaluation”, also known as RISE (Hani et al., 2003). RISE aims to simplify sustainability 

assessment, accounting for the aspects of environmental, economic, and social sustainability on 

the entire farm. This model uses 12 indicators and evaluates them based on an estimate of the 

pressure the indicator places on the farming system and the actual measurement of the indicator 

in the system. Ecological indicators include energy, water, soil, biodiversity, emission potential, 

plant protection, and wastes/residues. Cash flow, farm income, investments, and the local 

economy indicate economic sustainability. The social system of the entire farm (i.e., worker 

compensation, family worker, and employee relationships) is evaluated as the last indicator. 

Because it is intended for use at the farm level, boundaries are set at one year temporally and are 

limited to the farm area spatially.  
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RISE also includes two different viewpoints of sustainability to determine a degree of 

sustainability (DS) for each indicator. These viewpoints are the “driving force” (i.e., the pressure 

on sustainability) and “state” (i.e., the current situation’s effects on sustainability) of the 

indicator. These are rated on a 0-100 scale using local or regional comparisons, which allows for 

normalization of each indicator. The DS of each indicator is plotted in a polygon for 

visualization and interpretation. Additionally, other dimensions investigating stability, the 

farmer’s actions, energy, and animal welfare are assessed to supplement the polygon 

visualization. 

The RISE method of sustainability assessment inputs actual farm data and is in the 

context of regional data, making it the most relevant tool for farmers (de Olde et al., 2016).  In 

Poland, it was used in the comparison of organic versus low-input conventional farming (Berbeć 

et al., 2018). Another study on organic farms within the vegetable, dairy, pig, and poultry sectors 

in Denmark used RISE for sustainability assessments (de Olde et al., 2016). 

1.4.4 Sustainability Assessment of Food and Agriculture Systems (SAFA)  

Sustainability Assessment of Food and Agriculture Systems (SAFA) was developed by 

the FAO intending to create a sustainability assessment framework for global use (FAO, 2014). 

This framework is intended for a diverse audience, including all entities associated with 

agricultural value chains and is applicable for government reference. Four dimensions of 

sustainability are used to distinguish the systems evaluated with SAFA including governance, 

environment, economics, and social impact. Sustainable governance considers topics in 

corporate ethics, accountability, participation, rule of law, and holistic management as they relate 

to decision-making and implementation. The category of environmental integrity focuses on 

minimizing negative ecological impacts to maintain essential systems using themes of the 
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atmosphere, water, land, biodiversity, materials and energy, and animal welfare. The economic 

dimension focuses on resilience rather than development, focusing on investments, vulnerability, 

product quality, and the local economy. Social sustainability in the context of SAFA includes 

fulfilling human needs without compromising others; and social well-being is measured 

following topics of decent livelihood, fair trading practices, labor rights, equity, human health 

and safety, and cultural diversity. 

Following the four dimensions of sustainability defined in the SAFA guidelines, 

procedures follow a four-phase structure: i) mapping, ii) contextualization, iii) indicators, and iv) 

reporting. The mapping phase describes the entity being assessed while defining boundaries, 

exclusions, and external relationships of the entity. Under the context of the objectives and 

boundaries, the sub-themes associated with each dimension and indicators are reviewed for 

relevance. Indicators are selected, calculated, and thus weighted so that each sub-theme has equal 

weight in the final rating. Procedures and results are documented in the performance report, 

where they are visualized and reviewed for quality, credibility, and transparency. To further 

facilitate the use of SAFA, FAO has developed an open-access software for easier 

implementation of the SAFA guidelines (FAO, 2014). 

 SAFA has been used as a tool in livestock systems, specifically for beef production in 

Sicily and Indonesia (Cammarata et al., 2021; Gayatri et al., 2016). In production agriculture, it 

has been implemented in banana (Musa spp.) production in Ecuador (Bonisoli et al., 2019), 

coffee (Coffea canephora and Coffea arabica) production in Uganda (Ssebunya et al., 2017), and 

organic crop production in the United Arab Emirates and Italy (Shamsi et al., 2019).  
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1.4.5 Indicateurs de Durabilite des Exploitations Agricoles (IDEA) 

Another tool to assess farm-level sustainability is Indicateurs de Durabilité des 

Exploitations Agricoles, otherwise known as the IDEA method (Zahm et al., 2008). This method, 

translated as “Farm Sustainability Indicators,” was first developed in 2000 (Boisset et al., 2008) 

and has since been updated to its fourth version named IDEA4 (Zahm et al., 2022). From a 

conceptual standpoint, IDEA4 evaluates a farm’s territorial effects, self-sufficiency, long-term 

potential, resilience to variation, and global responsibility. The framework assesses sustainability 

within the three dimensions of environmental, economic, and social sustainability using 13 

components. In the environmental dimension, the components considered are diversity, material 

and energy flows, resource use restraint, favorable production conditions, and the reduction of 

environment and human health impacts. The economic dimension is comprised of financial 

viability, independence, transferability, and efficiency. In the social dimension has components 

including food supply, local economy and development, employment and work quality, and 

ethics. These components categorize the 53 indicators used to assess sustainability through 

IDEA. 

 IDEA methodology has been implemented to assess sustainability in animal agriculture, 

including dual-purpose cattle farms in Mexico (Salas-Reyes et al., 2015), beef cattle farms in 

Tunisia (Mhamdi et al., 2017), sheep farms in Algeria (Benidir et al., 2013), and dairy farms in 

Mexico (Fadul-Pacheco et al., 2013). Production agriculture has utilized IDEA for irrigated 

cereal crops of Algeria (Chaouch et al., 2021), rubber farms in Thailand (Biret et al., 2019), 

maize production in Mexico (Paulino-Flores et al., 2017), and diverse farms in Morocco (Baccar 

et al., 2019). 
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1.4.6 Public Good (PG) 

Developed in the United Kingdom, the Public Good (PG) Tool is used to assess the 

sustainability of a farm based on effects to goods that are generally non-rival and non-excludable 

(Gerrard et al., 2012). The public goods included in the assessment include soil management, 

biodiversity, landscape and heritage, water management, manure management and nutrients, 

energy and carbon, food security, agricultural systems diversity, social capital, farm business 

reliance, and animal health and welfare. Each good is assessed by activities involving questions 

that are scored between one and five (five representing the most benefit). The PG tool was 

released in 2012 as an excel spreadsheet intending to be accessible to farmers and easy to utilize. 

 Few applications within literature using the PG tool exist in agriculture. In Europe, PG 

was used to assess the sustainability of agroforestry systems (Smith et al., 2022). In animal 

agriculture, European countries were evaluated and compared for the sustainability of goat and 

sheep farms (Paraskevopoulou et al., 2020).  

1.4.7 Comparisons of benefits and drawbacks of different sustainability tools 

Due to the subjective nature of sustainability science, the tools that have been developed 

to evaluate a system’s sustainability have strengths and weaknesses depending upon the contexts 

in which they are used. Compared with other methods of assessment, RISE has a focus on the 

environment, SAFA has an emphasis on social sustainability, and PG focuses on the 

environmental and economic domains (Alaoui et al., 2022). In a study of 15 prevalent methods, 

SAFA seemed to provide an optimum balance between analysis completeness with reasonable 

expenditure of resources (Bonisoli et al., 2018). In a study of Swedish farmers, RISE had the 

most potential to evaluate the social sustainability of farmers compared to the SAFA and IDEA 

methods (Röös et al., 2019). In a review of 19 farm-level tools, SAFA and RISE were among the 
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most consistent with BellagioSTAMP (Arulnathan et al., 2020). Out of 48 tools, SAFA, RISE, 

PG, and IDEA were deemed the most applicable in assessing the sustainability of Danish farms, 

with RISE being the most relevant according to farmers (de Olde et al., 2016). Additionally, 

some studies combined multiple assessment methods to diversify the measurements, to refine the 

study, or to provide measurements to be implemented within a different framework. For 

example, WEF was complemented by LCA metrics to assess tillage and irrigation effects on 

wheat and maize production sustainability (Zhang et al., 2022). The very nature of sustainability 

assessments results in each method having its advantages and disadvantages. Nonetheless, this 

review provides enough background so that researchers, practitioners, and industry can select the 

method (or methods) that best fit their needs based on the systems being evaluated. 

1.5 Distribution of sustainability studies by crop 

Many studies on agricultural sustainability focused on individual crops and how 

management of those crops can affect sustainability. Numerous crops are grown worldwide, but 

four crops are dominant in terms of the area they cover annually, and of the fraction of calories 

and protein provided directly or indirectly for human consumption. According to FAO statistics, 

the agricultural crops that covered the most area in 2021 were wheat, maize, rice, and soybean, 

occupying over 125 million hectares (FAO, 2021). These crops are also directly responsible for 

41% and 37% of the total human calories and protein intake globally (FAO, 2020).  

 Google Scholar was searched to find published scientific articles relating to sustainability 

and sustainable production practices relating to these important food crops. Terms used in the 

search included different key words relating to sustainability and its domains, such as: 

sustainability, sustainable, conservation, environmental, ecological, LCA, energy, greenhouse 

gases, climate change, social, economic, productivity, human, and quality. These were paired 
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with the four food crops (wheat, maize, rice, and soybean) individually for each search inquiry, 

and relevant articles were compiled. Of the 137 papers compiled, 109 were conducted in a single 

country whose distribution by crop are displayed in Figure 1.1. The articles were categorized 

based on their topic within sustainability and the distribution of these topics by crop are shown in 

Figure 1.2. 

1.5.1 Wheat 

A number of studies used comprehensive methodologies to quantify the sustainability of 

wheat production, summarized in Table 1.6. For example, LCA was used in many studies 

regarding nitrogen fertility (Goucher et al., 2017; Keikha et al., 2023; Masuda, 2016; Zhang et 

al., 2021), as well as cropping systems (Shrestha et al., 2020; Xu et al., 2022), residue 

management (Ingrao et al., 2021), irrigation (Taki et al., 2018), organic production (Verdi et al., 

2022), and general assessments of system’s sustainability (Deng et al., 2021; Ghasemi-Mobtaker 

et al., 2020). Other comprehensive work on wheat sustainability includes the use of WEF 

methodology (Fabiani et al., 2020), case studies (Chatelin et al., 2007; Fischer et al., 2022; Zhao 

et al., 2019), field studies (Mayer et al., 2015), and surveys (Mustafa et al., 2021). Additionally, 

major sustainability issues in durum wheat (Triticum turgidum L. ssp. durum) have been the 

subject of previous reviews (Zingale et al., 2022).  

Beyond these comprehensive assessments of wheat sustainability, a number of studies 

investigated individual aspects of system’s sustainability using wheat as case studies. For 

example, some previous environmental work used LCA to investigate GHG emissions from 

different residue managements (Monteleone et al., 2015), to identify emission hotspots in wheat 

production (Biswas et al., 2010), and to study the impact of plant breeding and genetics on 

emissions (Riedesel et al., 2022). Other GHG emission work used modeling to quantify regional 
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emissions (Shi et al., 2021) and field studies to compare nitrous oxide emissions from various 

management tactics (Wang et al., 2022). Energy usage of wheat production was also explored in 

comparison of other food sources (Avlani & Chancellor, 1977) and in different areas of wheat 

production (Safa & Samarasinghe, 2011).  

Previous work also revolved around soil factors including soil quality and fertility. Many 

of these focused on residue management, including retention of crop residue (Bakht et al., 2009; 

Ghimire et al., 2015; Liu et al., 2022), planting into living mulch (Carof et al., 2007), production 

under saline soil conditions (Miransari & Smith, 2019), and organic and inorganic fertilizer 

effects on soil health (Imran et al., 2021; Kang et al., 2005). Soil fertility research within the 

context of sustainability included the effects of organic matter additions on phosphorus losses 

(Zhang et al., 2017), nutrient use efficiencies for wheat cultivars (Salim & Raza, 2020), and a 

review of current nutrient knowledge in wheat production (Panhwar et al., 2019). In addition, the 

benefits of variable rate technology on environmental and economic factors have been explored 

(Fabiani  et al., 2020). Grain quality aspects of sustainability – which fall within the human 

domain of sustainable intensification – focused on crop management impacts on milling and 

baking strategies to improve end products (Cappelli & Cini, 2021) and the effects of mycotoxin-

infested grains (Cheli et al., 2013).  

While comprehensive sustainability assessments are common among wheat studies, 

residue management is an area lacking in sustainability studies. Residue is considered in some 

soil quality studies, but not often in the context of erosion prevention. In addition, studies on 

sustainable intensification and the adoption of sustainable practices are lacking. Although some 

studies have been conducted on grain quality, additional work could help with understanding 

sustainability factors downstream in the product chain. Other potential research could include 
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pest management and biodiversity, which are other topics missing from wheat sustainability 

studies.  

1.5.2 Maize 

Several studies quantified the sustainability of maize grain production using comprehensive 

frameworks, including many examples using LCA methodology and others (Table 1.7). These 

ranged from full comprehensive assessments of farmers’ practices (Grassini et al., 2012) to 

specific topics such as nitrogen fertilizer management (Sadeghi et al., 2018; Yao et al., 2021), 

stover management (Kim et al., 2009), and tillage practices (Król-Badziak et al., 2021). Regional 

assessments of sustainability incorporate LCA (Boone et al., 2016; Giusti et al., 2022) and a 

review of LCAs of maize grain production on the national level (Kim et al., 2014). Other 

comprehensive work assessed the sustainability of maize production using case studies (Lairez et 

al., 2023) and technology adoption (Jones-Garcia & Krishna, 2021). 

Studies on specific environmental factors or management practices are common in maize 

production. The effects of maize production induced air pollution on human health were 

explored (Hill et al., 2019), as well as energy and emissions of maize agroecosystems (Yousefi et 

al., 2014). Residue management research focuses on the removal of maize stover following 

harvest of the grain, including the harvest of maize stover for various uses (Adler et al., 2015; 

Karlen et al., 2011), burning stover (Tiammee & Likasiri, 2020), and destruction due to tillage 

(Afshar & Dekamin, 2022). Other literature explores the positive and negative effects of 

retaining residue, including managing for lower soil temperatures and nitrogen immobilization 

for the succeeding crop (Kong, 2014). Sustainable nitrogen management studies are often related 

to emissions and losses, including the effects of genotype and rates (Kim & Dale, 2008), the use 

of nitrogen balance as a predictor for nitrate losses (Tamagno et al., 2022), and in-season rate 
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determination using chlorophyll measurements (J. Zhang et al., 2007). Other studies evaluate the 

contribution of organic fertilizer inputs to soil quality versus inorganic fertilizers (S. Huang et 

al., 2010). 

Other themes addressed in maize sustainability literature related to the use of genetic 

modification (GM) technology include insect resistance to the Bt gene (Glaser & Matten, 2003), 

consumer decisions on GM products (Aerni et al., 2011), and the economic and environmental 

impacts of GM maize production (Brookes & Dinh, 2021). In addition, seed quality in low input 

environments was investigated (Geus et al., 2008).  

Maize sustainability studies cover residue and fertility management, but lack in other 

areas such as pest management and soil quality. In addition, water management studies are also 

missing from a crop that is heavily irrigated in some parts of the world. Grain quality is assessed 

from the seed production standpoint; however, other studies on end use quality could improve 

sustainability literature. Overall increases in maize sustainability studies could be beneficial, as 

there were only 24 total found in this study. 

1.5.3 Rice 

Recent literature in rice sustainability is perhaps the most abundant among crops, 

focusing mostly on environmental impacts of rice production (Table 1.8). Comprehensive 

assessments of sustainability used several different methods. LCA studies assessing several 

impact categories were conducted to compare specific practices such as residue management 

(Soam et al., 2017), to identify environmental impact hotspots in rice production (Giuliana et al., 

2022), and to evaluate rice production on a national level (Liu et al., 2020). Meanwhile, 

inconsistencies and gaps in these LCA studies are identified in a review of 72 rice LCAs (Ahmad 

et al., 2023). Numerous other studies assessed the sustainability of rice production around the 
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world using other methods, including studies in Thailand (Mungkung et al., 2022; Stuart et al., 

2018), Vietnam (Stuart et al., 2018), India (Devkota et al., 2020), Bangladesh (Roy et al., 2014), 

the continent of Asia (Devkota et al., 2019), and several global studies (Mishra et al., 2022; 

Nawaz et al., 2022; Yuan et al., 2021). In addition, intensification of rice production systems was 

explored in Uruguay (Pittelkow et al., 2016; Tseng et al., 2020). Studies on farmer adoption of 

sustainable practices address the most adopted practices (Connor et al., 2021), factors 

influencing adoption (Ashoori et al., 2017), and ways adoption can be increased (Rahman & 

Bulbul, 2015). 

 Numerous studies have been conducted on individual aspects of sustainable rice 

production, including the quantification of GHG emissions. LCA is often applied in these studies 

to specifically explore global warming potential, highlighting organic production systems 

(Jirapornvaree et al., 2021; Nunes et al., 2016), intensive production systems (Brodt et al., 2014), 

and hotspot analysis (Rahman et al., 2019). Another large focus of rice sustainability research is 

in the area of residue management. While residue removal through burning is common practice 

in rice production, effective management or utilizing straw for alternative uses are tactics that 

can be more ecologically friendly (Kumar et al., 2022). Studies are centered around retaining or 

incorporating the crop’s residue (Kumar et al., 2020; J. Zhang et al., 2021) and utilizing a green 

manure crop in conjunction (Li et al., 2019; Zhou et al., 2020). Several studies evaluated the 

impacts of alternative uses for rice straw from a systems outlook, including mushroom 

production (Nguyen-Van-Hung et al., 2019), biofuel (Sharma et al., 2020), and bioenergy (Harun 

et al., 2022; Singh et al., 2021). Soil quality indicators for different soil orders have been 

discussed (Biswas et al., 2017), as well as the effects of perennial rice on soil quality parameters 

(Zhang et al., 2023).  
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Fertility management studies have focused on reducing the environmental impacts by 

optimizing fertilizer inputs while incorporating residue with green manure (Zhuang et al., 2022), 

optimizing nitrogen applications (Liang et al., 2017; Yu et al., 2014), and utilizing best 

management practices to maximize sustainability and nutrient efficiency (Fageria et al., 2003). 

GHG emissions have been explored in relation to different irrigation strategies (Miniotti et al., 

2016; Moreno-García et al., 2021). Positive effects of biodiversity on ecological sustainability 

were observed in paddy rice systems (Luo et al., 2014), with the incorporation of a legume crop 

in the rotation (Gautam et al., 2021), and with fish farming integration (Berg et al., 2017). 

Diversity also has an effect on pest management (He et al., 2019), which relates to biological 

pest control (Fahad et al., 2021) and other non-chemical pest control methods (Hong-Xing et al., 

2017). In addition, a sustainable framework for pest management in rice has been discussed 

(Savary et al., 2012). 

Other topics within rice sustainability reside in the human domain, within the areas of 

grain quality and grain nutrient content. Rice grain quality parameters have been investigated 

using organic fertilizers (Zhou et al., 2022) and irrigation strategies (Ishfaq et al., 2021), in 

addition to managing arsenic accumulation from groundwater irrigation (Upadhyay et al., 2020). 

Biofortification has received much attention to address human nutrient deficiencies, which can 

best be achieved through genetics and fertility (Sheoran et al., 2022). Zinc deficiencies can be 

addressed with the application of zinc fertilizers (Bana et al., 2022) paired with genetic 

promotion of grain zinc content (Peramaiyan et al., 2022). Genetic engineering has also been a 

recent theme in biofortification of iron, zinc, and β-carotene (Majumder et al., 2019), especially 

in the case of Golden Rice (Dubock, 2017). Additionally, consumer preference of sustainably 

produced rice was assessed in Vietnam (Connor et al., 2022; My et al., 2018) and Nigeria 
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(Okpiaifo et al., 2020), while the acceptability of rice produced in the United States explored in 

Thailand and Japan (Aoki et al., 2017). 

 Likely the most complete of the four crops in terms of sustainability assessment, 

comprehensive assessments are a much smaller proportion of total studies for rice as compared 

to the other crops. Other research gaps might include evaluations of energy use or net energy or 

the development of sustainable technologies. In addition, more studies on water management and 

greenhouse gas emissions could improve recommendations for flooded rice. 

1.5.4 Soybean 

Sustainability assessments on soybean production are much rarer than the other crops 

discussed, especially in the context of social sustainability (Jia et al., 2020) (Table 1.9). 

Comprehensive studies investigated the three dimensions of economic, environmental, and social 

sustainability through LCA (Zortea et al., 2018) while other methods looked into the effects of 

genetically modified soybeans on overall system’s sustainability (Phélinas & Choumert, 2017). 

Multi-indicator environmental studies emphasized the effects of transportation through LCA (da 

Silva et al., 2010; Dalgaard et al., 2008; Knudsen et al., 2010) and explored the effects of 

intensive management through other methodology (Greer et al., 2020). LCA identified residue 

and fertilizer input management as hotspots for GHG emissions (Mohammadi et al., 2013; 

Raucci et al., 2015), which were also explored in field studies (Langeroodi et al., 2019). 

Comprehensive field (Andrade et al., 2022) and modeling (Balboa et al., 2019) studies have 

explored economic, human, and production aspects of adopting an improved management 

package in commercial soybean fields across the US. Micronutrient response in soybeans (Thapa 

et al., 2021) as well as tillage and irrigation for sustainable rotation options in rice systems 

(Giacomeli et al., 2021) were studied in the topic of soil management. Sustainable pest 



30 

 

management is another popular subject in soybean management, addressing the combined use of 

tools to manage soybean aphids (Hodgson et al., 2012; Ragsdale et al., 2011), cultural control 

methods for sudden death syndrome (Rodriguez et al., 2021), and integrated pest management 

(Bueno et al., 2021). Other subjects within sustainable soybean management explored yield-gaps 

in Brazil (Sentelhas et al., 2015) as well as the opportunities to avoid deforestation of Amazon 

Forest through soybean intensification (Marin et al., 2022). Harvest and storage methods have 

also been evaluated for grain quality preservation (Coradi et al., 2020). Challenges in sustainable 

management of soybean supply chains have been reviewed (Jia et al., 2020), and specifically 

have focused on non-GMO soybean supply chains (Teuscher et al., 2006).  

Sustainability studies for soybeans are the most scarce of the four crops totaling 19 in this 

study, indicating several areas for improvement. Very few studies look at soil factors, especially 

in terms of fertility and residue management. Social sustainability is also lacking in topics such 

as sustainability adoption and consumer preference. In addition, as a crop deeply involved with 

genetic modification, few soybean studies consider its effects on sustainability. Furthermore, few 

studies consider end use quality, biodiversity, and water management. 

1.6 Potential for crop-specific management modulation on sustainability 

Negative effects on sustainability indices that are independent of human control such as 

short-term climate or weather variables have little opportunity for regulation. Crop management, 

however, often influences various aspects of sustainability, and therefore presents the 

opportunity to modulate sustainability. Although agronomic management differs between crops, 

similar themes are expressed amongst prospects for positive sustainability impacts. 

The most frequent opportunities for management modulation of sustainability of crop 

production perhaps are found within the environmental domain. Surface residue management is 
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beneficial in erosion prevention (Turmel et al., 2015) which preserves topsoil that is critical to 

maintaining long-term productivity (Larson et al., 1983). Surface residues also positively 

influence factors such as organic carbon, nutrient, and water content in the soil (Bakht et al., 

2009; Ghimire et al., 2015; Karlen et al., 2011; Kong, 2014; Liu et al., 2022; Zhang et al., 2021). 

This is especially important when managing eutrophication due to runoff, as surface protection 

has been shown to reduce phosphorus losses (Zhang et al., 2017). Losses of nitrogen can be 

reduced while still maintaining yield by optimizing fertilizer rates and timing of application with 

various residue practices (Kim & Dale, 2008; Liang et al., 2017; Lollato et al., 2021; Pittelkow et 

al., 2013; Sadeghi et al., 2018; Yu et al., 2014; Zhuang et al., 2022). These losses can come in 

the form of leaching (Tamagno et al., 2022) or through emission of nitrous oxide (Wang et al., 

2022). Residue management also plays a role in GHG emissions (Kumar et al., 2020; Langeroodi 

et al., 2019; Nguyen-Van-Hung et al., 2019; Sharma et al., 2020; Tiammee & Likasiri, 2020), 

providing an opportunity for reductions with proper management. Additionally, increases in 

sustainability are related to increases in biodiversity (Berg et al., 2017; Gautam et al., 2021; Luo 

et al., 2014) which can also positively affect pest control (He et al., 2019). Biological and 

cultural control methods can be effective alternatives or additions to chemical control methods 

(Fahad et al., 2021; Hong-Xing et al., 2017; Rodriguez et al., 2021), while an integration of 

methods can lead to more sustainable management (Andrade et al., 2022; Bueno et al., 2021; 

Hodgson et al., 2012). 

Productivity is mainly influenced by using optimal agronomic practices for maximizing 

yield. Increases in grain yield through intensification of crop management can be large enough to 

offset per area increases in input usage, resulting in lower global warming potential per unit grain 

yield produced (Grassini et al., 2012). Controllable yield variability is mainly influenced by 
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nutrient, pest, and water management, meaning that changes in the management of these can 

increase productivity (Mueller et al., 2012). In addition, sub-optimal practices in land 

management, sowing and harvest dates, plant densities, and varietal selection can lead to larger 

yield-gaps (Zhang et al., 2016), decreasing a systems sustainability. The optimization of these 

management factors in terms of yield can provide avenues to increase productivity and 

sustainability of agricultural systems, and it is important to highlight that different farming 

systems require individual strategies to achieve high yield, sustainable crop production (Silva et 

al., 2021).  

1.7 Considerations of grain quality on sustainability metrics 

While maintaining long-term global food security remains one of the biggest goals of 

sustainability, some argue that the focus should be directed towards providing food of good 

nutritional value (Campbell et al., 2016; Mustafa et al., 2021). This is especially relevant as the 

focus on increasing crop grain yield in the last decades has resulted in greater carbohydrate 

accumulation in cereal grains, reducing the concentration of more nutritious components such as 

grain protein and macro- and micro-nutrients (Maeoka et al., 2020; Miner et al., 2022) – a 

scenario that may be accentuated with future increases of CO2 concentration (Loladze, 2014). 

We note in passing that this can further accentuate not only micronutrient deficiencies in 

underdeveloped countries (Zhu et al., 2018) but potentially contribute to the obesity pandemic 

and associated diabetes and cardiovascular events (Diamond et al., 2020, 2021). Still, grain 

quality is rarely included in metrics of overall agricultural sustainability, but quality parameters 

have been explored individually for sustainability purposes. In particular, research on 

biofortification of rice either through management or genetics has attempted to combat human 

malnutrition (Bana et al., 2022; Dubock, 2017; Majumder et al., 2019; Peramaiyan et al., 2022; 
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Sheoran et al., 2022). Other research on factors that affect grain quality includes practices in 

grain production (Andrade et al., 2022; Cappelli & Cini, 2021; Cruppe et al., 2018; Giordano et 

al., 2023; Ishfaq et al., 2021; Zhou et al., 2022; Raj et al., 2023; Tian et al., 2022) and post-

harvest handling (Cheli et al., 2013), in addition to practices to prevent toxic compounds (Cheli 

et al., 2013; Upadhyay et al., 2020). Grain quality parameters play a role in human health, 

productivity, and efficiencies that can relate to environmental factors, making it crucial for 

overall sustainability assessments especially in a context where the population of 

underdeveloped countries can be impacted by further impoverishments in grain nutrition, and 

that of developed countries go through obesity pandemics and associated diseases. 

1.8 Practical implications for adoption of sustainable technologies 

Despite the increasing popularity of topics surrounding sustainable production of 

agricultural crops over the last several years, there are still issues with the adoption of sustainable 

practices in commercial agronomic settings. Overarchingly, the key to overcome the lack of 

adoption of sustainable practices include (i) implementing policies to make such practices 

profitable, and (ii) biulding human capacity through education and Extension so that the 

intricacies of such practices are well understood. This is especially true in underdeveloped 

countries with no – or very incipient – Extension systems to educate the general population. 

Sometimes, constrains associated with the adoption of new agricultural practices that may seem 

more sustainable can be driven by high additional costs of new technologies and equipment, 

concomitantly to the need of acquiring specialized skills and the associated time investment to 

enhance the value embodied in the technology (Griffin et al., 2004, 2016; Miller et al., 2017). 

For example, the use of active sensors to determine optimal nitrogen rates variable across the 

field has demonstrated a potential to reduce the amount of N applied while maintaining grain 
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yield of cereal crops for years under experimental conditions (Arnall et al., 2013; Mullen et al., 

2003; Raun et al., 2001; Scharf et al., 2011; Schwalbert et al., 2018), thus suggesting 

opportunities to be more sustainable in at least two domains (i.e., economic and environmental). 

Still, the adoption of this technology at large-scale commercial agriculture is still small relative 

to the adoption of other precision agriculture technologies such as yield monitors, machine 

guidance, and autosteer (Bramley and Ouzman, 2019; Ofori et al., 2020). 

Still from a practical perspective, problems may also arise when technologies are 

unavailable or unattainable, and influenced by the local markets available to the producer. New 

herbicides to overcome herbicide tolerant-weeds in no-till or reduced tillage practices are 

examples of unavailable technologies, thus other practices must be adopted to compensate 

(Kumar et al., 2020). Crop diversity within rotations are examples of potentially sustainable 

practices (He et al., 2019) that are strongly influenced by the markets available to producers. 

Limited access to markets tends to lead to poor adoption of diversification due to lack of 

economic viability. Most grower’s decisions are driven by economics and would therefore be 

more apt to adopt sustainable practices, such as diversified crop rotations, with policy support 

and the development of markets (Rodriguez et al., 2021; Song et al., 2021; Wang et al., 2021). 

Sustainability incentives are still lacking, although some industry companies have recently 

launched programs assisting the transition to sustainable agriculture (Appendix A).  

1.9 Future research, policy development, and public-private partnerships 

Studies on environmental sustainability are abundant and relevant. However, other areas 

of sustainability could be further explored in future research. For example, overarching themes 

of sustainability are clear (i.e., production, environmental, economic, human, and social), but 

lack metrics of assessment for some domains especially on small scales. This is particularly true 
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in the social domain, where many of the themes are well defined, but lack convenient metrics for 

evaluation. Macro-scale metrics are common, but indicators on the farm-level are scarce. The 

human condition domain is also lacking in consideration, especially in relation to food quality. In 

crop production, quality is usually only considered in terms of protein or oil content but often not 

in the context of sustainability. Other parameters such as the quality of protein and oil, as well as 

other processing quality parameters are often excluded as well, which could have effects on 

efficiencies and end-product quality. Along the same lines, nutritional quality should be of 

concern and warrants inclusion in sustainability metrics for the purposes of human health. 

 The environmental domain is possibly the most studied and advanced over the last 

several years, rightfully so being that sustainable intensification may call for an increase of 

inputs. Nevertheless, restraints on time, labor, and costs cause direct ecological measurements to 

be difficult. This highlights the need for continuously updated models to accurately estimate 

environmental indicators in different situations. Still, taking measures to reduce negative 

environmental effects should not hinder productivity enough to cause concern for economic 

viability and adequate food supply. Additionally, the current state of climate change should be 

considered in management and genetic decisions while also working towards its mitigation. 

Sustainable agriculture has made major advances over the last several years, but still requires 

further progress to improve the global food system. 

 Policy formulation has the ability to push agricultural sustainability forward, however 

policy implementation depends on building human capacity, especially in underdeveloped 

countries. Farms tend to be economically driven, and therefore do not put other domains as a 

high priority unless those beneficial practices also result in higher profit. Incentives for producers 

to use sustainable practices – either as governmental policy or as industry-led programs – could 
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lead to greater adoption of sustainable practices by offsetting potential profit-loss from such 

practices. Similarly, premiums for higher quality products could encourage producers to manage 

at a higher intensity that will create benefits later in the supply chain. Sustainability can be very 

situation-dependent, and therefore should not be viewed from a blanket approach but rather on a 

case-by-case basis.  

Finally, we see opportunities for public-private collaborations in advancing towards 

sustainable intensification of crop production, leading to changes in sustainability across the 

value chain. Private programs have the ability to compensate producers for adoption of 

sustainable practices, potentially moving the needle at scale. Meanwhile, two challenges are 

common challenges of programs that compensate growers for the adoption of sustainable 

practices: (i) the verification of claims related to practice adoption, and (ii) exploration of data so 

that new recommendations of actual sustainable practices are developed. Advances have been 

made to utilize satellite imagery to quantify the use of given practices such as conservational 

tillage (e.g., Azzari et al., 2019), but the adoption of other management aspects of crop 

production still contribute to the first challenge as they rely on boots on the ground verification 

by program deployers which is costly and time consuming. Here, and using the U.S. system as an 

example, private companies could collaborate with Land Grant Universities so that county and 

district Extension educators contribute with ground truthing claims. The second challenge (the 

collection of large datasets by private companies) offers opportunities for researchers across 

disciplines in the public sector (e.g., life cycle assessment specialists, agronomists, computer 

scientists, grain science specialists, etc.) to collaborate and, through state-of-the-art data science, 

develop new recommendations regarding sustainable intensification of crop production. This 

information then could be relayed back to producers and partners across the value chain through 
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Extension venues and to producers associated with Industry partners to move entire value chains 

towards more sustainable systems.       

1.10 Concluding remarks 

Sustainable intensification of crop production is difficult to define and to evaluate due to 

its specificity to each system; still, it should be high priority in near future policy development 

and research funding to produce more nutritious food while sustaining or improving 

environmental indicators. The different domains and themes around the central idea of 

sustainability challenge progress in this area as positive advances in one domain may be 

accompanied by tradeoffs in others, highlighting the need for multidisciplinary approaches to 

move the current global food system to greater sustainability. The reduced number of studies on 

the human and social domains of agricultural sustainability is concerning and could have 

contributed to the current status of malnutrition and obesity. The improvement of current, and the 

development of new assessment tools is crucial to identify practices that increase sustainability 

to utilize on all scales of agriculture, including specific crops, cropping systems, farms, and 

supply chains. The development of policies to foment the adoption of sustainable practices, as 

well as the deployment of Extension systems to educate the general population, are likely 

important steps in overcoming the lack of adoption of sustainable practices. A comprehensive 

collaborative public-private approach with the aid of better shaped policy has the potential to 

help farms and their connected businesses make decisions that will collectively benefit all 

entities across the value chains regarding the different sustainability domains. 
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Table 1.1. Summary table of common economic sustainability indicators and their potential 
metrics with examples of utilization in studies or assessment methods. 

Indicator Metrics Citations of Examples 

Profitability 
Net Income 
Gross Margin 

Berg et al., 2017 
Fabiani, Vanino, Napoli, & Nino, 2020; 
Lairez et al., 2023 

Variability of 
Profit 

Vulnerability 
Variation in net income 
Probability of low profitability 

Konefal et al., 2023 
Musumba et al., 2017 
Musumba et al., 2017 

Financial 
Capital 

Income 
Assets 
Investments 

Rao and Rogers, 2006 
Rao and Rogers, 2006; Hani et al., 2003 
Hani et al., 2003 

Resilience Income and crop diversity Rao and Rogers, 2006 
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Table 1.2. Summary table of common environmental sustainability indicators and their 
potential metrics with examples of utilization in studies or assessment methods. 

Indicator Metrics Citations of Examples 

Global Warming 

GHG emissions  
     Carbon dioxide emissions 
     Methane emissions 
     Nitrous oxide emissions 

 
Lee and Inaba, 2004 
Linquist et al., 2012 
Linquist et al., 2012 

Eutrophication 
 

Nitrogen runoff 
Phosphorus runoff 

Young et al., 2021 
Young et al., 2021 

Water Quality Nitrogen leaching  Fabiani, Vanino, Napoli, & 
Nino, 2020 

Water use Use of irrigation Gómez-Limón & Sanchez-
Fernandez, 2010 

Fertility 

Nutrient Balances 
     Nitrogen 
     Phosphorus 
Soil buffer capacity maintenance 

Rao and Rogers, 2006 
Hani et al., 2003; 
Hani et al., 2003; 
Lairez et al., 2023 

Energy 

Energy Use 
 
Energy Balance 

Fabiani, Vanino, Napoli, & 
Nino, 2020; Hani et al., 2003 
Gómez-Limón & Sanchez-
Fernandez, 2010 

Carbon 
Sequestration 

Carbon Balance Yousefi et al., 2014, Q. Liu 
et al., 2022 

Soil Erosion Erosion control Lairez et al., 2023; Rao and 
Rogers, 2006 

Biodiversity 
Crop diversity 
Insect diversity 

Pacini et al., 2003 
Pacini et al., 2003 

Acidification Acidification Lee and Inaba, 2004 

Ecotoxicity 
Chemical emissions to environment 
Herbicide leaching control 

Lee and Inaba, 2004 
Lairez et al., 2023 
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Table 1.3. Summary table of common social sustainability indicators and their potential 
metrics with examples of utilization in studies or assessment methods. 

Indicator Metrics Citations of Examples 

Equity 

Access to knowledge 
Access to resources 
Access to markets 
Gender equality 

Rodriguez et al., 2021; FAO, 2014 
Rodriguez et al., 2021; FAO, 2014 
Rodriguez et al., 2021; FAO, 2014 
Hutchins & Sutherland, 2008 

Agricultural employment Hours of work required Gómez-Limón & Sanchez-
Fernandez, 2010 

Stability of the workforce Population stability Gómez-Limón & Sanchez-
Fernandez, 2010 
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Table 1.4. Summary table of common production sustainability indicators and their 
potential metrics with examples of utilization in studies or assessment methods. 

Indicator Metrics Citations of Examples 

Land Productivity 
Yield, biomass production 
Variation in productivity 

Lairez et al., 2023; Young et al., 2021 
Musumba et al., 2017 

Yield-Gap Difference between actual and 
potential or water-limited yield Mueller et al., 2012 

Input use 
efficiency Yield per unit input Musumba et al., 2017; Rao and 

Rogers, 2006 

Cropping intensity Number of crops harvested per 
year 

Musumba et al., 2017; Rao and 
Rogers, 2006 
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Table 1.5. Summary table of common human condition sustainability indicators and their 
potential metrics with examples of utilization in studies or assessment methods. 

Indicator Metrics Citations of Examples 

Food Safety Disease risk 
Pesticide residue 
Mycotoxin content 

Gustafson et al., 2016 
Carvalho et al., 2006 
Wagacha & Muthomi, 2008 

Food Quality Quality Standards 
Nutrient Density 
Protein production 

Konefal et al., 2023 
Gustafson et al., 2016 
Musumba et al., 2017 

Food security Caloric production Musumba et al., 2017 
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Table 1.6. Summary table of studies evaluating the sustainability of wheat production systems, including category evaluated, 
location of the study, study method, and major findings.   

Category Reference Location Study Type Summary 

Sustainability 
Assessment 

Goucher et al., 2017 United 
Kingdom LCA 

The use of nitrogen fertilizer in wheat production accounted for 
the largest portion of environmental impact that results from bread 
loaf production. 

Keikha et al., 2023 Iran LCA 

The arid climate had higher environmental impacts than the humid 
climate. Both climates saw increased income and water 
productivity at higher nitrogen rates, despite adverse ecological 
effects. 

Masuda, 2016 Japan LCA 
Wheat grown in both paddy and upland fields can be eco-efficient 
when adequate nitrogen rates are used, as opposed to excess 
applications which result in increased eutrophication. 

L. Zhang et al., 
2021 China LCA 

Optimal nitrogen rates based on in-season measurements 
compared to conventional rates greatly reduced ecological impacts 
per unit of grain by reducing total emissions. 

Shrestha et al., 2020 United 
States LCA 

Wheat in rotation between oilseeds and legumes recorded the 
lowest environmental harm; however, midpoint impact results did 
not reflect other benefits of low-yielding crops to the cropping 
system. 

Xu et al., 2022 China LCA 

Wheat had lower environmental effects in a majority of impact 
categories over grain and forage maize, but alfalfa and forage 
maize had lower effects on air quality due to the common practice 
of burning wheat residues. 
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Category Reference Location Study Type Summary 

Ingrao et al., 2021 Global Review 
Wheat residue used for biofuels was ecologically beneficial, but 
less so than other residues with higher ethanol potential and 
biomass yields such as maize. 

Taki et al., 2018 Iran LCA 
Irrigation reduced pollution per unit of wheat produced due to 
higher yields, with diesel fuel and chemical fertilizers being 
hotspots in both irrigated and rainfed systems. 

Verdi et al., 2022 Italy LCA 

Increases in wheat yield in organic farming and reduced nutrient 
losses in conventional farming can decrease environmental 
impacts. Organic farming had lower ecological impacts than 
conventional in all categories except land use. 

Deng et al., 2021 China LCA 

Wheat cultivation was the main driver of sustainability in wheat 
supply chain, while the highest reduction in environmental effects 
occurred under optimal crop management and integration of 
supply chain steps. 

Ghasemi-Mobtaker 
at al., 2019 Iran LCA In Iranian wheat production, electricity for irrigation and fertilizer 

represented the highest energy consumptions. 

Fabiani, Vanino, 
Napoli, & Nino, 
2020 

Italy WEF 

Mineral fertilizers contributed to higher economic gains while 
organic fertilizers better preserved water quality and reduced 
emissions, so adoption of organic fertilizers can be driven by 
policy. 

Chatelin et al., 2007 France Case Study The study simulated crop management strategies that limited the 
risk of nitrogen pollution while maintaining yields and quality. 
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Category Reference Location Study Type Summary 

Fischer et al., 2022 Mexico Case Study 
Environmental sustainability was considered good in the Yaqui 
Valley and further increases in worldwide production will depend 
on closing yield gaps in developing countries. 

Zhao et al., 2019 China Case Study 

Using energy analysis, the most efficient region of China for 
wheat production was identified as the subhumid monsoon 
climate zone, indicating where wheat production should be 
focused. 

Mayer et al., 2015 Switzerlan
d Field Study 

Organic fertilizer management resulted in lower yields due to low 
mineral nitrogen availability, although conventional management 
benefited from organic additions to the soil. 

Mustafa et al., 2021 Pakistan Farmer 
Survey 

Soil conservation and tree plantation increased wheat yield more 
efficiently as compared to changing crop varieties and planting 
dates, but all four environmentally friendly farming strategies 
were beneficial. 

Zingale et al., 2022 Global Review 
Major issues to address in durum wheat production involve 
productivity, environmental quality, biodiversity, intensity 
optimization, and fossil fuel reliance. 

GHG 
Emissions 

Monteleone et al., 
2015 Italy LCA 

The best environmental performance for GHG emissions balance 
was achieved when using wheat residue for energy production in a 
rotation with an herbage crop preserve soil quality. 

Biswas et al., 2010 Australia LCA 
Emissions on the farm were higher than those associated with the 
production and transport of inputs, with nitrous oxide being the 
largest GHG emission source in wheat production. 
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Category Reference Location Study Type Summary 

Riedesel et al., 2022 Germany LCA 
Improved genetics for yield compensated for increased GHG 
emission per unit land, while low carbon footprints were 
associated with large farms, hybrid breeding, and fungicide use. 

Shi et al., 2021 Canada Modelling 
Most GHG emissions were connected to nitrogen through its 
manufacture, storage, transportation or application, and were 
affected by environmental impacts on nitrous oxide emissions. 

C. Wang et al., 
2022 China Field Study 

Delayed planting, delayed spring irrigation, and no-tillage resulted 
in yield decreases, while delayed planting and tillage increased 
N2O emissions. Nitrogen fertilizer rates between 120 and 150 kg 
N ha-1 maximized yield while reducing N2O emissions. 

Energy 

Avlani & 
Chancellor, 1977 

United 
States 

Energy 
Balance 

Although more energy is used for wheat production and use, it is 
much smaller than other reported values for flour and cereals and 
for all food, making it efficient as a food source comparatively. 

Safa & 
Samarasinghe, 2011 

New 
Zealand Modeling 

Fertilizer and electricity accounted for about 69% of total wheat 
production energy consumption, and a model was created to 
predict energy use. 

Soil Quality 

Bakht et al., 2009 Pakistan Field Study 
Crop productivity and nitrogen uptake were increased when crop 
residues were retained or when a legume was incorporated into 
the cropping system. 

Ghimire et al., 2015 United 
States Field Study 

Residue retention, green manure, or animal manure applications 
reduced soil organic carbon and nitrogen depletion in the soil in 
this long-term study. 

B.-Y. Liu et al., 
2022 China Meta-

analysis 
Water and nitrogen can be saved with residue retention and 
subsoiling, practices that are recommended to increase yields, 
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Category Reference Location Study Type Summary 
decrease evapotranspiration and thus increasing crop water use 
efficiency. 

Carof et al., 2007 France Field Study 

When mixed with living mulch, wheat will not have competition 
for light when the mulch is controlled chemically or mechanically 
and is selected for lower height. Nitrogen uptake was not 
consistently affected by the presence of the living mulch. 

Miransari & Smith, 
2019 Global Review 

Production under saline conditions can be sustainably increased 
using a combination of practices such as crop breeding, microbes, 
seed priming, and genotypes with natural tolerance to salinity. 

Imran et al., 2021 Pakistan Field Study 
The combination of both organic and inorganic fertilizers had the 
highest potential to achieve high yields while maintaining soil 
health. 

Kang et al., 2005 India Field Study 

Using a soil quality-based sustainability assessment with 
parameters of nutrient, microbial, and crop indices, organic inputs 
greatly increased sustainability while inorganic fertilizers reduced 
soil productivity microbial activity. 

Fertility 

Q. Zhang et al., 
2017 China Field Study 

Additions of organic matter and maintaining soil cover on sloped 
farmland reduced phosphorus losses associated with water 
erosion. 

Salim & Raza, 2020 Pakistan Review 
Wheat cultivars selected for better nutrient use efficiencies will 
help optimize yield in deficiency scenarios for higher global food 
security. 

Panhwar et al., 2019 Global Review Outlines current knowledge on wheat plant nutrition, effects of 
mineral fertilizer, nutrient use efficiencies, and the use of 



48 

 

Category Reference Location Study Type Summary 
integrated plant nutrient management for sustainable wheat 
production. 

Technology 
Fabiani, Vanino, 
Napoli, Zajíček, et 
al., 2020 

Greece and 
Czech 

Republic 
Case Study 

While variable rate technology is limited due to high investment 
costs, it has the potential to reduce environmental impacts of 
nitrogen losses. 

Grain Quality 

Cappelli and Cini, 
2021 Global Review 

Strategies to improve sustainability of wheat products are 
explored, ranging from management in the field to innovations in 
the milling and baking processes. 

Cheli et al., 2013 Global Review 
The milling process reduces mycotoxins in the part for human 
consumption but concentrates it in by-products. Cleaning is an 
efficient way to reduce mycotoxins prior to the milling process. 
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Table 1.7. Summary table of studies evaluating the sustainability of maize production systems, including category evaluated, 
location of the study, study method, and major findings.   

Category Reference Location Study Type Summary 

Sustainability 
Assessment 

Sadeghi et al., 
2018 Iran LCA 

Emissions increased with increased nitrogen rates, but 
environmental effects were reduced when higher-yielding 
genotypes are selected. 

Grassini et al., 
2012 United States LCA 

Producing high yielding maize with large net energy yield 
and low global warming potential concomitantly is possible. 
The authors identified management practices associated with 
this scenario. 

Yao et al., 2021 China LCA 

Applying a mixture of controlled-release urea and 
conventional urea at the optimal nitrogen rate minimized 
ecological impacts while maintaining yield compared to pure 
conventional urea. 

Kim et al., 2009 United States LCA 
Collecting maize stover in addition to grain reduces most 
environmental impacts but has the potential to negatively 
influence soil organic carbon levels. 

Król-badziak et 
al., 2021 Poland LCA 

Reduced and no-tillage resulted in less environmental impacts 
compared to conventional tillage, while conventional tillage 
performed best for social and economic effects. 

Boone et al., 
2016 Belgium LCA 

Large differences in environmental impacts were caused by 
weather variation, while impacts could be reduced with future 
improved genetics. Large variation exists between similar 
datasets of different regions, highlighting the need for local 
data. 
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Category Reference Location Study Type Summary 

Giusti et al., 
2022 Brazil LCA 

Global warming potential and eutrophication potential were 
driven by fertilization, acidification potential and abiotic 
depletion potential were mostly influenced by transportation, 
and the hotspot for freshwater aquatic ecotoxicity potential 
was identified as pesticide losses. 

Kim et al., 2014 United States Review of 
LCAs 

Despite using similar methodologies, studies differ regarding 
nitrous oxide emissions, soil organic carbon effects on 
emissions, labor, and machinery production impacts. 

Lairez et al., 
2023 Laos Case Study 

Current maize-based systems with recent adoption of 
mechanization pose environmental risks with herbicide and 
soil management, while also showing poor economic 
performance.  

Sustainability 
Adoption 

Jones-Garcia & 
Krishna, 2021 Global South Review Technology adoption by farmers is limited by information 

accessibility and the large-scale focus of technologies. 

GHG 
Emissions 

Hill et al., 2019 
United States Case Study 

Ammonia and GHG emissions result in reduced air quality 
responsible for premature deaths and contribution to climate 
change.  

Yousefi et al., 
2014 Iran Case Study The reduction of GHG emissions and environmental impact 

are dependent on the efficient use of energy. 

Residue 
Management 

Adler et al., 
2015 United States Field Study 

Partial stover removal can be sustainable when soil nutrients 
are monitored and replaced with the incorporation of no-
tillage and cover crops. 
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Category Reference Location Study Type Summary 

 Karlen et al., 
2011 United States Field Study 

50% and 90% stover removal rates could result in a decline in 
total organic carbon which should be monitored and can 
addressed through cover crops and high plant populations. 

Tiammee & 
Likasiri, 2020 Thailand 

Modeling/ 
Case Study 

Burning residue causes environmental impacts through GHG 
emissions which can be reduced by other removal methods 
that result in low reductions of total profits when considering 
social cost. 

Afshar & 
Dekamin, 2022 United States Field Study 

No-tillage system performed better than moldboard plow 
tillage, chisel plow tillage, and strip-tillage for environmental, 
energy and economic indicators using the LCA-MFCA 
method. 

Kong, 2014 
China Review 

Residue retention paired with reduced tillage can increase soil 
quality and subsequent wheat yields compared to residue 
removal with conventional tillage. 

Fertility 

Kim & Dale, 
2008 

United States Field Study 

Increasing nitrogen application rates cause greenhouse gas 
emissions to decrease at low yields until a certain threshold 
where nitrous oxide emissions are higher than GHG 
reductions, showing there is an environmentally optimal 
nitrogen rate for GHG emissions.  

Tamagno et al., 
2022 

North 
America, 

Europe, China 

Global 
Analysis of 

Field Studies 

Nitrogen balance and nitrate losses can be reduced with 
increases in grain yield from increased nitrogen use 
efficiency. 
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Category Reference Location Study Type Summary 

J. Zhang et al., 
2007 United States Field Study 

Nitrogen stress as indicated by chlorophyll content does not 
always result in potential yield reduction, showing potential 
for overapplication and nitrogen losses. 

S. Huang et al., 
2010 China Field Study 

Long-term inorganic fertilizer application resulted in 
declining yield trends, while manure application resulted in 
increasing yield trends and soil quality. 

Genetic 
Modification 

Glaser & 
Matten, 2003 United States Review Review of practices and governmental restrictions intended to 

manage insect resistance to the Bt gene. 

Aerni et al., 
2011 Switzerland Field Study When given product choices with a GM ingredient, Swiss 

consumers value the ability to choose and transparency. 

Brookes & 
Dinh, 2021 Vietnam Farmer 

Survey 

The use of GM maize increases yields and reduces costs of 
production, while also reducing the use of insecticides and 
herbicides. 

Grain 
Quality 

Geus et al., 2008 United States Field Study Seed quality was reduced when using a low input system as 
opposed to a conventional system. 
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Table 1.8. Summary table of studies evaluating the sustainability of rice production systems, including category evaluated, 
location of the study, study method, and major findings.   

Category Reference Location Study Type Summary  

Sustainability 
Assessment 

Soam et al., 
2017 India LCA 

Utilizing rice straw for energy production as an alternative to 
burning increased environmental performance for global 
warming, acidification, and photochemical oxidant creation 
potentials. 

Giuliana et 
al., 2022 Italy LCA 

Irrigation was identified as a major hotspot for environmental 
effects, indicating that changes in water management could 
reduce ecological impacts. 

X. Liu et al., 
2020 

China, 
India, 
United 
States 

LCA 
Net negative environmental impacts were documented in all 
three studied countries, which economically represented 2-
6% of the price of rice. 

Ahmad et al., 
2023 Global Review of LCAs 

Most LCA studies evaluate global warming potential and 
acidification potential, while few consider biodiversity, soil 
organic carbon, and fertility. 

Mungkung et 
al., 2022 Thailand Survey 

The highest Sustainable Rice Platform (SRP) scores were 
associated with good farm management, IPM, water use, and 
health and safety, showing that SRP scores can be useful to 
detect problem areas regarding sustainability.  

Stuart, Pame 
et al., 2018 Thailand Field Study 

Using best management practices, fertilizer and seeding rates 
can be reduced while still maintaining similar yields to the 
standard farmer practices, thus increasing income and 
reducing ecological effects. 
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Category Reference Location Study Type Summary  

Stuart, 
Devkota, et 
al., 2018 

Vietnam Survey and Field 
Study 

Using the ‘One Must Do, Five Reductions’ initiative, inputs 
with negative ecological effects could be reduced while 
increasing net income. 

Devkota et 
al., 2020 India Survey 

Machine transplanted rice promotes higher yields and profit, 
while there is room for improvement in fertilizer, irrigation, 
pesticide, and labor use to close the yield gap and improve 
sustainability. 

Roy et al., 
2014 Bangladesh Survey 

Increasing information availability and land productivity, 
developing human capital, and conserving resources were the 
central themes that promote rice sustainability in Bangladesh. 

Devkota et 
al., 2019 Asia Survey 

Optimizing fertilizer use, reducing water, pesticide, and labor 
use, and adopting high-yielding genotypes are the main 
avenue that would lead to higher sustainability in several 
Asian countries. 

Mishra et al., 
2022 Global Review 

Rice producers were positively impacted by several 
technologies including improvements in genotype, 
management, post-harvest technology, decision tools, and 
training and information programs. 

Nawaz et al., 
2022 Global Review 

The adoption of integrated crop management, development of 
genetic tolerance to stresses, and policy support for suitable 
machinery can increase sustainability of flooded rice systems. 

Yuan et al., 
2021 Global Yield-Gap 

Analysis 

Focusing on those systems with large yield-gaps and low 
resource use efficiencies could be key to increasing global 
rice supply while reducing environmental impacts. 
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Category Reference Location Study Type Summary  

Sustainable 
Intensificatio

n 
 

Pittelkow et 
al., 2016 Uruguay Review 

Yield, net energy, and water use efficiency increased with 
intensification of rice production, which decreased the per 
unit carbon footprint but increased risks of nitrogen losses 
and chemical contamination. 

Tseng et al., 
2020 Uruguay Field Study 

Increasing yields compared to high-yielding farmers resulted 
in negative environmental impacts, emphasizing the need for 
environmental analysis on yield-improving field research 
trials. 

Sustainability 
Adoption 

 

Conner et al., 
2021 Indonesia Survey 

Farmers viewed the adoption of climate-smart agriculture as 
an avenue to reduce poverty, with improved varieties and 
alternate wetting and drying being the most adopted practices. 

Ashoori et 
al., 2017 Iran Survey 

The adoption of conservation practices is influenced by 
producer’s income, age, access to supplies and main roads, 
and use of irrigation from canals. 

Rahman and 
Bulbul, 2015 Bangladesh Survey 

The adoption of alternate wetting and drying, a practice that 
can reduce methane emissions and water use, could be 
increased through contact with extension personnel. 

GHG 
Emissions 

Jirapornvaree 
et al., 2021 Thailand LCA 

Emissions were higher in organic rice production than 
conventional practices, but this was attributed to higher soil 
organic matter and organic soil amendments in organic 
production fields. 

Nunes et al., 
2016 Brazil LCA 

Organic rice had higher emissions due to the practice of 
flooding, while cultivation and inorganic fertilizer were 
identified as emission hotspots. 
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Category Reference Location Study Type Summary  

Brodt et al., 
2014 

United 
States LCA High-yielding intensive production systems do not always 

impact the environment more than low-input systems. 

Rahman et 
al., 2019 Malaysia LCA 

The largest GHG source in rice production was methane 
emissions, which could be reduced with different straw 
degradation practices and the use of alternate wetting and 
drying. 

 
Residue 

Management 

A. Kumar et 
al., 2022 Global Review 

Effective management of rice residue or using rice residue for 
alternative uses as opposed to the common practice of straw 
burning can promote sustainability. 

R. Kumar et 
al., 2020 India Field study 

Using direct seeding with no-till, retaining rice residue, and 
intensifying with a winter crop can help improve productivity 
and economics, while increasing energy use efficiency and 
decreasing GHG emissions. 

J. Zhang et 
al., 2021 China Field Study 

Soil fertility and rice yield stability were increased when 
straw was incorporated compared to straw removal under 
high fertility conditions. 

T. Li et al., 
2019 China Field Study 

Soil health and rice yield performance was promoted most by 
returning rice straw to the field following harvest both crops 
and by using a green-manure crop between the late-season 
and early-season rice crops. 

G. Zhou et 
al., 2020 China Field Study 

Improvements in soil quality and rice yields were observed 
when a legume green manure and rice residue were 
incorporated into the soil prior to rice planting. 
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Category Reference Location Study Type Summary  

Nguyen-
Van-Hung et 
al., 2019 

Philippines Field Trial 

Net energy was increased by removing residue for use in 
mushroom production compared to burning residue, while at 
least partial residue removal reduced GHG emissions 
compared to complete retention or incorporation. 

Sharma et 
al., 2020 Global Review 

Using residues for biofuels can reduce GHG emissions and 
produces energy compared to traditional burning of rice 
straw; recent literature on this subject is discussed. 

Harun et al., 
2022 Global Review 

Compared to fossil fuel energy production, utilizing rice 
straw could result in reduced global warming potential, but 
more studies are needed to assess other factors in its 
sustainability. 

Singh et al., 
2021 Global Review 

As an alternative to rice straw burning, electricity generation 
or incorporation with the soil are the least ecologically 
impactful methods of residue management. 

Soil Quality 

Biswas et al., 
2017 India Field Study 

Key indicators of soil quality in rice production systems were 
identified for the three major soil orders of India including 
Inceptisols, Entisols, and Alfisols. 

S. Zhang et 
al., 2023 China Field Study 

Compared to annual rice, perennial rice improved soil quality 
parameters, decreased labor requirements and input costs, and 
produced similar yield. 

Fertility 

Zhuang et 
al., 2022 China Collection of Field 

Studies 

Optimizing fertilizer applications paired with straw 
incorporation and the use of green manures can reduce 
ecological effects while maintaining rice yield.  

Liang et al., 
2017 China Field Study Using optimal nitrogen rates with alternate wetting and 

drying at a 15cm water depth could increase nitrogen and 
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Category Reference Location Study Type Summary  
water use efficiencies, also resulting in reduced nitrogen 
losses and GHG emissions. 

Yu et al., 
2014 China Field study 

Nitrogen fertilizer applications can be reduced, nitrogen 
losses reduced, and grain yield maintained when incorporated 
a legume in the cropping system 

Fageria et al., 
2003 Global Review 

Best management practices regarding the sustainability and 
efficiency of nutrient management in rice production are 
discussed. 

Water 
Management 

Miniotti et 
al., 2016 Italy Field Study 

Dry seeding with intermittent irrigation increased water use 
efficiency and decreased GHG emissions but yielded lower 
than wet seeding with continuous flooding and dry seeding 
with flooding at the tillering stage. 

Moreno-
García et al., 
2021 

United 
States Field Study 

Furrow irrigation and alternate wetting and drying showed the 
greatest reductions in GHG emissions, although chemical 
applications in furrow irrigation increased energy usage. 

Biodiversity 

Luo et al., 
2014 China Review 

Increasing biodiversity, rotations, reduced use of chemicals, 
and incorporation of animals and other plants are ways to 
increase ecological sustainability in paddy rice systems. 

Gautam et 
al., 2021 India Field Study 

Increases in sustainability, productivity, and profitability were 
observed when short-season rice varieties were utilized and 
followed by a legume crop. 

Berg et al., 
2017 Vietnam Field Survey Integrated rice-fish farming does not affect rice yield or net 

profit but can reduce chemical and fertilizer inputs. Most 
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Category Reference Location Study Type Summary  
farmers were willing to reduce yields to improve 
environmental quality. 

Pest 
Management 

H. He et al., 
2019 China Review 

The benefits of crop diversity are being emphasized in 
literature for their impact on pest control, with progress on 
these topics being made in China. 

Fahad et al., 
2021 Global Review 

Biological control of pests can be beneficial economically 
and environmentally as opposed to chemical methods of 
control. 

Hong-xing et 
al., 2017 China Review 

Natural control methods are useful for partially replacing 
chemical control methods in the long run, but chemical means 
are a good choice for rapid pest outbreaks. 

Savary et al., 
2012 Global Review 

The “Human-Pest-Environment-Crop” framework for 
sustainable pest management is discussed, with a few rice 
pests addressed using the framework. 

Grain Quality 

T. Zhou et 
al., 2022 China Field Study 

Organic fertilizers can improve several rice quality factors 
involving starch structure, protein content, microelement 
levels, and cooking qualities. 

Ishfaq et al., 
2021 Pakistan Field Study 

Alternate wetting and drying can improve milling and grain 
quality as well as kernel characteristics, while reducing 
mercury accumulation and water inputs. 

Upadhyay et 
al., 2020 Global Review 

Grain contamination with arsenic coming from groundwater 
irrigation applications can be managed with effective 
watering strategies.  
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Category Reference Location Study Type Summary  

Biofortificati
on 

Sheoran et 
al., 2022 Global Review 

Plant breeding, genetic modification, and fertility 
management have the greatest potential in the biofortification 
of rice to combat human malnutrition. 

Bana et al., 
2022 India Field Study Zinc-coated urea can increase yields, nitrogen use efficiency, 

zinc content, and grain quality in basmati rice production. 

Peramaiyan 
et al., 2022 South Asia Review 

Zinc fertilizer applications along with genetics promoting 
zinc-enrichment can help increase its content in rice to help 
reduce human zinc deficiency. 

Majumder et 
al., 2019 Global Review 

 

Genetic engineering in rice has produced increases in iron, 
zinc, β-carotene, and other essential nutrients within the 
grain. 

Dubock, 
2017 Global Review 

Golden Rice, a genetically modified rice genotype that 
produces β-carotene, could be one solution to reduce vitamin 
A deficiency in humans. 

Consumer 
Preference 

Connor et al., 
2022 Vietnam Survey 

Consumers in Vietnam are willing to pay a premium for rice 
labeled as SRP-certified, while higher-income consumers 
with knowledge of climate change willing to pay more. 

My et al., 
2018 Vietnam Survey 

Consumers are willing to pay more for sustainable rice and 
are willing to pay increasing amounts with addition 
information and traceability included on the label. 

Okpiaifo et 
al., 2020 Nigeria Survey 

Nigerian rice consumers value food safety more than other 
sustainability attributes, with environmental indicators are 
valued very low. 
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Category Reference Location Study Type Summary  

Aoki et al., 
2017 

Thailand 
and Japan Choice experiment 

Rice produced in the United States is acceptable in Thailand 
at a low price due to their willingness for fair trade, while 
Japanese people value organic rice and dislike US rice. 
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Table 1.9. Summary table of studies evaluating the sustainability of soybean production systems, including category evaluated, 
location of the study, study method, and major findings.   

Category Reference Location Study Type Summary 

Sustainability 
Assessment 

Zortea et al., 
2018 Brazil LCA 

Sustainability dimensions were impacted most by supply costs, 
eutrophication, and the local community, with the social aspect having 
the most room for improvement. 

Andrade et 
al., 2022 

United 
States Field studies 

Production, economic, and quality aspects of soybean management 
intensification were assessed as compared to the typical grower 
management.  

Phélinas and 
Choumert, 
2017 

Argentina 
Review and 

Field 
Survey 

The production of genetically modified soybeans has varying impacts 
on the economic, environmental, and social aspects of sustainability. 

de Silva et 
al., 2010 Brazil LCA 

Regional differences exist in the environmental effects of soybean 
production in part due to transportation and deforestation, with 
transportation being a point of emphasis for improvements to reduce 
impacts. 

Dalgaard et 
al., 2008 Argentina LCA 

Regarding the most impactful categories, global warming potential was 
driven by crop residue and biological nitrogen fixation emissions, while 
eutrophication and acidification were greatest affected by transportation. 

Knudsen et 
al., 2010 

China and 
Denmark LCA 

Organic soybean production had lower impacts than conventional. 
Transport by ship played a large role in emissions, while the results 
were sensitive to nitrous oxide emission estimations. 

Greer et al., 
2020 

United 
States Field Study Negative environmental impacts are not compensated by increases in 

potential yield under high-input management. 
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Category Reference Location Study Type Summary 

GHG 
Emissions 

Mohammadi 
et al., 2013 Iran LCA Increasing input efficiencies and using residue management alternatives 

to burning can assist in decreasing global warming potential. 

Raucci et al., 
2015 Brazil LCA 

Residue decomposition, fuel, and fertilizers were the largest sources of 
emissions; meanwhile, no differences were observed when farm size 
and production intensity were considered. 

Langeroodi 
et al., 2019 Iran Field Study GHG emissions were reduced, and grain yield was maintained when 

using no-tillage into wheat residue with 80 kg N ha-1. 

Soil 
Management 

Thapa et al., 
2021 

United 
States Review 

Soil factors play a role in plant response to micronutrient application; 
therefore, soil tests are a useful tool for determining micronutrient 
application rates.  

Giacomeli et 
al., 2021 Brazil Field Study No-tillage and sprinkler irrigation sustainably increase soybean yield in 

lowland irrigated rice systems. 

Pest 
Management 

Ragsdale et 
al., 2011 

North 
America Review Resistant varieties and understanding relationships with other species 

are the keys to the sustainable management of the soybean aphid. 

Hodgson et 
al., 2012 

United 
States Review 

Environmental effects and production costs can be reduced using a 
combination of cultural practices, genetic resistance, and chemicals 
when managing soybean aphids. 

Rodriguez et 
al., 2021 Americas Review 

Cultural control methods should be considered to minimize 
environmental impact when managing sudden death syndrome 
sustainably. 

Bueno et al., 
2021 

United 
States & 
Brazil 

Review 
Although facing challenges with adoption, integrated pest management 
recommendations should be farmer specific while being sustainable 
environmentally and economically. 
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Category Reference Location Study Type Summary 

Yield-Gap Sentelhas et 
al., 2015 Brazil Modeling/C

ase Study 

Yield gaps of ~42% resulting from water deficit and management were 
observed, indicated potential production increases without land 
expansion. 

Storage Coradi et al., 
2020 Brazil Field Study 

Harvesting at a high moisture content and drying continuously in 
storage to 11-12% moisture provided the best combination of grain 
quality and performance. 

Supply Chain 

Jia et al., 
2020 Global Review Barriers, consequences, mechanisms of governance, and drivers of 

sustainable supply chain management are discussed. 

Teuscher et 
al., 2006 Global Case Study Sustainable supply chain management is discussed with the example of 

non-GMO soybeans. 
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Figure 1.1. Global distribution of sustainability studies regarding the four major agricultural crops included in this review, 
excluding 24 studies that were conducted in multiple countries or globally. 
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Figure 1.2. Distribution of sustainability literature by study subject for the four major 
agricultural crops included in this review. 
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Chapter 2 - Can sustainable intensification of wheat production 

increase bread yield while maintaining global warming 

potential? 

Abstract 

The need for increased food production to supply the growing population coupled with 

environmental concerns surrounding global warming potential calls for the sustainable 

intensification of crop production. Life cycle assessment (LCA) provides a means for 

quantifying the environmental impacts of intensifying wheat production management relative to 

the quantity produced. We established field experiments where we replicated the management 

intensities currently adopted in commercial wheat (Triticum aestivum L.) fields to identify 

avenues to increase bread production while improving or maintaining environmental footprints. 

Four management intensities (i.e., low, average, high, and top) were derived from a survey of 

656 commercial winter wheat fields and replicated in trials conducted in 23 site-year 

combinations in the sub-humid and semi-arid regions of Kansas to quantify yield and carbon 

residue return to the soil. Milling and baking analysis characterized the loaf of bread. Cradle-to-

grave LCA quantified global warming potential (GWP) and energy inputs relative to a functional 

unit of 1 kg of bread, while estimates of carbon sequestration and bread energy output allowed 

the calculation of net GWP and net energy yield (NEY). As management intensified, both grain 

yield and protein increased (+ 0.5 Mg ha-1 and + 0.4% from average to high managements) 

despite a negative relationship between the two within management intensity. The combination 

of higher yield and protein increased bread yields (R2 = 0.86%). GWP and energy inputs for both 

the wheat production phase and the entire bread production system increased as a result of added 
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inputs with each step of intensity (+ 0.08 kg-CO2e and + 0.49 MJ per kg-bread-1), but the 

magnitude of increase was alleviated by increases in bread yield in more intensive managements 

when variables were yield-scaled. Estimates of carbon sequestration (range: 0.25 to 1.25 Mg ha-

1) helped to offset the environmental footprint of bread production, especially in higher yielding 

conditions that also returned more residue to the soil (R2 = 0.54). Thus, although mean GWP and 

energy input increased with more intensive management (1.22-1.46 kg-CO2e and 15.02-16.34 

MJ per kg-bread-1), differences among treatments decreased as bread yield increased. These 

results suggest an opportunity to substantially increase bread yields with minor increases in 

environmental impact per unit bread. 

2.1 Introduction 

There is a pressing need to increase food production and nutrition while minimizing the 

potential impacts of climate change (Parry et al., 2010). This need is aggravated by geopolitical 

conflicts which are especially relevant in the case of wheat (Triticum aestivum L.), a commodity 

that supplies ~20% of human-consumed calories and protein globally (Shewry and Hey, 2015) 

and whose international supply may suffer shortages due to the recent Russia-Ukraine conflict 

(Júnior et al., 2022; Al-Saidi, 2023).  

Feeding the world without massive cropland expansion requires increases in grain yield, 

which can be attained through management intensification (Foley et al., 2005; van Ittersum et al., 

2013). Many studies have recently evaluated the potential of management intensification to 

increase wheat grain yield (Jaenisch et al., 2019, 2022; Quinn et al., 2019; Peterson et al., 2023; 

Roth et al., 2021). The majority of these studies used replicated field experiments where 

treatments (i.e., combinations of management practices) were determined by the leading 

researchers, which may not reflect the level of technology adoption in real world scenarios 
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(Andrade et al., 2022). An alternative is to perform on-farm surveys of management adoption 

and associated grain yield that allow for exploration of larger number of variables (e.g., Grassini 

et al., 2015; Jaenisch et al., 2021; Lawes et al., 2021). These, however, are not structured or 

replicated and only allow researchers to derive correlations and not causations. A compromise 

between both approaches is to evaluate, in replicated trials, combinations of management 

practices that reflect those adopted by different cohorts of producers with contrasting yield levels 

based on data collected via on-farm surveys of commercial fields (e.g., Andrade et al., 2022). We 

are not aware of studies focused on wheat using this approach. 

Management intensification may result in increased environmental impacts (e.g., 

greenhouse gas [GHG] emissions), especially in a context where the agriculture sector already 

accounts for about 22% of GHG emissions globally (Shukla et al., 2022). The environmental 

impacts of production agriculture are well documented, including nitrous oxide emissions from 

nitrogen fertilizer (Eichner, 1990; Freney, 1997; Reay et al., 2012), eutrophication from nitrogen 

and phosphorus fertilizer (Bennett et al., 2001; Daniel et al., 1998; L. Liu et al., 2021), diesel 

combustion emissions from machinery usage (Dyer & Desjardins, 2003; Guo et al., 2020), 

toxicity of chemicals (Berthoud et al., 2011; Lundie et al., 2007; Peña et al., 2019), among many 

others. Equally as important are upstream environmental impacts associated with the 

manufacture of agricultural inputs (Basosi et al., 2014), which in total would increase with 

higher input rates adopted in intensive management. Still, there is evidence for the potential of 

agricultural practices to reduce the environmental impacts of the sector (Johnson et al., 2007). 

Therefore, it is important to assess both the potential gains in production concomitant with 

environmental indicators when assessing management intensification (Greer et al., 2020). 

Meanwhile, to our knowledge, the recent efforts evaluating management intensification of wheat 
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production (e.g., Jaenisch et al., 2019, 2022; Quinn et al., 2019; Peterson et al., 2023; Roth et al., 

2021) have focused mostly on yield and other production variables, largely overlooking 

environmental factors. 

In addition to upstream environmental impacts, management decisions at the production 

level can affect factors ultimately impacting the efficiency of downstream processes (Liska et al., 

2009). In wheat, field management can modulate kernel characteristics that impact attributes 

related to end-use quality, such as milling and dough rheological properties, consequently 

impacting bread quality (Raj et al., 2023). For example, application of foliar fungicides in the 

field can impact grain characteristics such as kernel weight and density (Cruppe et al., 2017, 

2021; Jaenisch et al., 2019) that can impact flour yield (Raj et al., 2023), which in turn would 

have a direct impact on the efficiency of the milling process (Bojanić et al., 2021). Increasing 

this efficiency would potentially produce more product per unit of wheat grain and per unit land. 

Likewise, nitrogen fertilizer management can impact grain protein concentration (Lollato et al., 

2019, 2021) which impacts dough rheology and bread volume (Corassa et al., 2018; Raj et al., 

2023). Therefore, grain quality aspects can have a direct impact on different indicators of 

sustainable intensification. In this way, management decisions are directly linked to 

environmental impacts both upstream and downstream from the production phase. 

Intensification of management with higher input rates will inevitably increase 

environmental impacts on an area basis, which can lead to underestimations of the impacts of 

low-input systems (Balmford et al., 2018). Due to the pressing need to feed a growing global 

population, impact assessments must also be performed production-scaled to determine 

environmental effects relative to the positive effects of management intensification (e.g., 

Grassini and Cassman, 2012). Thus, methods that account for upstream and downstream 
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environmental impacts scaled to production have the potential to accurately determine the effects 

of agricultural management decisions across the value chain. Life cycle assessment (LCA) is one 

of several tools that can be used to assess the environmental outcomes of a given system and is 

especially useful when making direct comparisons among systems of interest (Clark & Tilman, 

2017; Meier et al., 2015; Schmidt, 2010). LCA provides a structured method for quantifying 

environmental impacts throughout a product’s entire life cycle as a function of a specified unit of 

production. This is useful to determine overall ecological effects, as well as to identify hotspots 

within different parts of the product system. Implementation of LCA in agriculture is common 

for the major food crops including maize (Zea mays L.) (Kim et al., 2009; Li et al., 2021), 

soybean (Glycine max (L.) Merrill) (Brito et al., 2021; da Silva et al., 2010; Mohammadi et al., 

2013), and rice (Oryza sativa L.) (Gathorne-Hardy, 2013; Habibi et al., 2019; He et al., 2018; 

Jimmy et al., 2017; Jirapornvaree et al., 2021; X. Liu et al., 2020; Rahman et al., 2019; Soam et 

al., 2017; Van Hung et al., 2020; Wang et al., 2010). In addition, wheat production has been 

widely explored using LCA, including studies investigating specific inputs such as fertilizers 

(Charles et al., 2006; Fallahpour et al., 2012; Keikha et al., 2023), tillage methods (Houshyar & 

Grundmann, 2017), and organic production (Meisterling et al., 2009). General LCA studies on 

wheat production have investigated global warming potential (GWP) (Biswas et al., 2010; 

Riedesel et al., 2022), energy use (Taghavifar & Mardani, 2015), ecotoxicity (Berthoud et al., 

2011), and more comprehensive environmental impacts (Holka, 2016; Shrestha et al., 2020). 

However, we note that most LCA studies on wheat or bread either (i) did not evaluate 

combinations of management practices for sustainable intensification, (ii) concluded at the farm-

gate (i.e., grain rather than bread), or (iii) were not based on replicated plot data and simply on 

aggregated data.  
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The central hypothesis of this work is that certain combinations of practices currently 

adopted in commercial wheat fields have the potential to increase bread yield per unit area with 

relatively low global warming potential and energy input per unit of bread. To test this 

hypothesis, we used a comprehensive approach including the replication of different 

management intensities of wheat production as currently used by producers in commercial fields 

as identified via an on-farm survey, coupled with the LCA framework from cradle (i.e., 

manufacturing, packaging and transportation of inputs used for field production) to grave (i.e., to 

the production of bread) to identify avenues to increase bread production and improve or 

maintain environmental footprints simultaneously.  

2.2 Methods 

2.2.1 Theoretical framework 

Yield potential is the yield attained by an adapted cultivar when grown without biotic or 

abiotic limitations (Evans & Fischer, 1999). In rainfed environments, water-limiting potential 

yield is a more useful benchmark since it accounts for limitations caused by water supply and 

distribution while avoiding manageable stresses (Fischer, 2015). Yield gaps are then defined as 

the difference between current yields and the water-limited yield (i.e., what is the additional 

yield that could be achieved with optimal management at given weather conditions; Fischer, 

2015; Lobell et al., 2009). Narrowing yield gaps to values closer to the attainable yields have the 

potential to increase wheat production sustainably (Mueller et al., 2012), especially in regions of 

the world characterized by stagnant that are well-below their potential (Grassini et al., 2013). 

Winter wheat cultivated in the Great Plains region of the United States offers a unique case-study 

for the potential of management intensification since there is evidence for recent yield plateaus 
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and large yield gaps (Li et al., 2014; Patrignani et al., 2014; Schauberger et al., 2018; Lollato et 

al., 2017, 2019a). 

2.2.2 Study region 

We used the state of Kansas, US, as a case-study. With an annual area of 3.1 million 

hectares and an annual production of 8.8 million metric tons (USDA-NASS, 2023), Kansas ranks 

first in both area and production of winter wheat in the US, corresponding to about 27% and 23% 

of total national numbers, respectively. As highlighted above, this region offers a unique 

opportunity to evaluate sustainable intensification of crop production since wheat grain yield has 

averaged 2.8 Mg ha-1 in the last 15-yr, and has rarely surpassed 3.5 Mg ha-1. Still, previous 

evidence suggest that this grain yield is well below its water-limited yield potential (Yw) of c.a. 

5.2 Mg ha-1 (Lollato et al., 2017). Therefore, this large yield gap can be potentially filled through 

improved management, which is what we test in the current work. The state is subject to a 

gradient of annual rainfall, ranging from 390-1190 mm from the west to the east (Lollato et al., 

2020); consequently, the climate is considered sub-humid in central and eastern Kansas and 

semi-arid in the west (Sciarresi et al., 2019). Most of the wheat area is located in the central and 

western regions of the state and cultivated under non-irrigated conditions (Figure 2.1). 

2.2.3 Field experiments 

Rainfed experiments were conducted in 23 site-years resulting from the combination of 

growing seasons (2020-21 and 2021-22) and locations (10 and 13 per year). The experimental 

sites were distributed across the wheat growing areas of Kansas (Figure 2.1), covering the 

variation of soil and climate conditions across the state (Table 2.1). Across years, 13 experiments 

were conducted in the sub-humid and 10 experiments in the semi-arid portion of the state. 
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Environmental and management information for the experiments is shown in Table 2.1, with 

additional soil test and environment information shown in Table B.1 and Table B.2.  

Experiments were conducted as complete factorial combinations of management 

intensities and winter wheat varieties arranged as split-plot design, where management 

constituted the whole plot and variety the sub-plot. Input levels applied in each management 

intensity was derived from a survey of management practices adopted in 656 commercial winter 

wheat fields in Kansas (Jaenisch et al., 2021). We classified fields based on grain yield into 

categories of “Low” (bottom 30% yielding fields), “Average” (all fields), “High” (top 30% 

yielding fields), and “Top” (top 5% yielding fields) yielding fields. Subsequently, we quantified 

the frequency of adoption and the input rate of different management practices for each group 

and established these combinations as replicated as treatments. Management practices that were 

allowed to vary included those easily modified in season (i.e., seeding rate, starter fertilizer, 

fertilizer rate, and pesticide management) and not those that are fixed based on cropping system 

(e.g., previous crop, tillage practice, sowing dates, etc.) (Table 2.2). For these fixed practices, the 

entire experiment adopted those that were predominant in the survey. Here, wheat was sown 

under no-tillage practices after a preceding soybean crop and towards mid- to late-sowing dates 

in the sub-humid climate, and under no-till, following a preceding 14-month fallow period after a 

previous sorghum crop, and sown around the optimum time in the region in the semi-arid west. 

The factorial combination with winter wheat varieties was established to attempt to account for 

the typical variety by management interaction observed in agronomic trials (Cooper et al., 2001; 

Hunt et al., 2021; Munaro et al., 2020; Rotili et al., 2020). In each environment, varieties adapted 

to each region were selected, including Zenda and WestBred (WB)-4269 in the sub-humid 

region, and KS Dallas and WB-Grainfield in the semi-arid region.  
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Treatments were established according to Table 2.2 based on their location within 

Kansas. Plots (12.2 m2) were sown using a Great Plains 606 no-till drill (7 rows at 19 cm 

spacing). Management intensities adopting seed treatment received 19.5 mg a.i. kg-seed-1 

mefenoxam, 121.1 mg a.i. kg-seed-1 difenoconazole, and 394.5 mg a.i. kg-seed-1 thiamethoxam. 

Phosphorus requirements and partial nitrogen requirements were fulfilled using diammonium 

phosphate (18-46-00) fertilizer placed in-furrow with the seed at planting. The remaining 

required nitrogen was applied as urea by hand at Zadoks GS 26 or, for selected treatments, split 

applied at Zadoks GS 26 and Zadoks GS 31 (Zadoks et al., 1974). Sulfur (ammonium sulfate) 

and chloride (potassium chloride) were applied by hand in selected treatments together with the 

Zadoks GS 26 nitrogen application. Foliar fungicide applications (i.e., 25.5-g a.i. ha-1 

fluxapyroxad, 190.3-g a.i. ha-1 pyraclostrobin, and 118.5-g a.i. ha-1 propiconazole) occurred 

using a CO2-pressurized backpack sprayer at Zadoks GS 31 and Zadoks GS 60 for the jointing 

and flag-leaf applications, respectively. Micronutrients (i.e., 217 g ha-1 sulfur, 6 g ha-1 boron, 181 

g ha-1manganese, and 241 g ha-1 zinc) were applied in conjunction with the jointing fungicide. 

Entire plots were harvested with a Massey Ferguson 8XP small plot, self-propelled combine. 

Timings of applications and operations are summarized in Table 2.1. 

2.2.4 Measurements 

Biomass samples were collected from a 0.19 m2 area just prior to harvest. Samples were 

dried at 65°C for dry mass determination, before being partitioned into stover, chaff, and grain. 

Grain protein content was then determined using near-infrared reflectance spectroscopy and also 

adjusted to 13% moisture basis. Stover and chaff were combined and ground to pass a 2-mm 

mesh and the grain was ground separately, before being tested for total carbon content. Carbon 

content was measured using a LECO TruSpec CN combustion analyzer and reported on a weight 
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percent basis. Carbon content of stover and chaff was multiplied by stover and chaff mass to 

estimate carbon return to the soil. Grain weight, test weight, and moisture content were measured 

at harvest with a HarvestMaster GrainGage system mounted on the combine. Grain yield was 

calculated with an adjustment to 13% moisture content.  

Whole-plot grain samples were collected from the combine for milling, dough, and 

baking quality assessments. Wheat milling was conducted according to AACC International 

Method 26-21.02 for Experimental Milling. First, samples from a treatment-variety-location 

combination were mixed and subsampled three times into 1500g samples for remaining analyses. 

The samples were tempered to 16% moisture content, and milling yield was calculated as the 

percentage of flour produced from the weight of tempered wheat. Dough characteristics, 

including water absorption, were determined with a farinograph using AACC International 

Method 54-21.01 for Physical Dough Tests. Baking quality was determined according to AACC 

International Method 10-10.03 using ingredient ratios for 500 grams of flour. The resulting 

dough was split by weight into three loafs that each contained 100 grams of flour. Each loaf 

contained 5.3 grams of yeast, 6.0 grams of sucrose, 1.5 grams of salt, 3.0 grams of shortening, 

and water based on the farinograph value for water absorption. The end weight of bread was 

assumed to be 16% of the starting weight of dough, which was the average of varieties at a 

constant protein level according to literature (Puhr & D’Appolonia, 1992). 

2.2.5 Life cycle assessment goal and scope 

2.2.5.1 System boundaries 

 LCA (ISO, 2006) compared the greenhouse gas emissions and energy use of producing 

white bread at different intensities of wheat production management. These were converted to a 

functional unit of one kilogram of bread at the consumer’s home ready for use. The system 
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boundary includes processes in wheat production and processing from cradle to grave (Figure 

2.2). The functional unit and system boundaries are similar to other recent bread LCAs 

(Andersson & Ohlsson, 1999; Deng et al., 2021; Kulak et al., 2015).  

Wheat production processes included manufacturing, packaging, and transportation of all 

inputs used in the field (e.g., seed, fertilizer, pesticides) and the energy associated with sowing, 

applications, and harvest of the wheat crop. The processing of wheat grain after harvesting 

accounted for storage, transportation, milling, and baking processes. Here, we accounted for 

transportation of grain from farm to the elevator, from the elevator to the mill, from the mill to 

the baking, and transportation associated with bread distribution, retailing, and home for use. 

Output flows included losses through emissions including nitrous oxide, carbon dioxide, and 

methane emissions. 

While there are 18 environmental mid-point categories that can be explored through LCA 

(Feng et al., 2023), here we focused only on global warming potential (GWP) and energy use to 

avoid potential redundancies. The GWP impact category quantifies the effects that direct and 

indirect greenhouse gas emissions have in relation to climate change (Dincer & Bicer, 2018; 

Finnveden et al., 2009). To adjust emissions to similar units for comparison, the Tool for 

Reduction and Assessment Chemicals and Other Environmental Impacts (TRACI) was utilized 

to provide impact factors for methane and nitrous oxide emissions (Bare, 2011). The energy use 

impact category characterizes the potential environmental impacts associated with energy use 

and generation (Chau et al., 2015; Taghavifar & Mardani, 2015). In addition to energy use, net 

energy yield was calculated by subtracting energy inputs from the energy output of bread. Net 

GWP was also calculated as total GWP minus carbon sequestration (resulting from stover return 
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to the soil). All environmental impact assessment calculations were conducted using RStudio 

2023.06.1 (RStudio Team, 2020) following ISO 14040 guidelines (ISO, 2006). 

2.2.6 Life Cycle Inventory 

Life cycle inventory data was collated from recent academic literature, through 

international organizational standards for estimation, and using the Ecoinvent 3.0 database 

(Wernet et al., 2016) (Tables B.3, B.4, B.5). In the wheat cultivation phase, embodied emission 

and factors were collected for fertilizer production for nitrogen, phosphorus, potassium, and 

sulfur using values from the Ecoinvent 3.0 database. Since micronutrient fertilizer applications 

have no negative effects on LCA environmental damage categories (Hatim et al., 2023), and due 

to its very low application rates, it was excluded from this study. However, fuel usage associated 

with micronutrient applications are included since they were applied together with a fungicide 

application. Ecoinvent 3.0 was also used for all pesticide emissions, specific to each herbicide, 

fungicide, and insecticide active ingredient used. Wheat seed used at sowing was estimated using 

literature-reported values (West & Marland, 2002). Field emissions of nitrous oxide were also 

included for the nitrogen fertilizer according to the International Panel on Climate Change 

(IPCC) guidelines, which can be a major emission source in agricultural systems through 

denitrification processes (IPCC, 2006). Farm equipment fuel usage was quantified based on crop 

budgets developed by Agricultural Economics department and Kansas State University (Table 

B.6), which are specific to subregions of Kansas (Ibendahl et al., 2021, 2022). Diesel energy and 

emissions considered both manufacturing (Wernet et al., 2016) and combustion (EPA, 2023).  

In the wheat processing phase (i.e., milling and baking), we used literature-reported 

energy use factors to quantify energy use and emissions associated with storage and milling of 

wheat, and baking and distribution of bread (Avlani & Chancellor, 1977; Table B.7). The main 
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technologies for these processes have been consistent over time and therefore are still 

representative of present practices in this comparative study (Campbell, 2007; Cappelli et al., 

2020). In addition, the coefficients used for baking are similar to other literature when adjusted 

for similar units (Le-bail et al., 2010). These factors were adjusted based on current greenhouse 

gas emission use factors for natural gas, refined petroleum, and electricity from the United States 

Environmental Protection Agency (EPA, 2023) and manufacture of these inputs (Wernet et al., 

2016). Transportation between processes used coefficients based on distance and weight (EPA, 

2023) and adjusted for the manufacture of the fuel used (Wernet et al., 2016).  

2.2.6.1 Transportation Assumptions 

Field-to-elevator distance was assumed to be 32.2 km, which is reported by the Kansas 

Department of Revenue (2022) and consistent with the highest mile limits in the wheat growing 

areas of Kansas for custom hauling rates (KDA & LUSO, 2022). Distance to the mill from the 

elevator was estimated as 240 km (Anderson et al., 2014) which is also near the maximum 

distance from the furthest wheat-growing area of Kansas to Stafford County Flour Mills. 

Domestic wheat transport has been reported near 50% by truck and 50% by rail since 2012 

(Henderson et al., 2023), and thus transport of wheat from elevator to mill and flour from mill to 

bakery was assumed to use this mode split. Wheat flour transportation distance to a large bakery 

was determined similar to Meisterling at 2,000 km (Meisterling et al., 2009). This covers the 

distance from Wichita, KS to either New York City, NY or Los Angeles, CA, which are the two 

most populated cities in the U.S. Bread distribution to retail used coefficients from Avlani & 

Chancellor (1977). Transportation of bread to the consumer’s home for consumption was 

estimated using allocation methods and travel distances similar to literature (Bandekar et al., 
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2022; Table B.8). In most cases, these assumptions covered the maximum distance possibilities 

to prevent underestimation of transportation impacts. 

2.2.6.2 Energy and Carbon Balance 

Bread energy output was determined using energy values for each of the ingredients in 

the bread recipe from the FoodData Central databases (USDA ARS, 2019). The products from 

the database that were selected, and their respective energy coefficients are shown in Table B.9. 

The experimental bread recipe was used as a standard for the ratios of ingredients to eliminate 

differences that might occur in recipes among bakeries. Thus, net energy was calculated as 

energy output from bread minus energy input from cradle to grave and adjusted relative to the 

functional unit.  

Carbon balance calculations used a combination of literature and experimental data to 

determine carbon sequestration and carbon removal during the wheat production phase. Total 

carbon assimilation was determined according to Bolinder et al. (2007) and modified using our 

measured data according to Eq. 2.1: 

Equation 2.1.  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  𝐶𝐶𝐶𝐶 +  𝐶𝐶𝐶𝐶 +  𝐶𝐶𝐶𝐶 +  𝐶𝐶𝐶𝐶 
 

where CP is the plant C in product (grain), CS is the plant C in the stover, CR is the plant C in 

roots, and CE is the plant C from root exudates. Carbon contained in the grain (CP) and stover 

(CS) was measured in the experimental units, here calculated by multiplying either grain yield or 

stover yield by their respective measured carbon contents. Root biomass was determined based 

on a root:shoot ratio of 0.257, a ratio measured in commercial winter wheat genotypes in the 

study region (Awad et al., 2018) and similar to the IPCC (2006) suggestion of 0.23:1 for winter 

wheat. Root carbon content was assumed to be similar to stover; thus, total root carbon (CR) was 

calculated by multiplying root biomass by stover carbon content. Extra-root carbon (CE) 
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followed calculations by Bolinder et al. (2007) which assumes that an equivalent of 65% of total 

root carbon is released to the rhizosphere as CE. Carbon inputs to the soil were thus calculated as 

CS + CR + CE and carbon removal from the system as CP. Carbon sequestration was then 

calculated following Yang et al. (2023): 

Equation 2.2.  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  0.0767 ×  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 +  0.2548 
 

where carbon inputs are equal to CS + CR + CE from Equation 2.1. This relationship with 

carbon sequestration is similar to other relationships shown in literature (Kong et al., 2005). 

2.2.6.3 Study Omissions 

Although wheat milling and other processes include byproducts with other uses (e.g., 

biofuel, animal feed), only those processes relevant to wheat bread were considered in the 

current analyses since the majority of these processes contribute to bread production (i.e. 74-

76%; Pagani et al., 2014). Therefore, 100 percent of the energy and emissions associated with 

wheat production, milling, and baking were allocated to wheat, flour, and bread, respectively.    

Capital goods related to farming, transportation, milling, and baking machinery 

production were also excluded from the study. Consumer use and waste were assumed to be 

consistent regardless of the management intensity, and therefore were omitted. Energy and 

emissions associated with human labor are negligible (<2% contribution to total) and therefore 

disregarded from the study (Grassini & Cassman, 2012; Nadi et al., 2022). 

As previously mentioned, future research could expand this life cycle assessment to 

include several other impact categories, such as eutrophication from nitrogen leaching and 

phosphorus runoff, and freshwater ecotoxicity from the use of pesticides and micronutrients, etc. 

While these other categories are important, the current study focused on the potential increase in 

food production, global warming potential, and net energy use, which are arguably the most 
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important impact categories that have been considered in industry and policy amid recent 

concerns related to feeding a growing global population while mitigating the drivers of climate 

change.  

2.2.7 Statistical analyses 

Analysis of variance (ANOVA) was conducted to determine the effect of management 

intensity on bread yield, GWP, and net energy. We considered management intensity as a fixed 

effect; and region, environment (site-year combination) nested within region, and genotype 

nested within region as random effects. With 23 site-years, treating environment as a random 

effect is justified as the evaluated conditions represent a random selection of environments that 

could occur in each of the two wheat growing regions of the Kansas, and allows for projection of 

results to a broader inference space (Moore & Dixon, 2015). In addition, this analysis assumes 

that the genotypes evaluated represent a random selection of available genotypes adapted for 

each of the regions. Linear regression was used to compare management intensity effects on 

grain yield, protein content, carbon sequestration potential, and bread yield relationships. Since 

the LCA output data did not follow linear trends, non-linear regression was used to display the 

inverse exponential trends of GWP, energy input, and net energy relationships with bread yield 

and linear regression was used for net GWP relationship with bread yield. The analysis was 

conducted using R Studio software (RStudio Team, 2020) using the package “lme4” (Bates et 

al., 2015) and plots were created using the package “ggplot2” (Wickham, 2016).  
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2.3 Results 

2.3.1 Increases in grain production, nutrition, and carbon sequestration through 

sustainable intensification  

Intensifying wheat management increased grain yield from 3.3 to 4.2 Mg ha-1 across all 

sources of variation (Figure 2.3A) and, depending on environment, yield increases ranged from 0 

to 2.8 Mg ha-1 (Figure B.1). When yield was plotted against average yield, similar slopes were 

observed indicating that yield increases were constant regardless of the yield environment. Grain 

protein content, however, experienced decreases in slope and increases in y-intercepts with 

increased management when plotted against the average, suggesting that protein increases from 

management were greater in low protein (i.e., high yielding) environments (Figure 2.3B). 

Although higher yields related negatively with grain protein content within management class 

(slope < -0.39 % Mg-1; p < 0.001), the increase in grain yield led by management was 

accompanied by increases in grain protein content that, across all sources of variation averaged 

12.0 in the low and 12.9 % in the top treatment (Figure 2.3C). Also, protein content became 

progressively more predictable based on grain yield with increases in management 

intensification (R2 increasing from 0.08 to 0.42). The concomitant increase in grain yield and 

protein resulted in greater bread yield (Figure 2.3D), which also experienced similar slopes when 

the yield of each treatment was plotted against the average management (Figure 2.3E). Bread 

yield ranged from an average 3.5 to 4.0 Mg ha-1 in the low and standard managements and from 

4.5 to 4.6 Mg ha-1 in the high and top management intensities. Since bread yield did not increase 

from the high to the top management intensity (Inset, Figure 2.3F), the remaining manuscript 

will focus on specific comparisons between the average treatment, representing current 

conditions; and the high treatment, representing a reasonable level of management 
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intensification. We also note that higher yielding conditions as function of environmental and 

managerial variations resulted in more residue return to the soil (range: ~1 to 12.5 Mg ha-1; 

Figure B.2), consequently associating with higher C sequestration potential, which averaged 0.58 

and 0.63 Mg ha-1 in low and average treatments and increased to 0.66 to 0.68 Mg ha-1 in high and 

top treatments (Figure 2.3F). 

2.3.2 Global warming potential and energy use of intensive wheat management 

Within the wheat production phase, GWP and energy input on an area basis increased 

with increases from low management intensity (Figure B.3). The GWP in the average input 

treatment was 1020 kg-CO2e ha-1 and increased to 1470 kg-CO2e ha-1 in the high treatment (a 

1.4-fold increase), while energy input was 6.2 GJ ha-1 and increased to 9.0 GJ ha-1 in the high 

treatment (a 1.5-fold increase). When carbon sequestration potential was accounted for, the 

wheat production phase was a net carbon sink, averaging 2,288 to 2,371 kg CO2e ha-1 

sequestration in the average and high treatments. The relative increases in GWP and energy input 

were alleviated when these variables were yield-scaled since high- and top-management had 

greater grain yields. Yield-scaled GWP increased from 275 to 358 g-CO2e per kg of bread from 

the average to the high management treatments (a 1.3-fold increase) and energy inputs increased 

from 1.7 to 2.2 MJ per kg-bread, representing a 1.3-fold increase (Figure 2.4).  

The impacts of management intensity on GWP and energy inputs depended on 

agricultural inputs. For example, yield-scaled diesel GWP decreased from 64 g-CO2e in the low 

to 56 g-CO2e per kg of bread in the average management, remaining steady at 56-57 g-CO2e per 

kg of bread with further management intensification. These decreases in the contribution of 

diesel to total yield-scaled GWP (and energy input) were still observed when actual emissions 

remained stable. The relative contribution of seed and pesticide impacts also declined with more 
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intensive management despite constant or increased actual emissions or energy input (e.g., from 

3.8% and 2.2% in the average to 3.0% and 1.7% in the high treatment). Conversely, the impacts 

of fertility, especially nitrogen fertilizer, increased with increases in management intensification. 

Energy inputs from nitrogen fertilizer increased by 1.4-fold in the high management compared to 

average, resulting in increased contribution to total energy consumption from 53% to 56%. 

Nitrogen was also the greatest contributor to GWP either through fertilizer production or nitrous 

oxide field emissions, accounting for 57-76% of all GHG emissions associated with the wheat 

production phase. 

While differences in GWP and energy input existed as function of management intensity 

in the wheat production phase, other phases had notable impacts within the bread product system 

(Figure 2.5). The wheat production phase only accounted for about 22% of total GHG emissions 

with average intensity of management, compared to 42% and 28% contributions from baking and 

transportation, respectively. While the contributions from the wheat production phase to total 

bread footprint increased with each increase in management intensity, it still only represented 

26% of total GHG emissions in the high intensity. In general, increasing management intensity 

reduced the percent contribution to total GWP for both baking and transportation phases while 

actual emissions remained constant. In addition, processing and milling activities had minimal 

impacts on GWP, but accounted for 15-17% of energy inputs.  

Management intensity also impacted GWP and energy input when considering all 

processes associated within the bread product system (Figure 2.5). Total emissions on an area 

basis ranged from 5.1-6.1 Mg-CO2e ha-1 from the average to the high management intensities, 

while energy inputs followed similar increasing trends with increases by 1.2-fold (Figure B.4). 

When scaled by bread yield, the increase in GWP and energy input in each step of intensification 
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were lower, ranging from 1.30-1.38 kg-CO2e and 15.46-15.95 MJ per kg-bread between the 

average and high managements (Figure 2.5). Carbon sequestration and bread energy output 

ranged from 0.55-0.63 kg-CO2e and 11.69-11.80 MJ per kg-bread (Figure 2.5), causing a 

reduction in net GWP ranging from 1.6- to 2.1-fold while net energy output ranged from -3.2 to -

4.7 MJ per kg-bread (Table B.11). 

Across all sources of variation, GWP related negatively with bread yield (Figure 2.6A). 

These negative relationships were clearly separated by management; however, the difference 

among management intensities diminished as bread yield increased, indicating that even at 

greater management intensities, similar GWP to less intensive management can be achieved 

contingent upon greater bread yield. For example, a GWP of 1.2 kg-CO2e per kg of bread can be 

achieved in all four management intensities at different levels of bread yield (i.e., low, ~2000 kg 

ha-1; average, ~3500 kg ha-1; high, ~5500 kg ha-1, and top ~7000 kg ha-1). Although not as clearly 

defined, energy input per unit of bread (Figure 2.6B) followed similar trends as GWP with a 

negative relationship with bread yield that diminished as bread yield increased: Highest yield-

scaled energy inputs were between ~17-18 MJ kg-bread-1 for the high management and 15-16 

MJ kg-bread-1 for average treatment, and these differences decreased to 13.5-15 MJ kg-bread-1 as 

bread yield increased. 

The negative effects of GWP and energy inputs were reduced when carbon sequestration 

and bread energy output were accounted for (Figure 2.6C, D). While the resulting net GWP and 

net energy output were considerably lower than their respective totals, they did not follow the 

same negative relationship with bread yield. For net GWP, the relationship with bread yield was 

positive at low management intensity and became neutral and negative with increases in 

management intensity. Here, differences in management were greatest at low bread yield where 
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net GWP ranged from ~0.2-1.0 kg CO2e kg-bread-1, while increases in bread yield made net 

GWP more similar amongst treatments (ranging ~0.5-0.8 kg-CO2e kg-bread-1). Net energy 

showed a positive relationship with bread yield but increases diminished as bread yield 

increased. Even with carbon sequestration and bread energy output included, net emissions 

remained positive and net energy output was negative.  

2.4 Discussion 

Field experiments replicating the typical management adopted in commercial winter 

wheat fields across a wide range of environments coupled with milling and baking laboratory 

analyses and life cycle assessment revealed the potential for increased bread production and its 

associated environmental footprint related to global warming potential and energy balance.  

2.4.1 Grain yield, grain protein content, and bread yield 

The protein content dilution as function of grain yield increases is well documented and 

confirmed in this study (Barneix, 2007). However, we note that this dilution occurred within 

management intensity. When comparing across managements, grain protein content increased 

remarkably with increased intensity, showing promise that high yield and high grain protein 

content can be achieved. These results are especially impactful for the prospect of producing 

more nutritious food. Using the state of Kansas as an example, the 10-year averages of yield and 

protein content are 2.9 Mg ha-1 and 11.8% across 3.2 million hectares cultivated to winter wheat 

(USDA-NASS, 2023), resulting in 1.1 million Mg of protein exports. Upscaling the findings of 

the current work, there is a potential to increase wheat grain yield in 1.13-fold and grain protein 

in 1.03-fold from average to high, resulting in 1.3 million Mg of protein exported. 

These concomitant increases in grain yield and protein content increased bread yield. 

Increases in grain yield and related increases in bread yield are mechanic and function of flour 
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yield, simply by having more material to be processed into flour. Flour extraction is also 

positively correlated with protein content, which could have played a role in increased flour 

yields (Rozbicki et al., 2015). Likewise, increases in protein content relate to increases in bread 

yield because of its positive effect on farinograph water absorption (Sapirstein et al., 2018), 

which then results in additional water needed to reach the desired dough consistency (Linlaud et 

al., 2009). Therefore, higher water absorptions increase bread yield (Dencic et al., 2007; 

Schönhofen et al., 2017), the positive effects of higher water absorption are also reflected in 

increased loaf volume (Aydoğan et al., 2015) and other quality characteristics (Mudgil et al., 

2016). 

2.4.2 Environmental footprint of wheat production 

The range in yield-scaled GWP measured in the current study (0.19 to 0.44 kg-CO2e per 

kg-bread) falls within values from other wheat LCAs (Andersson & Ohlsson, 1999; Goucher et 

al., 2017; Meisterling et al., 2009) and just below the average found across European countries 

(Achten & Van Acker, 2016). Similarly, energy inputs associated with wheat production from 

our study were comparable to previous literature (Khan & Latif, 2010; Meisterling et al., 2009) 

and again just below estimates for European countries (Achten & Van Acker, 2016). 

Increases in bread yield were not enough to offset the increases in GWP and energy 

consumption that resulted from increased inputs when carbon sequestration was not accounted 

for (Figure 2.5). Therefore, these results lead us to partially reject our central hypothesis that 

certain combinations of management practices would lead to increased food production at a 

similar or decreased GWP. This could partially be explained by the design of this study, since the 

exact same four management practices were tested at all environments within a region regardless 

of environmental conditions. Previous evidence suggested that the lowest yield-scaled GWP for 
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wheat was attained at a yield reduction relative to the highest yield at a given site of 9% 

(Linquist et al., 2012). Perhaps the four strategies that we evaluated did not allow us to assess a 

treatment attaining such yield reduction, which would have reflected an intensity somewhere 

between the average and high treatments. Furthermore, these four contrasting groups of 

management intensity naturally led to large differences in GWP that were not offset by increases 

in yield, with larger differences in lower yielding environments. In real-world situations, 

producers would not adopt the same management across years or fields, adjusting their 

management as function of weather conditions (e.g., Cruppe et al., 2021). Perhaps a different 

data structure (i.e., one collected via on-farm surveys) could increase the range of management 

strategies evaluated and help to identify opportunities for high net energy yield with lower GWP 

(e.g., Grassini and Cassman, 2012).   

Among the management factors leading to increased GWP, yield-scaled impacts of 

fertility increased substantially as management intensified, meaning that the yield gain resulting 

from these additional inputs was not enough to negate them. These results may partially be 

explained by the typical diminishing returns in grain yield response to increasing nitrogen rates 

in which higher rates lead to sequentially lower yield increases (Lollato et al., 2019b). The 

effects of nitrogen were specifically notable with GWP which is consistent with other studies in 

which nitrous oxide emissions that are function of N fertilizer drove the majority of the GWP of 

greenhouse gas emissions for wheat (Linquist et al., 2012) and where nitrogen field emissions 

contributed a large proportion towards total wheat production emissions (Kim et al., 2009; 

Meisterling et al., 2009). However, a previous meta-analysis suggested that wheat yield-scaled 

GWP was fairly irresponsive to increases in N rates at the low N range but were large when 

nitrogen was applied at high rates (Linquist et al., 2012). We did not see a constant GWP phase 
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in our data, perhaps because nitrogen was not the single input being modified between 

treatments. Higher nitrogen use efficiencies can potentially help alleviate yield-scaled emissions 

(Van Groenigen et al., 2010), which can be achieved through agronomic management and 

genotype selection (Fageria & Baligar, 2005; Hawkesford and Griffiths, 2019; Gaju et al., 2011). 

Outside of field emissions, chemical nitrogen fertilizer and fuel usage were the greatest 

contributors to both GWP and energy inputs in wheat production (Taghavifar & Mardani, 2015). 

Although GWP and energy input increased with higher management intensity, we note that the 

highest quantity of energy input was 2.8 MJ per kg of grain, which is considerably lower than 

literature values for wheat energy output (i.e., 14.7 MJ per kg of grain; Ghasemi-Mobtaker et al., 

2022; Gökdoğan & Sevı̇M, 2016). This mismatch indicates that the negative net energy output of 

bread was likely more driven by phases of the bread production system other than wheat 

production – even at high energy inputs at the wheat production phase. 

2.4.3 Environmental impacts of the bread product system 

Total GWP of the bread system ranged from 1.22-1.46 kg-CO2e kg-bread-1, which is 

consistent with some studies (Espinoza-Orias et al., 2011; Kulak et al., 2015) but higher than 

other estimates (Andersson & Ohlsson, 1999; Goucher et al., 2017). Some of this could be 

attributed to our transportation assumptions, which were higher than some studies in order to 

prevent underestimation due to its high uncertainty (i.e., in reality, this differs from field to 

field). Energy inputs were also consistent with literature, falling within the range found by 

Andersson and Ohlsson (1999) of 12-22 MJ kg-bread-1, encompassing the value for ‘average’ 

bread from Europe (Niero et al., 2015; Notarnicola et al., 2017), and just higher than values 

found in other studies (Carlsson-Kanyama et al., 2003). 
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When considering the whole bread product system, GWP and energy inputs were 

partially driven by wheat production (16-31%), baking (37-45%), and transportation (25-30%) 

phases. In this context, baking was the greatest contributor to GWP and energy input in all 

scenarios. At an average of 7.13 MJ kg-bread-1, baking energy inputs were slightly lower than 

the 8.6 MJ kg-bread-1 (without flour contributions) reported by Nadi et al. (2022). Other studies 

report lower values for baking energy; however, many of these studies report on a dough weight 

basis or do not consider the manufacture of the energy source (Le-bail et al., 2010). Nadi et al. 

(2022) reported natural gas as the fuel used in baking with the highest source of energy and 

emissions besides flour production, similar to the study we derived our energy coefficients from 

(Avlani and Chancellor, 1977). Therefore, opportunities exist to decrease the impacts of bread 

production through more efficient use of natural gas or a switch to other energy sources with 

lesser impacts in the baking process, which were beyond the scope of the current work.  

We demonstrated that GWP estimates of wheat – both at the production phase or across 

the bread system – can change dramatically depending on whether calculations account for 

carbon sequestration. Very few agricultural studies consider carbon sequestration due to 

ambiguity in estimation procedures (Goglio et al., 2015), but its potential to mitigate the effects 

of GHG emissions highlight the importance of its inclusion in LCA (Lal, 2003). This is 

especially important for wheat – a crop that has consistently acted as a carbon sink in detailed 

carbon balance/flux studies that reported a similar range in C sequestration potential than those 

estimated based on our modeling effort (e.g., Bajgain et al., 2018; Gan et al., 2011, 2014; Veeck 

et al., 2022; Wagle et al., 2019, 2021). In our study, sequestration had a large effect in reducing 

emissions, accounting for up to 0.63 CO2e kg-bread-1 reduction. These estimations also indicate 

net positive emissions when only considering the wheat production phase (0.11 to 0.44 kg-CO2e 
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ha-1), and changes in the direction of the relationship between bread yield and net GWP (from 

positive in low management to negative in high management) when considering the entire bread 

production system. While considerations of carbon sequestration were not enough to offset total 

emissions of the bread product system despite significant reductions in net GWP, the net GWP of 

the four management systems seem to converge at bread yield values greater than ~6,000 kg ha-1 

(Figure 2.6C) – partially supporting our hypothesis that management practices combinations can 

lead to greater food production with similar environmental footprint, at least when carbon 

sequestration is considered. 

Net energy balance has been widely used in studies involving biofuels (Mayer et al., 

2020) and in some crop production studies (Grassini and Cassman, 2012); however, it is not as 

common in bread or other food from a system perspective. Since the energy requirements for 

food processing and packaging are generally higher than the caloric energy value of the food 

product itself (Heller & Keoleian, 2003), net energy calculations allow comparisons of systems 

in relation to their value for human consumption. In our study, even though bread energy output 

was near 11.8 MJ kg-bread-1, mean net energy was still negative indicating that energy inputs 

were greater than energy outputs. However, the magnitude that bread energy outputs did offset 

inputs indicates that there is potential to achieve a net-zero energy balance, partially supporting 

our central hypothesis.  

2.4.4 Implications for sustainable intensification of wheat production 

With the need to increase global food production and food quality on limited land 

devoted to agriculture while minimizing environmental impacts, our study shows promising 

prospects for successful sustainable intensification. Even while not the greatest contributor to 

GWP and energy input of the entire bread system, modulation of management within the wheat 
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production phase presents an opportunity to sustainably increase food production. The 

production phase itself also seems to be a net carbon sink irrespective of management practice 

adopted; thus, wheat fits well in the scope of feeding a growing global population while 

mitigating drivers of climate change. While low-input management has a lower maximum 

environmental impact, the consequent decrease in production causes concern for supply to the 

food system. This is consistent with previous research who suggested the need to focus on yield-

scaled GWP rather than on an area basis since the latter can lead to low yielding management 

practices (Linquist et al., 2012). In addition, achieving higher bread yields with low-input 

management can lead to negative nutrient balances that are unsustainable and lead to many other 

environmental concerns (Koritschoner et al., 2023), including the potential to cause higher net 

GWP (Figure 2.6C). Meanwhile, if production practices remain constant (i.e., average 

management), improvement is still possible to reduce management-induced yield-gaps to yield 

levels in which net GWP is no longer affected by yield. Increasing intensity to high-input 

management showed potential to narrow the yield-gap, but it predominantly came with 

additional environmental costs, particularly in low-yielding environments. With additional 

inputs, carbon sequestration becomes high enough due to greater residue production and 

associated carbon return to soil (Figure 2.3F, B.2) so that GWP negatively related with bread 

yield, even without increases in yield from high intensity. 

Our study suggests that the greatest concerns associated with management intensification 

would be environmental impacts under low bread yielding conditions (i.e. ~2000 kg ha-1), which 

is also where the greatest differences between GWP, energy input, net GWP, and net energy 

output occur. These differences diminish as bread yield increases (e.g. ~1.4-fold difference at 

2000 kg-bread ha-1 to ~1.2-fold difference at 6000 kg-bread ha-1), presenting opportunity for 
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additional research to improve the predictive power for determining when these low-yield 

environments will occur to better guide management adoption at the field level for both food and 

environmental securities (e.g., Chenu et al., 2011; Couëdel et al., 2021). In this way, 

management could be modulated to reduce environmental impacts when these low-yield 

environments are likely. Likewise, higher confidence that high yields or increased higher carbon 

sequestration can be achieved, increased inputs would be warranted, benefiting both the producer 

and the environment. 

2.4.5 Limitations of the current study 

Similar to any study, the current study has limitations perhaps especially regarding the 

calculations of carbon sequestration. Carbon sequestration is highly dependent on climate and 

weather conditions, as higher temperatures and rainfall promote carbon breakdown and release 

from the soil (Lal, 2004; Post and Kwon, 2000). In addition, C sequestration is a long-term 

process that is dependent on other soil conditions, making direct calculations difficult. As a 

result, models that calculate carbon sequestration often come with a high degree of uncertainty. 

Nonetheless, even though carbon sequestration is environment-dependent, its calculation is still 

useful for making comparisons between treatments tested in the same environments and the 

results our modeling effort proposed have similar magnitude to those from detailed carbon flux 

studies (e.g., Bajgain et al., 2018; Gan et al., 2011, 2014; Veeck et al., 2022; Wagle et al., 2019, 

2021), supporting our claims. Similarly, field emissions of nitrous oxide emissions are also 

highly influenced by environmental conditions. Here we used international standards from IPCC 

(2006); however, better models for emission estimation could reduce the uncertainty of these 

calculations (e.g., Grassini and Cassman, 2012). Another important limitation of our study 

includes assumptions regarding milling and baking coefficients, since we used the schematic 
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representation for these processes from a relatively old study (Avlani and Chancellor, 1977). 

However, we updated energy and emission coefficients for energy and fuel manufacture to 

attempt to overcome this issue.  

Future research should focus on the improvement of estimations for processes within the 

bread product chain that are difficult to measure. In the wheat production phase, this can include 

carbon sequestration potential and nitrous oxide field emissions. In other phases, transportation 

assumptions could be refined, and the milling and baking process information could be updated 

for future LCA or sustainability studies. In addition, exploring other crops or foods in a similar 

context could be useful for comparisons and for scenario analysis to predict future trends in 

sustainability.   

2.5 Conclusions 

Life cycle assessment paired with replicated field studies and detailed laboratory analyses 

proved useful to identify avenues for sustainable intensification. Agricultural management 

influenced downstream processes; therefore, considering the entire system is important for 

quantifying the environmental impacts of management intensification. Here, a combination of 

yield and protein gains resulted in higher bread yield, lessening the magnitude of GWP and 

energy input increases. Although GWP and energy input increased when management intensity 

increased, carbon sequestration and energy output considerations greatly reduced these impacts 

for net GWP and net energy yield. We provided evidence for an opportunity to increase bread 

yield with minor increases in yield-scaled environmental impacts. Further technological and 

input use efficiency improvements could further reduce these impacts from the agricultural 

perspective, however improvement of other aspects of the bread product system – which were 

beyond the scope of this work but reflected the majority of GWP and energy input– could play a 
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significant role in decreased environmental impacts. This system-wide approach showed that 

collective progression of the members of the bread supply chain can result in successful 

sustainable intensification. 
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Table 2.1. Description of the 23 field experiments conducted during the 2020-21 and 2021-22 winter wheat growing seasons in 
Kansas, US. Soil information, environmental conditions, and dates of treatment activities for each study-site are provided. 

Year Region Site Name Soil Type 
In-season 
Rainfall 

(mm) 

Planting 
Date 

Fertilizer 1 
Date 

Fertilizer 2 
Date 

Fungicide 1 
Date 

Fungicide 2 
Date Harvest Date 

2020-21 

Sub-
Humid 

Ashland 
Bottoms (1) Belvue silt loam 858 14-Oct-20 9-Mar-21 5-Apr-21 9-Apr-21 10-May-21 23-Jun-21 

Ashland 
Bottoms (2) 

Bismarckgrove-Kimo 
complex 899 13-Oct-20 9-Mar-21 5-Apr-21 12-Apr-21 12-May-21 27-Jun-21 

Belleville Crete silt loam 553 5-Oct-20 10-Mar-21 6-Apr-21 13-Apr-21 18-May-21 1-Jul-21 
Hutchinson Ost Loam 801 8-Oct-20 8-Mar-21 1-Apr-21 9-Apr-21 5-May-21 16-Jun-21 
Manhattan Kahola silt loam 943 7-Oct-20 9-Mar-21 5-Apr-21 12-Apr-21 13-May-21 5-Jul-21 

Tipton Harney silt loam 775 25- Oct-20* 10-Mar-21 6-Apr-21 13-Apr-21 24-May-21 21-Jul-21 

Semi-
Arid 

Colby Keith silt loam 749 29-Sep-20 11-Mar-21 6-May-21 23-Apr-21 30-May-21 11-Jul-21 
Garden City Ulysses silt loam 592 20-Sep-20 10-Mar-21 14-Apr-21 4-Apr-21 14-May-21 9-Jul-21 

Leoti Richfield silt loam 626 25-Sep-20 10-Mar-21 14-Apr-21 14-Apr-21 26-May-21 12-Jul-21 
Norcatur Holdrege silt loam 550 19-Oct-20 12-Mar-21 8-May-21 24-Apr-21 2-Jun-21 17-Jul-21 

2021-22 

Sub-
Humid 

Ashland 
Bottoms Belvue silt loam 1115 12-Oct-21 16-Mar-22 12-Apr-22 26-Apr-22 11-May-22 29-Jun-22 

Belleville Crete silt loam 761 7-Oct-21 16-Mar-22 14-Apr-22 2-May-22 18-May-22 11-Jul-22 
Hutchinson Funmar-Taver loams 666 21-Oct-21 15-Mar-22 15-Apr-22 26-Apr-22 10-May-22 14-Jun-22 

Manhattan (1) Kahola silt loam 1138 18-Oct-21 15-Mar-22 12-Apr-22 27-Apr-22 16-May-22 1-Jul-22 
Manhattan (2) 

Late Kahola silt loam 1090 19-Nov-21 15-Mar-22 12-Apr-22 11-May-22 2-Jun-22 8-Jul-22 

Great Bend Taver loam 506 20-Oct-21 16-Mar-22 21-Apr-22 25-Apr-22 14-May-22 20-Jun-22 
Solomon Detroit silty clay loam 743 21-Oct-21 15-Mar-22 12-Apr-22 26-Apr-22 14-May-22 27-Jun-22 

Semi-
Arid 

Belleville Crete silt loam 761 7-Oct-21 16-Mar-22 14-Apr-22 2-May-22 18-May-22 11-Jul-22 
Colby Keith silt loam 275 12-Oct-21 3-Mar-22 4-May-22 26-Apr-22 28-May-22 11-July-22 

Garden City Satanta silt loam 293 29-Sep-21 16-Mar-22 21-Apr-22 29-Apr-22 9-May-22 30-Jun-22 
Hays Harney silt loam 427 28-Sep-21 16-Mar-22 21-Apr-22 25-Apr-22 6-May-22 23-Jun-22 
Leoti Richfield silt loam 316 25-Sep-21 16-Mar-22 21-Apr-22 25-Apr-22 17-May-22 5-Jul-22 

Norcatur Holdrege silt loam 296 8-Oct-21 3-Mar-22 4-May-22 27-Apr-22 1-Jun-22 22-July-22 
*Estimated dates 
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Table 2.2. Management level and frequency of adoption of different management practices evaluated in this study. Practices 
were developed from a survey of 656 fields grouped into low, average, high, and top yielding fields. Each treatment received 
different combinations of inputs at differing rates, based on producer practices in both climatic regions of Kansas. 

  

 
Sub-Humid Region of Kansas 

Previous crop: Soybean 
Semi-Arid Region of Kansas 

Previous crop: Fallow 

Practice (unit ha-1) Low Average High Top Low Average High Top 

Yield goal (Mg) 2.4 3.7 5.0 6.4 2.4 3.7 5.4 6.4 

Seeding rate (seeds) 2,500,000 3,000,000 3,600,000 3,600,000 1,900,000 2,200,000 2,600,000 2,600,000 

Nitrogen (kg N) 45 90 135 180 45 90 135 200 

Phosphorus (kg P) - 22 34 39 - - 34 34 

Sulfur (kg S) - 11 11 22 - - 11 22 

Chloride (kg Cl) - 17 17 17 - - - - 

Seed Treatment - Yes Yes Yes - - Yes Yes 

Split N Application - - Yes Yes - - Yes Yes 

Flag leaf Fungicide - - Yes Yes - - Yes Yes 

Jointing Fungicide - - - Yes - - - Yes 

Micronutrients - - - Yes - - - Yes 
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Figure 2.1. Winter wheat area (green raster) and experimental sites and years included in this study. Sites are divided in those 
established in sub-humid (blue) or the semi-arid (orange) regions. Inset map shows location of the study region within the 
continental US.   
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Figure 2.2. System boundaries of the current life cycle assessment, including study inputs, outputs, and their flows. Colors 
indicate processes categorized together for determining impact by phase of the bread product system. 
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Figure 2.3. Grain yield (A) and grain protein (B) in the average management is shown in 
relation to other management intensities, while grain protein content relationship with 
grain yield is displayed as a function of management intensity (C). Bread yield showed a 
positive relationship with protein yield (D) calculated as the product between yield and 
protein content, while average intensity bread yield (E) is shown in relation to other 
management intensities. Carbon sequestration estimates are displayed as a function of 
grain yield across all sources of variation (F). Inset graphs show the distribution of grain 
yield (A), grain protein (B), bread yield (E), and carbon sequestration (F) resulting from 
each management intensity across all sources of variation. Letters denote statistical 
significance of means at the alpha <0.05 level.
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Figure 2.4. Agricultural input (color) contributions to GWP (A) and energy inputs (B) associated with the wheat production 
phase of the bread product system quantified per unit of bread produced and are factored by management intensity. Data 
distribution of each phase is indicated in the boxplots surrounding each graph, with letters statistical significance between 
management intensities at the alpha < 0.05 level. For detailed statistical comparison among subgroups, please refer to Table 
B.10. 
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Figure 2.5. Contributions of each phase in the bread product system to (A) global warming potential (GWP) and (B) energy 
inputs per unit of bread produced and separated by management intensity. Data distribution of each phase is indicated in the 
boxplots surrounding each graph, with letters statistical significance at the alpha < 0.05 level. For detailed statistical 
comparison among subgroups, please refer to Table B.11. 
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Figure 2.6. Relationship between bread yield and (A) yield-scaled global warming potential (GWP), (B) energy inputs, (C) net 
GWP, and (D) net energy output. Net GWP refers to GHG emissions less the equivalent of carbon sequestration, while net 
energy output is bread energy output minus energy inputs. Color shade and shapes denote intensity of management. 
Equations of fitted lines are given in Table B.12
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Appendix A - Chapter 1 Supplementary Material 

A.1 Examples of Existing Sustainability Programs 

In the age of digital agriculture, digital tools can be useful for sharing knowledge and 

providing a convenient means of sustainability assessment. However, some literature indicates a 

lack of web-based or mobile applications that quantify or address the issue of sustainability 

(Eichler Inwood & Dale, 2019). Most applications address specific issues within agriculture 

instead of integrating goals for agricultural sustainability. Nevertheless, the programs are crucial 

for information distribution and ease of access for sustainability metrics. Government and 

commercial entities are developing platforms for assessing or promoting sustainable agriculture 

for United States and/or for global use. 

A.1.1 Government initiatives  
The Feed the Future Innovation Lab for Collaborative Research on Sustainable 

Intensification (SIIL) was created under the U.S. Government’s Global Hunger and Food 

Security Initiative in 2014. SIIL was established with intentions of advancing food and 

nutritional security through sustainable intensification of crop production. Through this program, 

the Sustainable Intensification Assessment Framework (SI Toolkit) was developed to direct 

sustainable intensification research though a common framework (Stewart et al., 2018). It has a 

wide scale from the plot level to a landscape approach, using five categories of indicators that 

include productivity, economic, environmental, social, and human condition. 

A.1.2 Fieldprint Platform 
 Fieldprint Platform was first released in 2009 by Field to Market, with its most recent 

version released in July 2021 as Fieldprint Platform 4.0 (Field to Market, 2022). The Fieldprint 
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Calculator in this program allows farmers to compare the environmental sustainability of the 

practices they use to benchmarks determined on different spatial scales. The analysis uses eight 

indicators to assess performance at the field level, including water quality, irrigated water use, 

soil carbon, soil conservation, land use, energy use, greenhouse gas emissions, and biodiversity. 

A number of companies have developed programs using this platform to encourage sustainable 

agriculture practices to ensure sustainable product sourcing or to assess sustainability. Archer 

Daniels Midland (ADM), Ardent Mills, and Cargill are among the companies with the most 

active projects through the Fieldprint platform. Farmers who opt to share their information assist 

these suppliers and retailers to make sustainable decisions further in the supply chain. This 

program’s focus is assessing environmental factors at the field level to generate information on a 

larger scale. 

A.1.3 Cropwise Sustainability 
 Through their Cropwise Digital Farming platform, Syngenta released Cropwise 

Sustainability in February 2022 (Syngenta, 2022). This program, available as a mobile 

application, is a tool farmers can use to calculate the sustainability of their farm and compare 

their score to a community of farmers. Six categories are considered in the assessment including 

optimal production, water impact, soil health, biodiversity and habitat, human and animal health, 

and community leadership. Through the program, farmers can view practices that others in their 

community are using to enhance sustainability, and the results can be used for reporting 

sustainability to business partners.  

A.1.4 ForGround 
In August 2022, Bayer Corporation launched a sustainability platform under the name 

ForGround (Bayer, 2022). This platform is directed towards both farmers and companies 
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intending to improve their individual sustainability, with a direct focus on involvement in the 

carbon market. ForGround provides farmers with agronomic support and discounts to assist in 

the shift to regenerative agriculture, while involved companies are aided in entering the carbon 

market. The focal point of the platform is on improvements to soil health but lacks an assessment 

of sustainability. Integrated with the ForGround platform is the Bayer Carbon Program, in which 

farmers can receive compensation for the use of cover crops and reduced tillage. Programs exist 

internationally and include the U.S. Carbon Program, the European Carbon Program, and PRO 

Carbono (Brazil).  

A.1.5 Earthworm  
 Founded in 1999, the organization now known as Earthworm works with companies 

around the world including several companies in the United States (Earthworm, 2022). Using a 

supply chain approach, the organization works with companies (e.g. Cargill, Johnson & Johnson, 

3M, Nestlé, etc.) to develop goals in projects to help the company’s supply chain be more 

sustainable. They focus specifically on preserving the world’s habitats and ecosystems, 

individuals and groups along supply chains, and preservation of Earth’s climate. 40 member 

companies work with Earthworm, and specific projects include work in forest conservation, soil 

health, and social sustainability. 

A.1.6 Farm Sustainability Assessment by SAI Platform 
 Sustainable Agriculture Initiative Platform (SAI Platform) was created in 2002 to find 

solutions to the common problems of the food and drink industry and to increase the 

sustainability of agriculture (SAI Platform, 2022). To assist this, the Farm Sustainability 

Assessment (FSA) program was established in 2014. This program assesses the sustainability of 

specific farms for use by businesses to analyze their supply chains. FSA has been successfully 
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implemented in Florida orange (Citrus sinensis) production and sugarbeet (Beta vulgaris) 

production in Europe and Russia. In addition, many other projects have been completed through 

the SAI Platform in collaboration with over 170 member companies. 
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Appendix B - Chapter 2 Supplementary Material 

B.1 Additional Methods, Tables, and Figures 

Soil samples were taken at depths of 0-15 cm and 15-60 cm prior to planting, and were 

subjected to several tests of soil properties and fertility.  Stand counts were taken in the fall from 

an area of 0.19 m2 to determine plant density. In the 2020-21 growing season, canopy coverage 

was measured using photos run the Canopeo software to determine green cover of the soil 

approximately three weeks after fungicide application. In the 2021-22 growing season, canopy 

coverage was measured at several growth stages, including Zadoks growth stages 26, 31, 60, and 

again at approximately three weeks after fungicide application (~Zadoks GS 90). Plant height 

was measured and biomass samples were collected from a 0.19 m2 area just prior to harvest. 

Samples were dried at 65°C for dry mass determination. Whole plant weight was determined 

before samples were partitioned between stover and heads, both of which were then weighed 

again. Heads were counted and subjected to threshing to separate the seeds from the chaff, with 

each mass being measured and recorded. Seeds were then subject to counting and weighing to 

determine thousand kernel weight. Stover and chaff were ground together, and the grain was 

ground separately before being subject to several content tests, including total carbon and 

nitrogen content measured using a Leco TruSpec CN combustion analyzer; and phosphorus, 

potassium, and sulfur used the perchloric digest method. Following harvest, 0-60 cm soil 

samples were collected in each plot of three replications at each location for analysis of nitrate 

concentration of the soil. In addition, grain was analyzed for grain hardness. 

Whole-plot grain samples were collected from the combine for milling, dough, and 

baking quality assessments. Wheat milling was conducted according to AACC International 
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Method 26-21.02 for Experimental Milling. First, samples from a treatment-variety-location 

combination were mixed and subsampled three times into 1500g samples for remaining analyses. 

The samples were tempered to 16% moisture content, and milling yield was calculated as the 

percentage of flour produced from the weight of tempered wheat. Flour protein was determined 

following AACC International Method 39-11.01 using NIR methodology. Ash content of the 

flour was determined following AACC International Method 08-21.01 using NIR predictions of 

ash content. Falling number was determined using AACC International Method 56-81.04 

procedures. Dough characteristics, including dough development time, Stability, mixing 

tolerance index, time to breakdown, and water absorption, were determined with a farinograph 

using AACC International Method 54-21.01 for Physical Dough Tests. Baking quality was 

determined according to AACC International Method 10-10.03 using ingredient ratios for 500 

grams of flour. The resulting dough was split by weight into three loafs that each contained 100 

grams of flour. Each loaf contained 5.3 grams of yeast, 6.0 grams of sucrose, 1.5 grams of salt, 

3.0 grams of shortening, and water based on the farinograph value for water absorption. Finally, 

loaf volume was measured for each loaf using rapeseed displacement methods. In addition to 

milling and baking quality, DON and fusarium damaged kernels were determined in ppm and 

kernels per 100 kernels, respectively. 

  



152 

 

Table B.1.Soil test values describing soil conditions at the time of planting at 0-15 and 15-60 cm depths. 

Region Site Name Depth pH Buffer 
pH 

NO3-
N NH4-N Mehlich 

P K SO4-S Ca Cu Mg Mn Na Zn Fe Cl OM CEC Sand Silt Clay 

  cm   mg kg-1 % Meq 
100g-1 % % % 

2020-
21            

Sub-
Humid 

 

Ashland 
Bottoms (2) 

0-15 6.1 6.6 6.8 6.9 32.8 345.2 6.0 2,524.1 1.5 266.3 26.4 10.0 1.1 70.5 - 2.5 23.17 12 58 30 
15-60 6.4 6.7 5.0 6.3 20.0 314.9 6.2 2,834.0 1.6 299.1 22.0 12.4 0.7 66.6 - 2.3 23.45 8 60 32 

Ashland 
Bottoms (1) 

0-15 5.5 6.7 11.0 5.6 30.2 224.4 5.8 1,313.0 0.9 145.1 19.5 9.8 0.9 75.1 - 1.8 14.63 26 60 14 
15-60 6.3 7.0 4.2 3.9 13.4 175.7 3.2 1,465.1 0.8 150.5 9.2 10.2 0.5 51.3 - 1.3 11.83 26 60 14 

Belleville 0-15 4.8 5.9 14.6 8.4 50.6 402.8 12.3 1,371.3 1.6 193.2 59.2 13.8 0.9 157.2 - 2.9 24.76 12 64 24 
15-60 5.4 6.2 7.8 6.2 20.6 319.3 9.2 2,033.1 1.6 267.8 27.0 24.6 0.5 116.1 - 2.6 24.52 10 60 30 

Hutchinson 0-15 4.7 5.9 8.9 5.8 71.2 212.6 11.3 896.9 1.5 181.9 52.5 19.5 0.6 138.5 - 2.1 21.62 36 42 22 
15-60 5.7 6.5 4.4 4.8 21.2 189.3 11.0 1,852.6 1.2 254.8 23.4 46.9 0.4 101.3 - 2.0 20.42 34 40 26 

Manhattan 0-15 7.4 7.2 7.5 11.6 16.2 347.4 8.2 6,064.7 1.5 229.9 15.0 14.0 0.8 43.4 - 3.9 34.05 4 60 36 
15-60 7.4 7.2 8.3 9.5 12.7 328.9 7.3 6,227.2 1.6 225.1 12.9 15.1 0.7 41.0 - 3.7 34.89 4 60 36 

Garden City 0-15 8.0 7.5 8.4 27.5 82.6 770.6 4.8 4917.7 1.0 394.4 13.7 21.4 1.2 6.3 3.0 1.6 29.94 24 48 28 
15-60 7.7 7.3 6.7 7.2 29.2 453.9 13.3 2795.2 0.8 785.0 7.5 42.0 0.4 11.7 5.8 1.6 21.86 26 44 30 

Leoti 0-15 6.8 7.0 16.2 5.9 118.6 793.2 7.1 2,497.2 1.4 324.5 25.1 13.5 1.9 41.9 - 2.1 20.88 18 54 28 
15-60 7.0 7.1 12.5 7.9 40.2 716.8 6.3 2,858.4 1.0 497.9 16.0 20.0 0.5 25.0 - 1.9 22.81 16 48 36 

2021-
22                       

Sub-
Humid 

Ashland 
Bottoms 

0-15 5.8 6.9 26.7 5.2 54.6 256.0 8.2 1200.3 0.5 157.5 9.5 22.0 1.0 52.5 11.4 1.7 8.07 38 54 8 
15-60 7.2 7.3 5.6 3.8 31.2 156.0 2.3 1562.7 0.4 113.0 4.1 14.9 0.6 26.3 2.5 0.8 9.22 35 53 12 

Belleville 0-15 5.1 6.0 17.5 5.2 75.5 571.9 6.8 1651.2 1.5 224.8 36.9 22.5 1.3 155.7 4.5 2.7 25.32 20 56 24 
15-60 6.0 6.4 8.6 5.0 57.1 730.0 5.4 2732.8 1.6 411.7 19.8 32.4 0.7 121.3 5.1 2.8 28.19 10 54 36 

Great Bend 0-15 5.7 6.4 21.9 4.8 164.1 618.9 8.6 1760.9 1.7 420.4 21.7 57.8 2.3 135.5 7.2 1.9 23.87 20 54 26 
15-60 7.2 7.0 12.9 5.9 57.0 557.9 9.4 3529.9 1.2 910.3 9.1 237.6 0.7 57.2 8.4 1.3 27.70 20 40 40 

Hutchinson 0-15 5.6 6.4 34.5 7.0 84.6 434.7 8.0 2194.9 1.2 386.8 22.3 18.7 0.7 89.7 4.0 3.3 25.11 34 38 28 
15-60 5.9 6.5 21.2 6.0 51.6 386.0 6.4 2650.2 1.1 480.5 14.7 30.7 0.6 87.3 3.2 2.3 26.73 26 44 30 

Manhattan 
(1 & 2) 

0-15 6.6 6.8 10.4 8.0 23.1 243.2 3.5 3459.3 1.1 342.0 17.7 34.1 0.9 55.6 4.1 2.3 26.31 22 50 28 
15-60 7.2 7.0 7.5 7.6 13.4 260.3 4.0 4782.6 1.2 362.3 12.9 113.7 0.6 48.5 3.2 3.0 28.09 22 46 32 

Solomon 
 

0-15 7.1 7.0 22.3 5.7 62.2 263.0 4.9 3415.0 0.9 392.3 11.3 31.8 2.2 48.9 6.3 4.5 21.16 40 36 24 
15-60 7.2 7.0 9.8 7.3 18.5 325.5 4.5 3251.6 0.9 715.6 12.3 66.5 0.8 35.0 7.4 2.5 23.35 20 41 39 

Semi-
Arid 

Belleville 0-15 4.9 5.9 41.8 7.7 56.5 409.0 8.1 2180.3 1.4 372.9 48.1 28.6 0.8 96.9 6.9 2.7 30.39 16 52 32 
15-60 6.1 6.6 25.1 9.3 15.8 484.8 5.4 3887.5 1.2 630.6 19.5 63.7 0.4 58.0 6.6 2.3 33.93 18 42 40 

Garden City 0-15 6.9 7.1 10.5 5.7 39.3 653.0 29.3 1909.1 0.9 510.7 16.4 19.7 0.5 13.1 3.1 1.7 15.56 26 46 28 
15-60 7.9 7.5 10.0 30.1 21.0 550.3 5.5 5221.3 1.0 669.7 9.8 25.7 0.3 9.7 3.9 1.0 33.21 14 56 30 

Hays 0-15 6.0 6.6 26.4 5.2 76.4 709.3 5.7 2369.5 1.3 469.0 20.6 28.4 0.6 45.4 4.1 1.8 25.10 18 52 30 
15-60 6.4 6.8 18.7 4.8 45.5 614.2 4.7 3138.4 1.2 575.3 13.7 32.5 0.4 35.1 3.3 2.0 28.02 22 42 36 

Leoti 0-15 6.8 6.9 28.8 6.0 74.7 692.3 6.8 2767.9 1.1 390.3 20.1 33.4 1.0 42.0 5.8 1.7 19.01 26 46 28 
15-60 7.4 7.2 20.9 5.5 32.7 677.3 6.1 4048.7 1.0 499.6 8.0 37.6 0.6 25.2 5.0 1.8 26.31 26 43 31 

*Soil test data were not collected for Tipton, Colby, or Norcatur 
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Table B.2. Environmental conditions and soil information for each plot location. 
Year Region Location Latitude Longitude Altitude Soil Type In-season Rainfall (mm) 

2020-21 

Sub-
Humid 

Ashland Bottoms (1) 39.14°N 96.63°W 314 m Belvue silt loam 858 
Ashland Bottoms (2) 39.13°N 96.62°W 313 m Bismarckgrove-Kimo complex 899 

Belleville 39.82°N 97.67°W 470 m Crete silt loam 553 
Hutchinson 37.92°N 98.03°W 470 m Ost Loam 801 
Manhattan 39.22°N 96.59°W 319 m Kahola silt loam 943 

Tipton 39.30°N 98.26°W 466 m Harney silt loam 775 

Semi-Arid 
 

Colby 39.39°N 101.06°W 964 m Keith silt loam 749 
Garden City 37.99°N 100.81°W 879 m Ulysses silt loam 592 

Leoti 38.29°N 101.20°W 974 m Richfield silt loam 626 
Norcatur 39.98°N 100.31°W 779 m Holdrege silt loam 550 

2021-22 

Sub-
Humid 

Ashland Bottoms 39.14°N 96.63°W 314 m Belvue silt loam 1115 
Belleville 39.82°N 97.67°W 470 m Crete silt loam 761 

Hutchinson 37.96°N 98.12°W 497 m Funmar-Taver loams 666 
Manhattan (1) 39.22°N 96.59°W 319 m Kahola silt loam 1138 

Manhattan (2) Late Planted 39.22°N 96.59°W 319 m Kahola silt loam 1090 
Great Bend 38.36°N 98.87°W 575 m Taver loam 506 
Solomon 38.88°N 97.35°W 354 m Detroit silty clay loam 743 

Semi-Arid 

Belleville 39.82°N 97.67°W 470 m Crete silt loam 761 
Colby 39.39°N 101.06°W 964 m Keith silt loam 275 

Garden City 37.99°N 100.81°W 879 m Satanta silt loam 293 
Hays 38.85°N 99.34°W 616 m Harney silt loam 427 
Leoti 38.29°N 101.20°W 974 m Richfield silt loam 316 

Norcatur 39.98°N 100.31°W 779 m Holdrege silt loam 296 
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Table B.3. Energy and Greenhouse Gas Emission coefficients of wheat production inputs 
and wheat processing inputs used in the Life Cycle Assessment. 

Input Energy (MJ kg-1) GHG emissions 
(kg-CO2e kg-1) Reference 

N Fertilizer 36.41 2.59 Ecoinvent 3.0 

N Fertilizer N2O  5.19 IPCC 

P Fertilizer 33.25 3.00 Ecoinvent 3.0 

K Fertilizer 3.55 0.21 Ecoinvent 3.0 

S Fertilizer 16.5 0.793 Ecoinvent 3.0 

Wheat Seed 5.57 0.4333 West and Marland, 
2002 

Herbicide    
   Thifensulfuron   
   methyl 179.44 13.48 Ecoinvent 3.0 

Tribenuron methyl 179.44 13.48 Ecoinvent 3.0 

Metsulfuron methyl 179.44 13.48 Ecoinvent 3.0 

Chlorsulfuron 179.44 13.48 Ecoinvent 3.0 

Dicamba 179.44 13.48 Ecoinvent 3.0 

Glyphosate 148.81 11.19 Ecoinvent 3.0 

Fungicide 288.88  West and Marland, 
2002 

Mefenoxam  9.171 Ecoinvent 3.0 

Difenoconazole  9.171 Ecoinvent 3.0 

Fluxapyroxad  9.171 Ecoinvent 3.0 

Propiconazole  9.171 Ecoinvent 3.0 

Pyraclostrobin  9.171 Ecoinvent 3.0 

Insecticide 284.82  West and Marland, 
2002 

Thiamethoxam  9.978 Ecoinvent 3.0 
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Table B.4. Energy and greenhouse gas emission coefficients of fuel and energy inputs 
associated with bread production and transportation used in calculations for the current 
study. 

Fuel Energy (MJ unit-1) GHG emissions 
(kg-CO2e unit-1) Reference 

Diesel 
   

Manufacture 1.3 MJ-1 2.69 L-1 Ecoinvent 3.0 

   Combustion 38.5 L-1 2.79 L-1 EPA, 2023 

Natural Gas    

Manufacture 1.13 MJ-1 0.0098 MJ-1 Ecoinvent 3.0 

Combustion 38.2 m-3 53.11 mmBTU-1 EPA, 2023 

Electricity    

Manufacture 4.1 kWh-1 5.12 kWh-1 Ecoinvent 3.0 

Use 3.6 kWh-1 453.6 MWh-1 EPA, 2023 

Gasoline    

Manufacture 1.4 MJ-1 2.35 L-1 Ecoinvent 3.0 

Use 34.84 L-1 0.507 km-1 EPA, 2023 
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Table B.5. Energy and greenhouse gas emissions and distance assumptions associated with 
wheat and wheat product transportation.  

Method Energy 
(MJ unit-1) 

GHG Emisssions 
(kg-CO2e unit-1) Reference 

Truck 1.659 Mg-1 km-1 0.117 Mg-1 km-1 EPA, 2023 

Rail 0.215 Mg-1 km-1 0.015 Mg-1 km-1 EPA, 2023 

Car 2.921 km-1 0.314 km-1  

Distance Assumptions 

Destination Distance (km) Method Reference 

   Elevator 32.18 Truck Custom Rates 2022 

   Mill 240 Truck and Rail Average Anderson et al., 
2014 

   Bakery 2000 Truck and Rail Average Meisterling et al., 
2009 

   Home 5.52 Car Bandekar et al., 
2022 
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Table B.6. Diesel quantities by agricultural operation derived from Ibendahl et al, 2021, 
2022 (Liters per application per hectare). 

Operation SW KS 
2021 

NW KS 
2021 

SC KS 
2021 

NC KS 
2021 

SW KS 
2022 

NW KS 
2022 

SC KS 
2022 

NC KS 
2022 

Fertilizer 
application 

3.83 3.83 3.83 3.83 1.96 1.96 1.96 1.96 

Harvest 15.99 15.99 15.99 15.99 13.28 13.28 13.28 13.28 
Hauling 
(Grain cart) 

9.35 9.35 9.35 9.35 7.76 7.76 7.76 7.76 

Planting 8.04 8.04 7.76 8.04 7.11 7.11 5.80 7.11 
Spraying 2.29 2.29 2.29 2.29 1.54 1.54 1.54 1.54 

 

 

 

Table B.7. Energy coefficients for flour and bread processing and distribution derived from 
Avlani and Chancellor, 1977. 

Process Refined Petroleum 
(1000BTU unit-1) 

Electricity 
(1000BTU unit-1) 

Natural Gas 
(1000BTU unit-1) 

Intermediate storage 
and handling 14.64 Mg grain-1 8.49 Mg grain-1 10.55 Mg grain-1 

Elevators and 
warehousing 13.36 Mg grain-1 14.40 Mg grain-1 67.82 Mg grain-1 

Milling 42.08 Mg grain-1 241.63 Mg grain-1 26.16 Mg grain-1 

Baking- Large 
Bakery 417.37 Mg flour-1 1400.88 Mg flour-1 4242.29 Mg flour-1 

Distribution 684.74 Mg bread-1 3.41 Mg bread-1 15.81 Mg bread-1 

Retailing 278.02 Mg bread-1 65.75 Mg bread-1 219.03 Mg bread-1 
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Table B.8. Values used to calculate allocation for home transport similar to Bandekar et al., 
2022. 

Per capita 
availability of 
wheat flour1 

(lbs/year) 

Flour makeup 
in bread by 
end weight2 

(%) 

Household 
spending on 

bread3 

($/lb) 

Average 
household 

size4 

(people) 

Annual Food 
Expenditure per 

Household5 
($) 

Allocation 
used6 

(%) 

82.8 65.1 1.523 2.51 7252.30 2.67 
1Obtained from the USDA Loss Adjusted Food Availability database for White and Whole 

Wheat Flour (USDA ERS, 2021) 

2Obtained using experiment recipe as an average of all ending bread weight 

3Estimated using consumer price index of bread (U.S. Bureau of Labor Statistics, 2021) 

4U.S. Census Bureau, 2021 

5Estimated from total annual household food expenditures (USDA ERS, 2021) 

6Calculated as percent of annual household food expenditure spent on bread 

 

Table B.9. Energy coefficients for bread ingredients derived from the SR Legacy database 
in FoodData Central (USDA ARS, 2019). 

Product Description Energy content (kJ/100g) 

Wheat flour, white, all-purpose, unenriched 1520 

Leavening agents, yeast, baker’s, active dry 1360 

Sugars, granulated 1620 

Salt, table 0 

Shortening, vegetable, household, composite 3700 
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Table B.10. Mean GHG emissions and energy inputs adjusted by the functional unit (kg of 
bread) for the wheat production phase. Means are separated by specific input and by 
management intensity and are displayed with their respective contribution to wheat 
production total emissions or energy input (italics). Letters denote statistical significance at 
alpha <0.05 level. 

 

  

 GWP 

g-CO2e kg-bread-1 

% of total 

Energy Input 

kJ kg-bread-1 

% of total 

Input Low Avg High Top Low Avg High Top 

Diesel 64.4 a 55.9 b 55.9 b 56.8 b 467 a 406 b 406 b 413 b 

 33.7 20.2 15.6 12.9 38.9 24.1 18.6 15.7 

Pesticide 7.3 ab 7.1 b 7.0 b 7.8 a 97 c 95 c 109 b 132 a 

 3.3 2.2 1.7 1.5 7.0 4.9 4.5 4.5 

Seed 10.3 a 10.1 a 10.4 a 10.0 a 133 a 130 a 133 a 129 a 

 5.6 3.8 3.0 2.4 11.4 8.0 6.3 5.1 

Sulfur 0.0 d 1.5 c 2.1 b 4.2 a 0 d 31 c 45 b 88 a 

 0.0 0.6 0.6 1.0 0.0 1.9 2.1 3.4 

Potassium 0.0 b 0.6 a 0.5 a 0.5 a 0 b 10 a 9 a 8 a 

 0.0 0.2 0.2 0.1 0.0 0.6 0.4 0.4 

Phosphorus 0.0 d 11.1 c 24.5 b 26.4 a 0 d 123 c 271 b 293 a 

 0.0 4.2 6.9 6.1 0.0 7.7 12.6 11.3 

Nitrogen  35.6 d 62.8 c 85.5 b 111.3 a 500 d 882 c 1202 b 1565 a 

 19.1 22.9 23.9 25.3 42.7 52.9 55.5 59.6 

N Field 

Emissions 

71.4 d 126.0 c 171.7 b 223.4 a - - - - 

38.3 45.9 48.1 50.7 - - - - 

Total 188 d 275 c 358 b 441 a 1215 d 1704 c 2193 b 2661 a 
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Table B.11. Mean GHG emissions and energy inputs adjusted by the functional unit (kg of 
bread) for each phase of the bread production system. Means are separated by phase and 
by management intensity and are displayed with their respective contribution to wheat 
production total emissions or energy input (italics). Letters denote statistical significance at 
alpha <0.05 level. 
 GHG Emissions 

kg-CO2e kg-bread-1 

% of total 

Energy Input 

MJ kg-bread-1 

% of total 

Phase Low Avg High Top Low Avg High Top 

         

Wheat 

Production 

0.19 d 0.28 c 0.36 b 0.44 a 1.22 d 1.70 c 2.19 b 2.66 a 

15.9 21.5 26.1 30.5 8.1 11.0 13.7 16.3 

Milling 0.05 a 0.05 a 0.05 a 0.05 a 2.53 a 2.52 a 2.53 a 2.50 a 

 4.0 3.7 3.5 3.3 16.9 16.3 15.9 15.3 

Baking 0.542 a 0.540 b 0.540 b 0.537 c 7.16 a 7.13 b 7.13 b 7.09 c 

 44.5 41.5 39.0 36.7 47.7 46.1 44.7 43.4 

Retail 0.06 a 0.06 a 0.06 a 0.06 a 0.605 a 0.604 a 0.604 a 0.602 a 

 5.2 4.9 4.6 4.4 4.0 3.9 3.8 3.7 

Transportation 0.370 a 0.369 a 0.369 a 0.368 b 3.51 a 3.50 a 3.50 a 3.49 b 

 30.4 28.4 26.7 25.2 23.4 22.6 21.9 21.3 

Carbon 

Sequestration 

0.63 c 0.60 b 0.55 a 0.55 a - - - - 

51.9 46.1 39.9 37.9 - - - - 

Bread Output - - - - 11.80 c 11.76 b 11.76 b 11.69 a 

 - - - - 78.6 76.1 73.7 71.5 

Total 1.22 d 1.30 c 1.38 b 1.46 a 15.02 d 15.46 c 15.95 b 16.34 a 

Net 0.59 d 0.70 c 0.83 b 0.91 a -3.21 a -3.70 b -4.20 c -4.65 d 
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Table B.12. Equations of lines for Figure 2.6. 

Graph 
Management Intensity 

Equation 

Figure 2.6A  Bread Yield x GWP  

Low y = 1.04x + 1.75x2 – 7.19x3 
Average y = 1.07x + 2.07x2 – 7.45x3 
High y = 1.14x + 2.71x2 – 7.39x3 
Top y = 1.17x + 2.91x2 – 7.51x3 
Figure 2.6B  Bread Yield x EI  
Low y = 13.8x + 115x2 – 6.04x3 
Average y = 13.9x + 19.3x2 – 7.41x3 
High y = 14.3x + 23.7x2 – 7.3x3 
Top y = 14.4x + 23x2 – 7.54x3 
Figure 2.6C  Bread Yield x Net GWP  
Low y = 0.306 + 4.93×10-5x 
Average y = 0.567 + 7.88×10-6x 
High y = 0.768 – 9.37×10-6x 
Top y = 0.987 – 4.03×10-5x 
Figure 2.6D  Bread Yield x Net Energy  
Low y = -1.45x – 5.52x2 – 7.58x3 
Average y = -1.41x – 7.09x2 – 7.85x3 
High y = -2.11x – 11.3x2 – 7.56x3 
Top y = -2.16x – 11.4x2 – 7.76x3 
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Figure B.1. Grain yield distribution in each experimental study site separated by management intensity. 
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Figure B.2. Carbon inputs to the soil as a function of grain yield. The inset graph displays the distribution of carbon inputs to 
the soil separated by management intensity. Letters denote statistical differences at the alpha <0.05 level. 
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Figure B.3. Contributions of each input of wheat production to (A) global warming potential (GWP) and (B) energy inputs per 
unit of area and separated by management intensity. 
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Figure B.4. Contributions of each phase in the bread product system to (A) global warming potential (GWP) and (B) energy 
inputs per unit of area and separated by management intensity. 
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