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Abstract 

Effectively adapting to climate change involves overcoming social and ecological system barriers. 

The present study uses a three-phase adaptation framework to propose adaptation strategies aimed 

at overcoming socioecological barriers of the FEW nexus. Cradle-to-farm-gate land, greenhouse 

gas (GHG), and water impacts - that derive from food consumption in the United States - are 

analyzed and differentiated by major demographic groups (Black, Latinx, and White). Results 

indicate that the White demographic yields the highest per-capita GHG (680 𝑘𝑔 𝑜𝑓 𝐶𝑂2𝑒𝑞 ∗

𝑦𝑒𝑎𝑟−1) and water impacts (328,600 𝑙 ∗ 𝑦𝑒𝑎𝑟−1) from food consumption, whereas the Black 

demographic yields the highest per-capita land impacts (1,770 𝑚2 ∗ 𝑦𝑒𝑎𝑟−1) from food 

consumption. Our findings suggest that obtaining data with the intention of building consensus 

across sociodemographic lines overcomes barriers in the understanding phase, leading to increased 

social receptivity for many Planning and Managing phase processes. Specifically, we find that 

identifying and developing leaders who possess the cognitive and interpersonal capacity to manage 

many variables and stakeholders is key to assessing and selecting adaptation options in the 

planning phase. We also propose using government programming to encourage environmentally-

friendly food purchasing behavior. Then, we discuss how our proposals could be used in adaptation 

feasibility and evaluation activities in the managing phase. In all, these findings facilitate the 

development of improved climate change adaptation and policy by satisfying the understanding 

phase of the climate change adaptation framework, establishing a cross-disciplinary 

methodological approach to addressing socioecological problems, and providing useful FEW 

impact data for FEW nexus and climate change researchers.      
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<heading level 1> Introduction 

 Climate change is anticipated to increase the frequency of extreme weather events that 

threaten sustainable economic development and the resiliency of ecosystem services (CRAIG; 

FENG, 2018; SCHIRPKE; KOHLER; LEITINGER; FONTANA et al., 2017). The food system is 

particularly vulnerable because of shifting weather patterns such as extended droughts, flooding, 

frost, and heavy rain or hail ((IPCC), 2014; MURRAY; EBI, 2012; RÖTTER; APPIAH; 

FICHTLER; KERSEBAUM et al., 2018). Year 2050 climate change projections suggest that 

overall crop yields will decrease in most of the United States but particularly in the Midwest region 

(WHEELER; VON BRAUN, 2013). North American livestock production is also expected to be 

negatively impacted considering maize, a primary feed crop, is projected to have declining yields 

due to reduced precipitation (WEINDL; LOTZE-CAMPEN; POPP; MÜLLER et al., 2015).  

Society’s ability to adapt to climate change affects the viability of the food system and its 

economic and environmental support services (GUNATHILAKA; SMART; FLEMING, 2018; 

TEIXEIRA; DE RUITER; AUSSEIL; DAIGNEAULT et al., 2018). Unfortunately, several 

barriers inhibit climate change adaptation as it relates to the food system. These barriers include 

paucity of knowledge on adaptation measures, insufficient agricultural infrastructure, policy 

implementation challenges, and migration limitations (AZHONI; JUDE; HOLMAN, 2018; 

BERCHIN; VALDUGA; GARCIA; DE ANDRADE GUERRA, 2017; CASTELLS-

QUINTANA; LOPEZ-URIBE; MCDERMOTT, 2018; HELM; POLLITT; BARNETT; 

CURRAN et al., 2018). Central to the present study are the effects socioecological considerations 

have on adaptation measures (ADGER; BARNETT; BROWN; MARSHALL et al., 2013). 

Researchers have developed several kinds of approaches to understand and address climate 

change adaptation barriers including semi-structured surveys, meta-analyses, and multi-phase 
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frameworks (AGUIAR; BENTZ; SILVA; FONSECA et al., 2018; ARONSSON; SCHÖB, 2018; 

ENRÍQUEZ-DE-SALAMANCA; DÍAZ-SIERRA; MARTÍN-ARANDA; SANTOS, 2017; 

HURLIMANN; BROWNE; WARREN-MYERS; FRANCIS, 2018; KHANAL; WILSON; 

HOANG; LEE, 2018; MOSER; EKSTROM, 2010; NG; REN, 2018; RAY; HUGHES; 

KONISKY; KAYLOR, 2017). Of these, Moser et al.’s (MOSER; EKSTROM, 2010) three-phase 

framework provides a roadmap to assess key socioecological factors. They posit that all climate 

change adaptation barriers are socioecological in nature, meaning that sociological factors like 

demographic variables are central to the study of ecological systems in the food-energy-water 

(FEW) nexus.  The three phases of the model include Understanding (i.e., adaptation framing), 

Planning (i.e., needs assessment and leadership), and Managing (i.e., governance and oversight). 

Each phase has sub-processes that address specific adaptation barriers.  

Moser et al. (MOSER; EKSTROM, 2010) has informed several adaptation studies 

(EISENACK; MOSER; HOFFMANN; KLEIN et al., 2014; KATES; TRAVIS; WILBANKS, 

2012; RICKARDS; HOWDEN, 2012). For instance, Eisenack et al. (EISENACK; MOSER; 

HOFFMANN; KLEIN et al., 2014) used the Moser et al. (MOSER; EKSTROM, 2010) framework 

to address barriers to climate change adaptation. They found that the lack of understanding of 

cultural norms and values – such as failure to obviate actor-centered perspectives that deprioritize 

the development and implementation of adaptation measures - make adaptation implementation 

less effective and may lead to missed opportunities and higher costs. In another study, which used 

this framework for transformational climate change adaptation in agriculture, Rickards and 

Howden (RICKARDS; HOWDEN, 2012) found that adaptation success requires society to build 

a broad systems perspective, in that understanding dynamic changes of the physical landscape 

must be joined by understanding of the social and cultural environment. We therefore apply this 
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framework in the present study to explore how socioecological considerations affect the 

overcoming of FEW-nexus adaptation barriers. 

 

<heading level 2> Understanding Adaptation Barriers from a Socioecological Perspective  

The U.S. food system is resource intensive – accounting for about 50% of land, 80% of 

fresh water, and 17% of fossil energy use (PIMENTEL; PIMENTEL, 2003). On average, food loss 

alone accounts for 28% of the country’s carbon footprint, whereas transportation output from crop 

and animal farming increases greenhouse gas (GHG) emissions by 33% annually (HELLER; 

KEOLEIAN, 2015; SQUALLI, 2017). While these studies have investigated FEW impacts of the 

U.S. food system, they do not link demographic factors to impact estimates. It follows from the 

work on environmental justice and culturally-sensitive environmental education practices that 

inclusion of demographic variables be central to a field as diverse as climate change adaptation 

(AGYEMAN, 2003; HART, 2000).  

Of the studies that address both demographics and dietary choice, they have stopped short 

of explicitly linking these factors to FEW impacts. For instance, Boumtje et al. (BOUMTJE; 

HUANG; LEE; LIN, 2005) assessed the correlates of childhood obesity using data from the U.S. 

Department of Agriculture’s (USDA) Continuing Survey of Food Intakes by Individuals (CSFII). 

They found that Black and Hispanic children were at higher risk of being overweight due to 

disproportionate rates of poverty and the consumption of sodium, fat and oils, and soft drinks. 

Similarly, Martin et al. (MARTIN; VAN HOOK; QUIROS, 2015) investigated the link between 

socioeconomic status (SES) and dietary acculturation for second-generation Mexican-immigrant 

children in the U.S. using data from the continuous National Health and Nutrition Examination 
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Survey (NHANES). They found that Mexican-origin parents with relatively high SES were able 

to protect their children from generational dietary declines. 

In addition to demographic characteristics, research suggests that food access is contingent 

upon geographical factors. Whereas age, gender, and food price factors predict access to fresh 

fruits and vegetables for urban populations, proximity to food stores is important for rural 

populations (DEAN; SHARKEY, 2011). Investigating food access restrictions have important 

implications for human health outcomes. For instance, Blacks and lower-income populations 

experience obesity and immune response deficiencies following food insecurity (BERGMANS; 

PALTA; ROBERT; BERGER et al., 2018; ODOMS-YOUNG; ZENK; MASON, 2009).  

Adapting to climate change depends not only on people’s dietary choices, but also on their 

perceptions of climate change risk. Previous research suggests that these risk perceptions are 

predicted by socioecological elements such as gender, political affiliation, and SES (VAN DER 

LINDEN, 2015; XENARIOS; KAKUMANU; NAGOTHU; KOTAPATI, 2017). For instance, 

Poortinga et al. (POORTINGA; SPENCE; WHITMARSH; CAPSTICK et al., 2011) found that 

individuals who were older, from a disadvantaged socioeconomic background and were politically 

conservative showed relatively high levels of climate change skepticism. Failure to account for 

predictors like these can paint an incomplete picture of the barriers to climate change adaptation.  

Taken together, the present study seeks to provide a novel understanding of the 

socioecological factors that link U.S. dietary choices to FEW impacts and the downstream 

consequences of these factors for climate change adaptation. We fill in the gaps in previous 

research by exploring how the average diet of Black, Latinx, and Non-Hispanic White 

demographic groups in the U.S. impacts land resources, GHG emissions, and water resources from 

cradle-to-farm-gate. This approach provides new science to support the development of strategies 
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aimed at overcoming adaptation barriers (FORD; SHERMAN; BERRANG-FORD; LLANOS et 

al., 2018; GROULX; LEWIS; LEMIEUX; DAWSON, 2014; POORE; NEMECEK, 2018). 

Specifically, we focus on how the Understanding phase of Moser et al.’s (MOSER; EKSTROM, 

2010) climate change adaptation framework can be engaged with a requisite level of 

socioecological sensitivity, and how its associated barriers can be overcome. In the subsequent 

sections, we explain how our cross-disciplinary methodological approach yields results uniquely 

suited to address the socioecological challenges associated with climate change adaptation at the 

Understanding phase. We also discuss the implications this kind of approach may have on the 

Planning and Managing phases in the Discussion section.  

 

<heading level 1> Methods 

<heading level 2> Life Cycle Assessment and Study Boundaries 

Understanding how human food consumption interacts with other elements of the food 

system requires a comprehensive analytical approach. Life cycle assessment (LCA) has been 

effectively used in previous studies to explore the interplay between human food consumption and 

other food system elements (HELLER; KEOLEIAN, 2015; KARABULUT; CRENNA; SALA; 

UDIAS, 2018; MA; ZHAO; REN, 2010; PERNOLLET; COELHO; VAN DER WERF, 2017). It 

is important to establish clear delineations for LCA stages so that system elements can be 

categorized and life cycle impacts properly associated. Figure 1 illustrates the general elements for 

the life cycle of the food system.  It is comprised of four LCA stages: (1) Production; (2) 

Consumption; (3) Human & Ecosystem Impacts; and (4) Governance & Policy. Each LCA stage, 

excluding the Governance & Policy LCA stage, has sub-stages that are decimally denoted (see 

figure 1).   
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Figure 1. Life cycle of the food system: the red boxes represent the Production LCA stage and 

sub-stages, green boxes represent Consumption, orange boxes represent downstream Human & 

Ecosystem Impacts, and the blue box represents the Governance & Policy stage. The black arrows 

represent interactions between stages and sub-stages like transfer of products - material, ecological 

and otherwise - or transportation activities. The stages encompassed by the dashed lines indicate 

the LCA study boundary.  
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For the LCA portion of this study, we target the (1.1) Production & Processing, (2.2) 

Preparation and Consumption, and (3.1) Ecosystem Functions & Impacts sub-stages for the entire 

U.S. The Production and Processing sub-stage (1.1) is comprised of agricultural practices 

succinctly described as cradle-to-farm-gate activities (PIRLO; CARÈ; CASA; MARCHETTI et 

al., 2016). LCA 1.1 encompasses activities such as the use of raw materials, livestock feed 

production, crop and livestock cultivation, and any other crop or livestock agricultural activity that 

generally occurs before food items move into the food supply chain (FORBORD; VIK, 2017). 

These activities can include food processing activities such as the drying of beans or prepping food 

items for transportation as long as those activities occur before passing the farm-gate threshold.  

The FEW impacts represented in the present study derive from cradle-to-farm-gate 

activities of LCA (1.1), whereas human food consumption activities that yield FEW impacts are 

related to LCA (2.2) and (3.1). We focus our study boundaries here since the demands of food 

consumption drive food production and its corresponding land, GHG, and water impacts. The other 

LCA stages and components are important to the food system as a whole but are not within the 

present study’s scope. This is primarily due to the exploratory nature of linking FEW impacts with 

social identity in a U.S. study, and due to the lack of robust, demographically-specific data 

available for the other LCA stages. For these reasons, food waste, food transportation, and issues 

related to air and water quality are outside of the scope. It is also important to note that LCA (4) is 

not within the scope of the cradle-to-farm-gate FEW impact analyses for Black, Latinx, and White 

food consumption patterns, although adaptation oversight and management strategies are 

discussed in the Discussion section.   
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<heading level 2> Land, GHG, and Water Impact Data for Basic Food Items  

A life cycle environmental impact is an effect on the physical environment associated with 

an LCA stage (STOESSEL; SONDEREGGER; BAYER; HELLWEG, 2018). Life cycle 

environmental impacts that are related to the FEW nexus include land impacts, GHG emissions, 

and water impacts. We categorize these environmental impacts by land, GHG, and water factors 

for calculation purposes. Our principal equation (1) for FEW environmental impact calculations 

is: 

 

𝐹𝐸𝑊𝐿/𝐺/𝑊  𝐼𝑚𝑝𝑎𝑐𝑡 =  ∑ 𝑥𝑛 ∗ 𝑐𝐿/𝐺/𝑊𝑓𝑛
𝑛
1        (Eq. 1) 

 

Here, n denotes the food item or food group, and 𝑥𝑛 denotes the daily consumption of food item n 

in units of kilograms per day (𝑘𝑔 ∗ 𝑑−1). This equation is modular and utilizes respective 𝑐𝑓𝑛 

factors for activities that fall into the land (L), greenhouse gas (G), or water (W) categories. 𝑐𝐿𝑓𝑛 

denotes the land factor for food item n in units of square meters of land used per kilogram or liter 

of food item produced (𝑚2 ∗ 𝑘𝑔−1 𝑜𝑟 𝑙−1). 𝑐𝐺𝑓𝑛 denotes the GHG factor for food item n in units 

of grams of carbon dioxide equivalent per kilogram or liter of food item produced 

(𝑔𝐶𝑂2𝑒 ∗ 𝑘𝑔−1 𝑜𝑟 𝑙−1). 𝑐𝑊𝑓𝑛 denotes the water factor for food item n in units of liters of water 

per kilogram or liter of food item produced (𝑙 ∗ 𝑘𝑔−1 𝑜𝑟 𝑙−1).  

Previous sources and studies of the U.S. food system have compiled land, GHG, or water 

impact data for various food items ((BCFN), 2016; HELLER; KEOLEIAN, 2015; PIMENTEL; 

PIMENTEL, 2003). These sources and studies, however, have limited data for cradle-to-farm-gate 

agricultural activities. To bolster our methodological approach and provide an accessible resource 

to the science community, we compiled updated land, GHG, and water impact data for 25 basic 
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food items (see table 1). These food items represent 6 major food groups identified by the USDA: 

vegetables, fruit, protein foods, dairy, total grains, and oils ((USDA), 2015). Centralized databases 

were primarily used for land, GHG, and water rates and supplemented with case study findings 

when the centralized databases lacked comprehensive values. 

Maximum and minimum values for cradle-to-farm-gate FEW impacts are not uniform, in 

that some organic farming practices can yield values that are lower than their respective 

conventional values and vice-versa (SCHENK, 2007; VENKAT, 2012). Several studies 

comparing conventional and organic farming practices have established that land, GHG, and water 

impacts from food production are dependent on many dynamic factors including the farming 

technology used in cultivation, crop and livestock quality factors, as well as data collection 

practices (DALGAARD; HALBERG; PORTER, 2001; TRICASE; LAMONACA; INGRAO; 

BACENETTI et al., 2018; WOOD; LENZEN; DEY; LUNDIE, 2006). It is important to note that 

“GHG” in table 1 is a footprint equivalency which represents emissions that derive from cradle-

to-farm-gate agricultural activities. 

FEW impact data from other studies have found corn and soybean production to have net 

positive externalities – i.e. a net capture of GHG emissions rather than a net positive of emissions 

into the physical environment (LANDIS; MILLER; THEIS, 2007; TILMAN; HILL; LEHMAN, 

2006; YANG; CHEN, 2013), however, these studies differ from the present study in 

methodological scope, frame, and study boundary. Specifically, these previous studies include 

transportation and waste activities (e.g., corn-ethanol gasoline use, soybean biodiesel use, and 

anaerobic waste treatment) that extend beyond the farm-gate boundary of the present study. This 

explains why the corn and soybean impact values herein have a relatively narrow range. 

Furthermore, not every FEW environmental impact value was derived directly from U.S. data  
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Table 1 

Cradle-to-farm-gate land, GHG, and water impact data for 25 basic food items 

 

 

Note: Value boxes that display the ‘-‘ symbol had no numerical data readily available upon review. 

 

Food Group Food Item 

FEW Impact 

Source(s)  
Land GHG Water 

    
Max Min Max Min Max Min 

Vegetables 

Broccoli 1.042 0.588 409 353 162 136 Refer to Definitive Version 

Green Beans - 2.721 2,602 1,876 261 162 Refer to Definitive Version 

Lettuce 0.385 0.280 320 192 - 110 Refer to Definitive Version 

Tomatoes - 0.111 - 280 60 26 Refer to Definitive Version 

Potatoes - 0.204 - 350 243 234 Refer to Definitive Version 

Fruit 

Apple 0.281 0.156 762 148 112 19 Refer to Definitive Version 

Oranges 0.737 0.368 325 312 168 1 Refer to Definitive Version 

Cherries - 1.286 - 450 - 3 Refer to Definitive Version 

Strawberries 0.178 0.150 - 550 163 97 Refer to Definitive Version 

Grapes 0.578 0.333 239 212 1,042 42 Refer to Definitive Version 

Blueberries - 1.395 829 723 - 801 Refer to Definitive Version 

Protein Foods 

Soy Beans - 2.857 - 460 689 351 Refer to Definitive Version 

Beef Meat 71.002 19.902 19,695 10,920 2,925 2,015 Refer to Definitive Version 

Eggs 0.132 0.050 5,020 4,800 5 3 Refer to Definitive Version 

Pork Meat - 19.000 12,700 10,300 10,600 9,600 Refer to Definitive Version 

Poultry Meat 31.300 19.500 1,395 1,100 155 53 Refer to Definitive Version 

Almonds 3.226 1.899 3,771 2,479 - 62 Refer to Definitive Version 

Walnuts - 2.097 2,942 499 - 18 Refer to Definitive Version 

Tilapia - 0 3,600 2,600 22,727 794 Refer to Definitive Version 

Dairy Milk 0.253 0.228 1,032 870 - 5 Refer to Definitive Version 

Total Grains 

Rice - 6.000 3,050 1,770 - 1,163 Refer to Definitive Version 

Maize 0.951 0.912 - 655 - 760 Refer to Definitive Version 

Wheat - 2.826 800 600 1,733 1,339 Refer to Definitive Version 

Pasta 13.000 11.000 2,303 1,191 2,202 1,327 Refer to Definitive Version 

Oils Oil 18.750 1.712 4,717 2,024 2,477 7 Refer to Definitive Version 

𝑔𝐶𝑂2𝑒 ∗ 𝑘𝑔−1 𝑜𝑟 𝑙−1  𝑚2 ∗ 𝑘𝑔−1 𝑜𝑟 𝑙−1  𝑙 ∗ 𝑘𝑔−1 𝑜𝑟 𝑙−1  
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sources, and some value points were not readily available upon review (i.e., FEW impact values 

that exhibit the ‘-‘ symbol). This is further discussed in the Limitations and Assumptions section.    

 

<heading level 2> Food Consumption and Demographic Information 

The U.S. Environmental Protection Agency’s (EPA’s) What We Eat in America – Food 

Commodity Intake Database (FCID) provided per-capita food consumption estimates for over 500 

food commodities derived from over 7,000 different foods – including beverages and water 

((USEPA-FCID), 2018). The EPA FCID was used to estimate food commodity consumption by 

taking data from the Continuing Survey of Food Intakes by Individuals (CSFII) and the dietary 

intake portion of the National Health and Nutrition Examination Survey (NHANES). These food 

commodities can be expressed in grams of food consumed per day (i.e., 𝑥𝑛 of Eq.1) and 

categorized by various demographics. We gathered U.S. consumption data and per-capita food 

consumption estimates for Non-Hispanic Black, Latinx (i.e., Mexican American and Other 

Hispanic demographic categories as termed in the EPA FCID database), and Non-Hispanic White 

demographic groups. We have chosen to use the terms “Black” and “White” to represent their 

respective demographic groups since it aligns with EPA FCID ((USEPA-FCID), 2018) 

terminology. We use the intersectional, gender non-binary term “Latinx” to align with modern 

social terminology (GARCÍA, 2018).  

These demographic groups represent 92.4% of the total U.S. population ((USCB), 2017; 

2018). Mean averages were calculated for the food consumption data collected in the Latinx group 

since the EPA FCID provided data for the Mexican American and Other Hispanic demographic 

categories separately. Data for the remaining demographics were undifferentiated, meaning that 

Native American, Asian, and Pacific Islander data was aggregated as if these groups were a single 
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demographic category ((USEPA-FCID), 2018). These groups are too socially disparate to be 

consolidated in this way. We therefore excluded these data from the present study since there are 

intrinsic differences between populations that identify to race as a social identity (LI; WEHR, 

2007).  

Population and demographic data were gathered from the U.S. Census Bureau to estimate 

demographic populations for per-capita FEW calculations. The total U.S. population was 

estimated to be 326,971,407, the White population was estimated to be 61.3% of the U.S. 

population, the Latinx population was 17.8%, and the Black population was 13.3% ((USCB), 

2017; 2018). Furthermore, daily food consumption estimates were aligned with the 

aforementioned land, GHG, and water impact data to estimate FEW impacts for U.S. food 

consumption patterns - i.e. 86 EPA FCID food commodity groups were aligned with the 25 basic 

food items from table 1. Some instances of alignment were direct. For example, the food item 

cherries of the fruit food group was directly aligned with EPA FCID number 12 (i.e., stone fruit – 

cherry commodities). There were other instances where alignments were less exact. For example, 

the broccoli food item of the vegetables food group was aligned with EPA FCID 05 (i.e., brassica 

head and stem vegetables), however, brussels sprouts, cabbage, and cauliflower are also food 

commodities aligned with EPA FCID 05. Details for how we aligned the updated land, GHG, and 

water impact data with EPA FCID food commodities can be found in the Supporting Information 

section available online (see Supporting Information: Section 1).  

 

<heading level 2> Statistical Significance Analysis 

Lay speculation can lead us to believe that observed group differences are both quantifiable 

and statistically meaningful. For example, if we consider FEW impacts in light of per capita 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fjiec.12859&file=jiec12859-sup-0001-SuppMat.pdf
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consumption patterns, we may expect the data to conform to census demographics. In other words, 

people might reasonably expect Whites to have greater FEW impacts given their numeric 

representation compared to Latinx and Blacks respectively. Additionally, people may be tempted 

to draw conclusions about any observed deviation from this anticipated baseline. Statistical tests 

are warranted to ensure that such conclusions are valid (SHADISH; COOK; CAMPBELL, 2008). 

Statistics allow one to make comparisons between what would be expected by chance (i.e., the 

null hypothesis, represented as H0) and what one actually observes (i.e., the alternative hypothesis, 

represented as H1). Generally, 5% (expressed as p = .05) is the “degree of contempt” with which 

to hold the null hypothesis. In other words, if the observed differences we find are large enough 

that they would only be due to chance 5% of the time, we can confidently conclude that our results 

are due to meaningful group differences and not to chance alone. This p-value is commonly 

referred to as the significance level. Accepting the null hypothesis in the present study suggests 

that the observed means for each of the three demographic groups (i.e., Blacks, Latinx, and Whites) 

are equal, whereas accepting the alternative hypothesis suggests that at least one group mean is 

different from the others. 

Our study used Analysis of Variance (ANOVA) to analyze mean group differences of FEW 

impacts (LARSON MARTIN, 2008). While the results of the ANOVA tell us whether there is an 

overall difference between our three comparison groups, they do not indicate which specific 

groups differ. Therefore, we conducted post-hoc analyses in order to determine which group mean 

(or means) were meaningfully different from the others.  

ANOVA relies on the F distribution, compares two estimates of variance, and considers 

the degrees of freedom (TABACHNICK; FIDELL, 2013). First, we estimate the variation among 

scores within each of the three groups. This within-group variation is considered to be random 
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error variance due to chance (i.e., MSE = mean square error). Next, we estimate the variation 

between groups. This between-group variation is considered to be due to the effect of the treatment 

– or the independent variable – plus error (i.e., MST = mean square treatment). Thus, we can 

compare these two estimates of variance to determine whether differences in group means are due 

to them deriving from different sampling distributions or to random error. Because ANOVA relies 

on partitioning the variance due to chance from the total variance, it also partitions the degrees of 

freedom (df) in the same way, according to equation (2):  

 

 𝐹 =  
MST

MSE 
, df = (𝑘 − 1), 𝑁 − 𝑘                                                                                              (Eq. 2) 

 

Here, (𝑘 − 1) represents the numerator degrees of freedom between the (k) groups, N 

represents the sample size, and 𝑁 − 𝑘 represents the denominator degrees of freedom within 

groups. The raw data in the present study contained the sampling error (SE) and sample size (N), 

therefore, we computed the mean square from the standard deviation (σ) as shown in equation (3):  

 

SE =  
σ

√𝑁 
            (Eq. 3) 

 

<heading level 1> Results  

<heading level 2> Environmentally-Intense Food Item Designation 

Each food item’s FEW impacts were compared to other food item FEW impacts within the 

same food group. If a food item emerged as having the highest FEW impact mean rates across all 

three categories (i.e., land, GHG, and water impacts) it was designated as the environmentally-

intense food item of that food group, however, further analysis was performed if a food item had 
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the highest rates of FEW impacts in just water and/or land. GHG mean rates superseded all others 

in cases where a food item had lower land or water mean rates than another in-food-group food 

item (see table 2).  

 

Table 2 

Designated environmentally-intense food items for each food group 

 

 

Note: Bolded values are the highest for each FEW impact column. 

 

There were several instances where a food item did not show the highest mean rates across 

all FEW impact categories. For example, in the vegetable food group, the green beans food item 

had a higher land rate than potatoes, but the potatoes food item was deemed the most 

environmentally-intense since potatoes had a higher GHG rate than green beans. 

For the fruit food group, apples were chosen to be the most environmentally-intense fruit 

since it had the highest GHG rate despite being lower than oranges in land and water. In the 

“protein foods” food group, the beef meat food item was chosen to be most environmentally-

intense since it had the highest land and GHG rates, although its water rate was lower than pork 

meat. The environmentally-intense food items designated in the dairy, total grains, and oils food 

Food Group Food Item | Alignment 

FEW Impact 

Land  GHG  Water  

      

Mean Mean Mean 

Vegetables Potatoes | Root and Tuber Vegetables 4.30E+06 7.38E+09 5.03E+09 

Fruit Apple | Pome Fruits 3.43E+06 7.14E+09 1.03E+09 

Protein Foods Beef Meat | Beef 6.92E+08 2.33E+11 3.76E+10 

Dairy Milk | Milk 2.23E+07 9.72E+10 4.95E+08 

Total Grains Wheat | Cereal Grains: Wheat Commodities 9.88E+07 2.45E+10 5.37E+10 

Oils Oil | Oilseeds 1.26E+07 4.14E+09 1.53E+09 

(
𝑙

𝑑
)  (

𝑔𝐶𝑂2𝑒

𝑑
)  (

𝑚2

𝑑
)  
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groups were highest across all FEW impact categories compared to their respective in-food-group 

food items (see Supporting Information: Section 5).   

 

<heading level 2> Demographic Comparisons of Environmentally-Intense Food Items 

 Black, Latinx, and White FEW impacts that derive from U.S. food consumption were 

calculated using the approach described in the Methods section. To determine if these calculations 

provide any meaningful insights we tested if their value differences were statistically significant. 

To do this, ANOVA testing was performed to assess whether the daily consumption of the 

environmentally-intense food items – including water – were significant factors in Black, Latinx, 

and White demographic per-capita food consumption patterns (see figure 2).  

 

 

Figure 2. Demographic consumption rates for the environmentally-intense food item of each food 

group - less the water food item - where the ‘*’ symbol indicates statistical significance by 

ANOVA testing. 
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These results show that demographics were a significant factor in U.S. food consumption 

rates for the potatoes, apples, milk, wheat, oil, and water food items. Thus, it is likely that the 

consumption rates for these food items differ for each demographic due to factors associated with 

this particular social identity. In contrast, the ANOVA test found that demographic differences for 

the beef meat food item were only marginally significant. This suggests one of two things: that 

beef meat demographic consumption rate differences were influenced by factors not directly 

analyzed in this particular test, or these rate differences are generally marginal. 

As a follow-up to the ANOVA tests, we performed independent-samples t tests to 

determine which demographic groups were significantly different from each other. This allowed 

us to analyze demographic influences on per-capita consumption rate differences at a more 

granular level. Results are presented in table 3.  

 

Table 3 

Significance analysis for demographic comparisons of environmentally-intense food items from 

each food group - including water 

 

 

Results indicate that Whites tend to consume the highest rates of environmentally-intense 

food items, except for the apples food item, when compared to their Black and Latinx counterparts 

(refer to figure 2). Comparing Whites to Latinx, Whites consume significantly more than Latinx 

Environmentally-

Intense Food Item 

White vs. Black White vs. Latinx Black vs. Latinx 

Significance p Significance p Significance p 

Potatoes Significant 0.001 Significant 0.001 Significant 0.001 

Apples Significant 0.001 Significant 0.001 Non-significant 0.17 

Beef Meat Significant 0.01 Marginal 0.08 Non-significant 0.96 

Milk Significant 0.001 Significant 0.001 Significant 0.001 

Wheat Significant 0.001 Significant 0.001 Non-significant 0.58 

Oil Non-significant 0.18 Significant 0.001 Significant 0.001 

Water Significant 0.001 Significant 0.001 Marginal 0.07 
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for five of the seven environmentally-intense food items. This pattern remains the same for beef 

meat although the difference between Whites and Latinx beef meat is marginally significant. 

Furthermore, Whites consume significantly more than Blacks for six of the seven food items but 

were equal (i.e., non-significant) to their Black counterparts in terms of oil consumption. The 

results comparing Blacks and Latinx are mixed, with the two groups showing no statistical 

difference in consumption of apples, beef meat, and wheat, and a marginal difference in 

consumption of water. Blacks consume significantly more potatoes and oil compared to their 

Latinx counterparts, whereas Latinx consume significantly more milk. Beef meat was found to 

have marginal significance in the Black versus Latinx comparison, suggesting that any FEW 

impact analyses deriving from this comparative group should be accepted with caution. A 

comprehensive table with detailed data, including t values, can be found in the Supporting 

Information section (see Supporting Information: Section 2). 

 

<heading level 2> The Demographics of Food Consumption Impacts 

Table 4 shows the annual land, GHG, and water impacts per capita for the U.S. population 

as well as for its Black, Latinx, and White demographic populations. These results show that 

Blacks’ food commodity consumption patterns yield the highest land impacts at a mean estimation 

of 1,770 𝑚2 ∗ 𝑦𝑟−1 per capita. Whites had the lowest land impact per capita. Interestingly, Whites 

were estimated to have the highest GHG and water impacts per capita at mean estimations of 680 

𝑘𝑔 𝑜𝑓 𝐶𝑂2𝑒𝑞 ∗ 𝑦𝑟−1 and 328,600 𝑙 ∗ 𝑦𝑟−1, respectively, despite their low land impact estimation. 

We decided to investigate the consumption patterns of the White versus Black demographic group 

since our corresponding statistical analysis shows that all of the environmentally-intense food 

items from their food groups, except for the oils food group, were significantly influenced by social 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fjiec.12859&file=jiec12859-sup-0001-SuppMat.pdf
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identity (refer to table 3). Furthermore, this is the only demographic grouping shown to have 

relatively high per-capita FEW impacts as exhibited in table 4. 

 

Table 4 

Per-capita FEW impact estimates of U.S. demographics from food consumption 

 

 

Note: Bolded mean values represent the highest FEW impact values relative to the other 

demographics’ mean values. 

 

 

<heading level 2> White Versus Black Demographic FEW Impacts from Food Consumption 

Patterns 

Figure 3 shows Whites’ FEW impacts from food consumption as they relate to Blacks’ 

FEW impacts from food consumption. These results are not limited to environmentally-intense 

food items. Rather, this figure represents the consumption patterns across all food items within 

each food group - including water. Each food group’s statistical significance was determined by 

the statistical significance analysis performed for environmentally-intense food items of each food 

group as shown in table 3. When resultant White FEW impacts are higher than the Black FEW 

impacts, the bar graph extends above the baseline (i.e., 0%) as a positive percentage. When 

FEW 

Impact  

Units 

 (per capita) 
Estimation Category 

U.S. 

Population 
Black Latinx White 

Land  
  

Mean 1,740 1,770 1,710 1,550 

High 2,310 2,340 2,260 2,330 

Low 1,160 1,190 1,160 759 

GHG  
  

Mean 660 600 640 680 

High 790 710 760 810 

Low 540 490 520 550 

Water 
  

Mean 324,000 311,800 307,600 328,600 

High 421,100 410,400 398,100 425,400 

Low 226,900 213,300 217,000 231,700 

(
𝑘𝑔𝐶𝑂2𝑒

𝑦𝑒𝑎𝑟
)  

(
𝑚2

𝑦𝑒𝑎𝑟
)  

(
𝑙

𝑦𝑒𝑎𝑟
)  
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resultant Black FEW impacts are higher than White FEW impacts, the bar graph extends below 

the baseline as a negative percentage.  

 

 

Figure 3. Per-capita White food consumption FEW impacts as they relate to Black food 

consumption FEW impacts where the ‘*’ symbol indicates statistical significance at p = 0.010 and 

the ‘**’ symbol indicates statistical significance at p = 0.001 as found in the White versus Black 

demographic comparison of table 3. Positive percentages indicate higher White FEW impacts from 

food consumption while negative percentages indicate higher Black FEW impacts from food 

consumption. 

 

The results in figure 3 show that White food consumption patterns yield the highest 
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groups with statistical significance. Black food consumption patterns yield the highest land FEW 

impacts in the “protein foods” food group and the highest land and GHG impacts in the fruit food 

group (displayed in figure 3 as negative percentages). When taking these results in combination 

with the findings of the previous section (refer to table 4), this suggests that Whites yield the 

highest per-capita GHG and water impacts across all categories due to their consumption of 

environmentally-intense food items in the vegetables, dairy, total grains, and water food groups, 

whereas Blacks yield the highest per-capita land impact due to the consumption of land-intense 

food items in the fruit and “protein foods” food groups.      

 

<heading level 1> Discussion 

Results show that Whites’ food consumption patterns yield the highest per-capita GHG 

and water impact rates, whereas Blacks’ food consumption patterns yield the highest per-capita 

land impact rate. These findings are further supported by the statistical significance analyses we 

performed. We also presented a comprehensive food life cycle system which can be used for other 

domestic or international FEW nexus studies and have provided a uniform, easy-to-use database 

for land, GHG, and water impact rates for 25 basic food items.  

 

<heading level 2> Overcoming Barriers at the Understanding Phase 

An overarching finding is the demonstration of how the Understanding phase can be 

engaged to address adaptation barriers (see Supporting Information: Section 3). In the problem 

detection sub-process, framing the initial problem and response are associated barriers. We have 

shown that framing adaptation problems and responses using a socioecological approach from the 

onset facilitates effective cross-disciplinary research and the interpretation of demographic data 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fjiec.12859&file=jiec12859-sup-0001-SuppMat.pdf
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that may have otherwise been overlooked. A barrier of the data collection sub-process is building 

consensus. Our intentional focus on obtaining sociodemographic FEW results that is representative 

of over 90% of the U.S. population is an important step toward facilitating consensus building. For 

instance, sociodemographic framing enhances the perceived credibility and acceptability of 

adaptation components in that it incorporates collective values (ADGER; BARNETT; BROWN; 

MARSHALL et al., 2013). Climate change adaptation measures are harder to communicate 

without sufficient social receptivity (SCANNELL; GIFFORD, 2013). More broadly, our study 

addressed barriers to the understanding phase and demonstrated how to use socioecological 

framing to facilitate consensus across demographic groups.   

 

<heading level 2> Implications for Overcoming Planning and Managing Phase Barriers 

Although the present study addressed barriers at the Understanding phase, this phase is 

only one of three phases that needs to be examined. The planning and managing phases also have 

associated barriers that must be addressed to successfully employ and implement adaptation 

measures (see Supporting Information: Section 4). We explore the implications that our study may 

have on these other two phases.  

The planning phase encompasses important sub-processes and associated barriers. For 

example, the option development sub-process identifies leadership (i.e., authority and skill) as an 

associated barrier. In the present study, we have established a socioecological framework that 

shapes what kind of authority and skills a leader would need to effectively oversee option 

development activities. We suggest that good leadership is contingent upon one’s awareness of the 

impact of sociodemographics on FEW impacts. These skills increase the likelihood of concurrence 

around goals and criteria across minority and majority groups. This is supported by the notion that 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fjiec.12859&file=jiec12859-sup-0001-SuppMat.pdf
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climate change leaders need to possess the cognitive and interpersonal capacity to understand and 

work with many variables as well as effectively engage different kinds of stakeholders 

(ESBJÖRN-HARGENS, 2010). Overcoming these leadership quality barriers would likely require 

one of two general approaches: (1) existing leaders should receive training or coaching before 

serving in a leadership role that impacts adaptation (SNORF; BAYE, 2010); or (2) emerging 

leaders should be evaluated based on their willingness to address adaptation barriers (O'BRIEN; 

WOLF, 2010). 

Option assessment and selection – as sub-processes of the planning phase - require further 

establishment of forecasting, scenario analysis, and methodological approaches for their associate 

barriers to be overcome. In addition to the cross-disciplinary methodology established in our study, 

there have been recent climate change and agriculture studies performed that establish forecasting 

techniques, scenarios, and adaptation implications (CARTER, 2018; CHENU; PORTER; 

MARTRE; BASSO et al., 2017; KHANAL; WILSON; HOANG; LEE, 2018; LUNGARSKA; 

CHAKIR, 2018). Too many forecasting and scenario analysis studies, however, fail to address 

matters of social and cultural identity as a core part of their framework. Furthermore, cross-sectoral 

implications - like the dynamic effects that FEW nexus improvements could have on other industry 

sectors - should also be considered as part of their framework (TAHERZADEH; BITHELL; 

RICHARDS, 2018). Nonetheless, studies like these must progress so that viable options can be 

assessed and selected.  

To more directly address barriers in the Planning phase, we propose a way to overcome the 

challenge of data availability. Since we have obtained sociodemographic FEW impact data from 

U.S. food consumption (refer to Results section), we explore the structure of Supplemental 

Nutrition Assistance Program (SNAP) benefits as they relate to the demographic groups identified 
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in our study. SNAP, formerly known as the Food Stamp Program, is the largest food assistance 

program in the U.S. and provides its participants monetary resources to supplement the purchase 

of food (KREIDER; PEPPER; GUNDERSEN; JOLLIFFE, 2012). USDA (GREY; ESLAMI, 

2014) statistics show that Whites represent 36.7% of total SNAP recipients, Blacks represent 

26.1%, Latinx represent 17.1%, those with an unknown race designation represent 15.1%, and 

those with Asian, Native American, and multiple race designations represent the remaining 5.0%. 

When we combine these findings with the present study results – which indicate Whites consume 

food in a way that yields the highest per-capita GHG and water impact rates while Blacks yield 

the highest per-capita land impact rates, it suggests that the SNAP could be a viable option for 

concentrated FEW impact reductions that derive from food consumption. For instance, current and 

new SNAP recipients could be required to undergo awareness training that implores they modestly 

purchase environmentally-intense food items or consider less environmentally-intense substitutes. 

Such an adaptation measure could reduce overall land, GHG, and water impacts from U.S. food 

consumption with the added benefit of affecting a concentration of White and Black food 

consumption behavior. This same public awareness and educational approach could be employed 

more widely through U.S. Food and Drug Administration (FDA) actions. That is, the FDA could 

develop and promote a program that adds land, GHG, and water impact data onto nutrition facts 

labels in effort to encourage environmentally-friendly food purchasing behavior. These adaptation 

measures – i.e. SNAP and FDA behavioral change programs - could use scenario analysis to assess 

public perception and consumer decision-making dynamics.    

Our results suggest that effective management of adaptation measures will require an 

emphasis on building socioecological resilience (TOMPKINS; ADGER, 2004). Specifically, the 

option monitoring sub-process identifies availability of economic resources as a barrier. We can 
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address this barrier by using socioeconomic information to assess how consumers can utilize 

available income towards less environmentally-intense food items. By considering these social and 

ecological factors, we can reduce FEW impacts in a way that is both practical and equitable.  

We take one of the options proposed for selection in the Planning phase as an example. 

Let’s imagine the FDA in fact added land, GHG, and water impact data onto food nutrition labels. 

This proposed change would not necessarily facilitate more environmentally-friendly food 

purchasing behavior (FENKO; NICOLAAS; GALETZKA, 2018); especially if too many are 

socioeconomically disadvantaged (PECHEY; MONSIVAIS, 2016). Given that organic, 

environmentally-friendly food options often cost more than their conventional substitutes 

(LIOBIKIENĖ; GRINCEVIČIENĖ; BERNATONIENĖ, 2017), it follows that groups with the 

most monetary resources would have the greatest flexibility in food choices. Families are unlikely 

to select options that are not perceived to be economically viable, however, resource availability 

is only one predictor of food purchasing behavior. For instance, lack of access to healthy food 

options often limits the kinds of food choices Blacks are able to make (ODOMS-YOUNG; ZENK; 

MASON, 2009). Whereas monetary resources and access to environmentally-friendly food options 

might constrain Blacks’ decisions, other factors may be of greater importance for Whites and 

Latinx. Complex considerations like these will have to be evaluated as part of the Managing phase 

through feasibility, learnability, social dynamic, and political implication testing.  

Managing phase evaluations will also have to assess the affects adaptation measures have 

on fundamental FEW system components. Crop production is one of these fundamental 

components, and climate change models project U.S. crop and livestock production will be 

negatively impacted through year 2050 (WEINDL; LOTZE-CAMPEN; POPP; MÜLLER et al., 

2015; WHEELER; VON BRAUN, 2013). Our aforementioned proposals (i.e., SNAP awareness 
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training and FDA nutrition labeling of FEW impacts) could encourage food purchasing and 

consumption behavioral change that adapts to these projected agricultural changes. In the case of 

the FDA nutrition labeling proposal, the FEW impact data noted on these labels could be updated 

periodically to reflect impact rate changes that derive from climate change effects. For example, 

intensifying irrigation activities combats reduced precipitation from climate change but not 

without other environmental degradations such as increased irrigated water and fossil energy use 

(KANG; KHAN; MA, 2009). The FEW impact section of the nutrition labels would need to reflect 

these kinds of changes by updating land, GHG, and water rates accordingly. Climate change will 

also intensify fluctuations in regional, country level, and global food supplies (SCHMIDHUBER; 

TUBIELLO, 2007). Thus, SNAP recipients would benefit from educational materials that 

emphasize prudent food purchasing and consumption practices which guide adaptation to less 

predictable food supply and cost structures. 

 

<heading level 1> Limitations and Assumptions 

 

<heading level 2> Limitations in Land, GHG, and Water Impact Data for Basic Food Items 

In compiling updated FEW impact data, there were several data limitations discovered. 

One of these was the lack of U.S. case studies or meta-analyses for many basic food items. About 

34% of the basic food items used to calculate FEW impacts in the present study were obtained 

from non-U.S. data. Future studies should improve FEW impact data for basic food items that are 

grown and produced in the U.S. Further refinement of cradle-to-farm-gate FEW impacts for basic 

food items will be necessary to increase the accuracy of estimated environmental impacts. Also, 

such a refinement would allow for improved EPA FCID alignment with basic food item FEW 

impacts.  
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Key assumptions were made in an effort to establish a stable framework for FEW impact 

calculations. One of these assumptions was to set the tilapia food item land and water impacts to 

zero. That is, it was assumed that no new cradle-to-farm-gate land or water was linked to the 

consumption of fish. A similar kind of assumption was made for the water food item. Here, it was 

assumed that no new infrastructure or land were linked to water FEW impacts. 

 

<heading level 2> Demographic and Nutrient Standards Considerations  

This study was limited to the analysis of Black, Latinx, and White demographics. 

Developing and implementing comprehensive climate change adaptation strategies would require 

analysis of all major demographic groups and greater spatial granularity (i.e., local communities 

dominated by one demographic). This study also did not consider nutrition standards. Correlating 

people’s actual food intake patterns to these nutrient standards, SES, food consumption patterns, 

and FEW impacts would lend insight into how FEW nexus activities affect human health as well 

as provide unique information for climate change adaptation development.   

 

<heading level 2> Using Survey Data for U.S. Food Consumption and Demographic 

Information 

Social desirability and self-deception have been recognized as key reasons for over-

reporting good behavior and under-reporting undesirable behavior in surveys (JESPERSEN; 

MACLAURIN; VLERICK, 2017; PAULHUS; DOUGLAS, 1991). This suggests that there could 

be inaccuracies in the U.S. food consumption and demographic data used in this study due to 

people’s self-presentation concerns. Nonetheless, several techniques can mitigate these 

inaccuracies. For instance, the USDA has taken steps to improve their national food survey over 
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the past 80 years (COUNCIL, 1984), resulting in improved accuracy of food consumption data 

(RAPER; PERLOFF; INGWERSEN; STEINFELDT et al., 2004; ZEZZA; CARLETTO; 

FIEDLER; GENNARI et al., 2017).  

 

<heading level 1> Conclusion 

 Effectively adapting to climate change involves overcoming social and ecological system 

barriers. The present study used a three-phase adaptation framework to propose adaptation 

strategies that overcome socioecological barriers of cradle-to-farm-gate FEW impacts from food 

consumption in the U.S. Results indicate that the White demographic yields the highest per-capita 

GHG (680 𝑘𝑔 𝑜𝑓 𝐶𝑂2𝑒𝑞 ∗ 𝑦𝑟−1) and water impacts (328,600 𝑙 ∗ 𝑦𝑟−1) from food consumption, 

whereas the Black demographic yields the highest per-capita land impacts (1,770 𝑚2 ∗ 𝑦𝑟−1) from 

food consumption.  

Study findings suggest that obtaining data with the intention of building consensus across 

sociodemographic and socioeconomic lines overcomes barriers in the Understanding phase, 

leading to increased social receptivity for many Planning and Managing phase processes. 

Specifically, we found that identifying and developing leaders who possess the cognitive and 

interpersonal capacity to manage many variables and stakeholders is key to assessing and selecting 

adaptation options in the Planning phase. Next, we proposed using SNAP to encourage 

environmentally-friendly food purchasing behavior and adding land, GHG, and water impact 

estimates to FDA nutrition labels as effective adaptation measures. Then we explored how 

socioeconomic factors could be used to help manage adaptation feasibility and evaluation activities 

in the Managing phase. In all, these findings facilitate the development of improved climate change 

adaptation and policy by satisfying the Understanding phase of the climate change adaptation 
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framework, establishing a cross-disciplinary methodological approach to addressing 

socioecological problems, and providing useful FEW impact data for FEW nexus and climate 

change researchers.     
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each food group, food item, and associated EPA FCID number alignment; (6) Cumulative FEW 

impacts for U.S. residents by food group – including water; and (7) Significance analysis for 

designated environmentally-intense food items from each food group – including water – per 

capita.  
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