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Note S1. Sustainable development goals (SDGs) and SAM indicators 
 

 
Figure S1. An overview of the relationships between SAM indicators and sustainable development goals 
(SDGs).  
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Table S1. Some examples of definitions for Sustainable Agriculture 

Organization 
or Authors 

Definition 

CGIAR/TAC, 
19891  

“A dictionary definition of sustainability refers to "keeping an effort going 
continuously, the ability to last out and keep from falling". Such a definition suggests 
that agricultural systems would be sustainable if production could be maintained at 
current levels. This would be a static concept of sustainability. But sustainability 
should be treated as a dynamic concept, allowing for the changing needs of a 
steadily increasing global population. In the static sense, many traditional agricultural 
production systems were sustainable for centuries in terms of their ability to maintain 
a continuing, stable level of production. However, the needs and growing aspirations 
of increasing numbers of people have forced changes in production practices that 
have imposed excessive demands on natural resources. Within this context, 
sustainable agriculture should involve the successful management of resources for 
agriculture to satisfy changing human needs while maintaining or enhancing the 
quality of the environment and conserving natural resources.” 

American 
Society of 
Agronomy, 
19892 

“A sustainable agriculture is one that, over the long term, enhances environmental 
quality and the resource base on which agriculture depends, provides for basic 
human food and fiber needs, is economically viable, and enhances the quality of life 
for farmers and society as a whole.” 

U.S. Farm Bill, 
19903 

“The term sustainable agriculture means an integrated system of plant and animal 
production practices having a site-specific application that will, over the long term: 

1. satisfy human food and fiber needs; 
2. enhance environmental quality and the natural resource base upon 

which the agricultural economy depends; 
3. make the most efficient use of nonrenewable resources and on-farm 

resources and integrate, where appropriate, natural biological cycles and 
controls; 

4. sustain the economic viability of farm operations; and 
5. enhance the quality of life for farmers and society as a whole.” 

https://www.nal.usda.gov/afsic/sustainable-agriculture-definitions-and-terms#toc2  
MacRae, 19904 “Sustainable agriculture is both a philosophy and a system of farming. It has its roots 

in a set of values that reflects an awareness of both ecological and social realities. It 
involves design and management procedures that work with natural processes to 
conserve all resources and minimize waste and environmental damage, while 
maintaining or improving farm profitability. Working with natural soil processes is of 
particular importance. Sustainable agriculture systems are designed to take 
maximum advantage of existing soil nutrient and water cycles, energy flows, 
beneficial soil organisms, and natural pest controls. By capitalizing on existing cycles 
and flows, environmental damage can be avoided or minimized. Such systems also 
aim to produce food that is nutritious, and uncontaminated with products that might 
harm human health.” 
https://eap.mcgill.ca/sustain.htm 

Reganold, et 
al., 19905  

“Just because a farm is organic or alternative does not mean that it is sustainable, 
however. For a farm to be sustainable, it must produce adequate amounts of high-
quality food, protect its resources and be both environmentally safe and profitable. 
Instead of depending on purchased materials such as fertilizers, a sustainable farm 
relies as much as possible on beneficial natural processes and renewable resources 
drawn from the farm itself.” 

Tilman, et al., 
20026 

“We define sustainable agriculture as practices that meet current and future societal 
needs for food and fibre, for ecosystem services, and for healthy lives, and that do 
so by maximizing the net benefit to society when all costs and benefits of the 
practices are considered.” 
http://dx.doi.org/10.1038/nature01014 
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J. Pretty, 20087 “Systems high in sustainability can be taken as those that aim to make the best use 
of environmental goods and services while not damaging these assets...The key 
principles for sustainability are to:  

(i) integrate biological and ecological processes such as nutrient cycling, 
nitrogen fixation, soil regeneration, allelopathy, competition, predation 
and parasitism into food production processes,  

(ii) minimize the use of those non-renewable inputs that cause harm to the 
environment or to the health of farmers and consumers,  

(iii) make productive use of the knowledge and skills of farmers, thus 
improving their self-reliance and substituting human capital for costly 
external inputs, and  

(iv) make productive use of people’s collective capacities to work together to 
solve common agricultural and natural resource problems, such as for 
pest, watershed, irrigation, forest and credit management.” 

Baulcombe et 
al., 20098 

“The concept of sustainability in the context of agricultural and food production… It 
incorporates four key principles:  
1. Persistence: the capacity to continue to deliver desired outputs over long periods 
of time (human generations), thus conferring predictability;  
2. Resilience: the capacity to absorb, utilise or even benefit from perturbations 
(shocks and stresses), and so persist without qualitative changes in structure;  
3. Autarchy: the capacity to deliver desired outputs from inputs and resources 
(factors of production) acquired from within key system boundaries;  
4. Benevolence: the capacity to produce desired outputs (food, fibre, fuel, oil) while 
sustaining the functioning of ecosystem services and not causing depletion of natural 
capital (e.g. minerals, biodiversity, soil, clean water).” 

FAO, 20149 Key principles for sustainability in food and agriculture: 
(1) “Improving efficiency in the use of resources is crucial to sustainable agriculture” 
(2) “Sustainability requires direct action to conserve, protect and enhance natural 
resources” 
(3) “Agriculture that fails to protect and improve rural livelihoods, equity and social 
well-being is unsustainable” 
(4) “Enhanced resilience of people, communities and ecosystems is key to 
sustainable agriculture” 
(5) “Sustainable food and agriculture requires responsible and effective governance 
mechanisms” 
http://www.fao.org/3/a-i3940e.pdf page 18  

Hayati, 201710 “Concepts and definitions of sustainable agriculture”: 
1. “Sustainability as an ideology” 
2. “Sustainability as a set of strategies  
3. “Sustainability as the ability to fuel a set of goals” 
4. “Sustainability as the ability to continue to survive”  

FAO, 201811 “By 2030, ensure sustainable food production systems and implement resilient 
agricultural practices that increase productivity and production, that help maintain 
ecosystems, that strengthen capacity for adaptation to climate change, extreme 
weather, drought, flooding and other disasters and that progressively improve land 
and soil quality.” 

FAO, 201812 Five principle and 20 actions to transform “food and agriculture and driving 
achievement across the Sustainable Development Goals (SDGs)”: 

1. “Increase productivity, employment and value addition in food systems” 
a. “Facilitate access to productive resources, finance and services” 
b. “Connect smallholders to markets” 
c. “Encourage diversification of production and income” 
d. “Build producers’ knowledge and develop their capacities” 

2. “Protect and enhance natural resources” 
a. Enhance soil health and restore land 
b. Protect water and manage scarcity 
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c. Mainstream biodiversity conservation and protect ecosystem 
functions 

d. Reduce losses, encourage reuse and recycle, and promote 
sustainable consumption 

3. “Improve livelihoods and foster inclusive economic growth” 
a. “Empower people and fight inequalities” 
b. “Promote secure tenure rights” 
c. “Use social protection tools to enhance productivity and income” 
d. “Improve nutrition and promote balanced diets” 

4. “Enhance the resilience of people, communities and ecosystems” 
a. “Prevent and protect against shocks: enhance resilience” 
b. “Prepare for and respond to shocks” 
c. “Address and adapt to climate change” 
d. “Strengthen ecosystem resilience” 

5. “Adapt governance to new challenges” 
a. “Enhance policy dialogue and coordination” 
b. “Strengthen innovation systems” 
c. “Adapt and improve investment and finance” 
d. “Strengthen the enabling environment and reform the institutional 

framework” 
USDA “Sustainable agriculture seeks to provide more profitable farm income, promote 

environmental stewardship, and enhance the quality of life for farm families and 
communities.” 
https://nifa.usda.gov/program/sustainable-agriculture-program 

UC Davis “Practitioners of sustainable agriculture seek to integrate three main objectives into 
their work: a healthy environment, economic profitability, and social and economic 
equity.” http://asi.ucdavis.edu/programs/sarep/about/what-is-sustainable-agriculture 
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Note S2. The relationship between SAM and other frameworks 

There have been several frameworks developed to assess the sustainability of food and agriculture 
systems in addition to the SDG 2.4.1 indicator in Figure S1. For example, Barilla’s report on Food 
Sustainability Index (FSI)13, EAT-SDSN-CGIAR indicators14, and World Resource Institute (WRI)’s 
Indicators of Sustainable Agriculture15, and Sustainability Assessment of Food and Agriculture systems 
framework (SAFA)16. The development of SAM framework, including the principles of indicator selection 
and initial list of indicators, has been building on these existing frameworks. To put SAM in the context of 
existing literature, we specifically compared the SAM framework and each of the frameworks mentioned 
above, and identified the connections with and improvement from these existing frameworks.    

Among these frameworks, SAFA was designed for enterprises and small-scale producers for their self-
evaluation process. The SAFA framework includes four dimensions: environment, economy, social, and 
governance dimensions. SAM framework shares the first three dimensions. However, SAFA’s 
governance dimension is specifically to evaluate the corporates’ management practices which does not 
directly fit in the scope of SAM framework, which focus on the assessment of the impact/performance of 
agriculture on a national scale.  

For the remaining three frameworks (i.e., FSI, EAT-SDSN-CGIAR indicators, WRI indicator), we 
compared each of them with the SAM framework for their indicators (a summary Figure S2 and detailed 
comparison Figure S3 – Figure S5) and criteria used for indicator selection (Table S1)  

The EIU's FSI covers the water, land, and air themes of our SAM dimensions in their “sustainable 
agriculture” bucket; it also covers the nutritional challenges, land ownership and land users, and food loss 
and waste -- part of the indicators in the SAM social dimension; and it also covers part of the SAM 
framework’s economic dimension through its sustainable agriculture bucket including agriculture 
subsidies, ago-economic indicators, productivity, financial access and protections for land users. WRI’s 
indicators of agricultural sustainability only focuses on the environmental dimensions. The WRI’s 
indicators almost have one-to-one correspondence with our environmental dimension. We did not include 
pesticides due to the low data availability issues and the existing indicators are lack of monotonicity 
relationship with sustainability levels. SAM’s environmental dimension also well-covers the indicators 
suggested by EAT-SDSN-CGIAR in their dimension of “Climate-resilience and Environmentally 
Sustainable Food Production “except for “sustainable agriculture” indicators, which is identified as a Tier 
III indicator by EAT-SDSN-CGIAR (Tier III: Methodology and data collection need to be developed). EAT-
SDSN-CGIAR also covers part of the SAM’s social dimension -- nutrition, resilience, and farmers’ 
wellbeing. The social dimension of our SAM framework also considers equality and farmers’ rights.  
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Figure S2. A summary of the relationships between SAM framework (the inner circles) and indicators of 
EIU’s FSI13, EAT-SDSN-CGIAR14 and WRI’s indicators of sustainable agriculture15. The EIU's FSI covers 
the water, land, and air themes of our SAM dimensions in their “sustainable agriculture” bucket; it also 
covers the nutritional challenges, land ownership and land users, and food loss and waste -- part of the 
indicators in the SAM social dimension; and it also covers part of the SAM framework’s economic 
dimension through its sustainable agriculture bucket including agriculture subsidies, ago-economic 
indicators, productivity, financial access and protections for land users. WRI’s indicators of agricultural 
sustainability only focuses on the environmental dimensions. The WRI’s indicators almost have one-to-
one correspondence with our environmental dimension. We did not include pesticides due to the low data 
availability issues and the existing indicators are lack of monotonicity relationship with sustainability 
levels. SAM’s environmental dimension also well covers the indicators suggested by EAT-SDSN-CGIAR 
in their dimension of “Climate-resilience and Environmentally Sustainable Food Production “except for 
“sustainable agriculture” indicators, which is identified as a Tier III indicator by EAT-SDSN-CGIAR (Tier 
III: Methodology and data collection need to be developed). EAT-SDSN-CGIAR also covers part of the 
SAM’s social dimension -- nutrition, resilience, and farmers’ wellbeing. The social dimension of our SAM 
framework also considers equality and farmers’ rights. 
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Bucket Sub-Bucket Indicator Sub-indicator

Food loss
Food loss as % of total food production of 
the country

Policy response to food loss Quality of policies to address food loss
Causes of distribution-level 
loss Quality of the road infrastructure

Food waste at end-user level Food waste per capita per year
Policy response to food 
waste Quality of policy response to food waste
Environmental impact of 
agriculture on water Water footprint (Mm3/yr)
Sustainability of water 
withdrawal

Agricultural water withdrawal as % of total 
renewable water resources
Baseline water stress
Groundwater stress

Water management
Are there any initiatives to recycle water for 
agricultural use?

Trade impact
Virtual Blue Water Net Imports (crops and 
animal production)

Sustainability of fisheries Fish stocks overexploited or collapsed (%)
Nitrogen Use Efficiency
Soil quality for crop production
Average carbon content of soil as a % of 
weight
Arable land under organic agriculture as a % 
of agricultural land
% of utilised agricultural area of total 
agricultural area
Are there any sustainable urban farming 
initiatives?
First and second generation biofuel 
production (KBOE/D)
Land diverted to animal feed and biofuels
Biodiesel imports
Land owned/under concession abroad (% of 
domestic arable land)
Degree of property rights protection
Laws to protect smallholders

Agricultural subsidies Quality of agricultural subsidies
Animal welfare policies Quality of animal welfare regulation

Share of top 3 crops of total agriculture 
production
Environmental biodiversity
Deforestation (ha/year)
Forest area (% of total land)
Environmental biodiversity
Deforestation (ha/year)
Forest area (% of total land)
Government R&D expenditures (% of GDP) 
Public support to R&D

Productivity Total factor productivity (TFP) growth rate
Participation rate of women in farming
Participation rate of youth in farming
Average age of farmers
Average education level of farmers
Working conditions of workers in agriculture 
and along the value chain
% of rural population with a bank account
% of rural population that made/received 
digital payments

Financial access and 
protections for land-users Availability of insurance for farmers

Impact on land of animal feed 
and biofuels

Food loss 
and waste

Food loss

End-user 
waste

Water

Agro-economic indicators

Land-users

Sustainable 
Agriculture Land ownership

Water scarcity

Diversification of agricultural 
system

Environmental biodiversity

Land (land 
use, 

biodiversity, 
human 
capital)

Environmental impact of 
agriculture on land

Land use

Food loss

Sustainability of irrigation water 
consumption (SUSI)

A narrow aspect
N surplus and P surplus
Soil erosion (SER)

Land cover change due to 
agricultural activities (Lost 
forested area) (LCC)

Land rights (LRS)

Government agricultural expenditure 
per agricultural worker (AEXP)

Low data availability
Crop production diversity (H index)

Land cover change due to 
agricultural activities (Lost 
forested area) (LCC)

Government agricultural expenditure 
per agricultural worker (AEXP)

Agricultural GDP per agricultural worker 
(AGDP), TFP is percentage growth and 
cannot be compared across different 

Monotonicity violations

Access to finance for farmers (A2F)

SAM framework

Out of scope
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Figure S3. Detailed indicator correspondence between EIU’s FSI13 and the SAM framework. The color of 
each indicator under the SAM framework is determined by the dimension of which the indicator belongs 
to (environmental dimension: green; social dimension: orange; economic dimension: pink). The same 
applies to the following two figures. Bold font in Calibri shows the corresponding indicators and font in 
Times New Roman indicates reasons of not including the indicators in the current edition. 

 

 

Figure S4. Detailed indicator correspondence between EAT-SDSN-CGIAR14 indicators and the SAM 
framework 

 

GHG emissions from agriculture
Animal emissions
Fertilizer emissions
Net emissions/removals (CO2eq) from land 
use total

Climate change mitigation Climate change response techniques
Sovereign debt risk
Opportunities for investing in sustainable 
agriculture
Prevalence of undernourishment (% of 
population)
% of stunted children under 5 years old 
(height for age)
Prevalence of wasting, weight for height (% 
of children under 5)
Prevalence of underweight, weight for age 
(% of children under 5)

Micronutrient deficiency
Vitamin A deficiency (% of general 
population)
% of babies under 6 months old exclusively 
breastfed
Access to improved water source
Life expectancy at birth, total (years)
Healthy life expectancy (HALE)
Prevalence of overweight in children (5-19 
years of age)
Overweight (body mass index >= 25) (age-
standardized estimate)

Impact on health Disability Adjusted Life Years (DALYs)
% of population reaching recommended 
physical activity weekly
Hours of inactivity as measured by fixed 
screen time per week
% of sugar in diets
Meat consumption levels
Saturated fat consumption
Salt consumption

Number of people per fast 
food restaurant Number of people per fast food restaurant

Proportion of population living below the 
national poverty line
GINI Coefficient

Quality of policy response to dietary patterns
Compulsory nutrition education

Environmental impact of 
agriculture on the 
atmosphere

Opportunities for investing in 
sustainable agriculture

Nutritional 
challenges

Life quality

Enabling factors

Life 
expectancy

Health life expectancy

Sustainable 
Agriculture

Prevalence of over-
nourishment

Physical activity

Dietary 
patterns

Diet composition

Economic determinant of 
dietary patterns

Policy response to dietary 
patterns

Prevalence of 
malnourishment

Air (GHG 
emissions)

Total GHG emission from agriculture 
activities per harvested area 
including pastureland (GHG)

Prevalence of undernourishment (UDN)

Prevalence of undernourishment (UDN)

Not specific to agriculture; many  
influencing factors involvded

Not specific to agriculture, many factors 
involvded; monotocity violations

Not specific to agriculture; many factors 
involvded

Not specific to agriculture, many factors 
involvded; monotocity violations
Not specific to agriculture; many factors 
involvded

Not specific to agriculture; many factors 
involvded

Climate smart agriculture
Land agrobiodiversity/ “input 
biodiversity”
Greenhouse gas (GHG) emissions 
from diet
Eutrophication of water bodies
Freshwater use in food production
Sustainable agriculture
Animal protein consumption
Malnutrition
Food security and sufficiency of 
household food consumption
Dietary diversity and adequacy
Food waste
Livelihoods of smallholder farmers

EAT Indicator Themes

Climate-resilient and 
Environmentally Sustainable 

Food Production

Sufficient, Nutritious, Varied 
and Safe Diets

Resilient and equitable food 
systems

Sustainability of irrigation water consumption (SUSI)
N surplus and P surplus

Total GHG emission from agriculture activities per harvested area including pastureland (GHG)

Total GHG emission from agriculture activities per harvested area including pastureland (GHG)

Land cover change due to agricultural activities (Lost forested area) (LCC)
Crop production diversity (H index)

Tier III indicator; vague definition of sustainable agriculture
Monotonicity violation
Prevalence of undernourishment (UDN)
Food affordability (RSE); Rural poverty ratio (RPV)

Rural poverty ratio (RPV)
Limited data availability
Limited data availability

SAM framework
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Figure S5. Detailed indicator correspondence between WRI’s indicators of sustainable agriculture15 and 
the SAM framework 

  

WRI Indicator Themes

Water

Land conservation

Climate change

Soil health
Pesticides

Nutrients

Low data availability, and lack of monotonicity

Sustainability of irrigation water consumption (SUSI)

Soil erosion (SER)

N surplus and P surplus

Total GHG emission from agriculture activities per 
harvested area including pastureland (GHG)

Land cover change due to agricultural activities (Lost 
forested area) (LCC)

SAM framework
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Table. S2. Indicator selection criteria across different frameworks 

Criteria  SAM (s) 
EIU-Food 

Sustainability 
Index (f) 

EAT-SDSN-
CGIAR (e) 

World 
Resource 

Institute (w) 
Monotocitys Yes - - - 

Agricultural relevences Yes - Yes Yes 
Performance preferreds Yes - - - 
Simple and transparents Yes - Yes - 
Information uniquenesss Yes - - - 

Data availabilitys,w Yes - Yes Yes 
Data accuracyw Yes - Yes Yes 

Data consistencyw Yes Yes Yes Yes 
Data frequencyw Yes - Yes Yes 

Data's proximity to realityw Yes Yes Yes Yes 
Data's relevancew Yes Yes Yes Yes 

Data's ability to differentiate 
among countriesw Yes - Yes Yes 

Bridging Health, environmental 
sustainability, and socio-

economic development/poverty 
reductione 

Yes Yes Yes - 

Politically legitimatee,* Yes Yes Yes - 
Limited in number and globally 

harmonizede,* Yes Yes Yes Yes 
Methodology and data 

concensuse Yes Yes Yes Yes 

Disaggregatede,* - - Yes Yes 
Universale,* Yes Yes Yes Yes 

Evidence based and forward-
lookinge,* Yes Yes Yes Yes 

A proxy of broader issues or 
conditionse Yes Yes Yes Yes 

Dynamice,* Yes Yes Yes Yes 
Years covered 1961-2016 1 year N/A Various 

Number of countries covered 218 67 N/A Various 
Note: the superscript stands for the criteria from each framework where s stands for SAM; f stands for 
EIU-FSI; e stands for EAT-SDSN-CGIAR; w stands for World Resource Institute. 
* Defined by EAT initiative14: 
- Political legitimate indicates “The process of defining the post-2015 sustainable development agenda 
has at times been politically sensitive. The proposed integrated indicators should be seen as a 
contribution to the official process, not a move out of the realm of SDGs monitoring.” 
- Limited in number of globally harmonized indicates “Given the number of SDG targets, the scope of the 
sustainable development agenda and the complexity of the issues, it is important to limit the total number 
of indicators. Furthermore, indicators should be reported by member states annually to the High-level 
Political Forum (HLPF).” 
- Disaggregate indicates “The MDGs revealed the importance of disaggregation. For example measures 
of inequality at a global level improved, yet the unequal distribution of development was not reflected in 
this measurement. Disaggregation of indicators is therefore an important tool to track inequalities in SDG 
achievement. Emphasis has been placed on disaggregating indicators by the following: age, sex, 
household income, urban/rural ethnicity, and education.” 
- Universal indicates, “The proposed integrated indicators are universal, applying to low- and middle-
income countries as well as high-income countries.” 
- Dynamic indicates, “Where relevant, a broader measure for progress for the SDGs should be based on 
depicting changes rather than states.”  
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Note S3. Environmental Dimension Indicators 
 
Water availability  
Irrigation is critical for supporting the global production of food and feed crops, constituting more than 
85% of humanity’s consumptive use of surface and groundwater resources (i.e., blue water use)17,18. 
While irrigated areas only occupy one-fifth of the world’s croplands, they produce 30%-40% of global crop 
supply19,20. However, in the last decade, many studies have shown that some of the world’s major 
agricultural baskets rely on unsustainable water use for irrigation21–24. Irrigation practices are classified as 
‘unsustainable’ when their water consumption exceeds local renewable water availability. In these 
conditions, irrigation uses water that should be allocated to environmental flows and therefore contributes 
to environmental degradation and groundwater depletion19,21,25. About 40% of global irrigation water use 
is at the expenses of environmental flow requirements26 with detrimental effects on aquatic habitats, 
riparian biodiversity, and ecosystem services. Moreover, about 20% of irrigation water use worldwide is 
from non-renewable groundwater abstractions27,28. To assess the impacts of agricultural production on 
water availability, we evaluate the sustainability of irrigation water consumption (SUSI) as the ratio of 
irrigation water demand to annual renewable blue water availability. 
 
Sustainability of irrigation water consumption (SUSI) 

The sustainability of irrigation water consumption (!"!#$%,'( , )*+,:	/01/021) for country, 34, and year, 56, 
is defined as the ratio of total irrigation consumption (7#$%,'( , )*+,:	/01) of 26 crop classes or 130 primary 
crops (accounting for nearly 100% of global crop production according to the MIRCA2000 dataset29 and 
the amount of water considered as sustainable for agricultural use (7!$%,'( , )*+,:	/01). 

!"!#$%,'( =
7#$%,'(
7!$%,'(

 

Country-specific irrigation water consumption (7#$%,'() is reported by is reported by Rosa et al.19,25 for year 
2000 and 2015. The estimates for 7!$%,'(  are reported by country for year 200014, and we assume this 
value does not change significantly throughout the assessment period.   
The indicator SUSI is defined as the annual total irrigation consumption (TI) divided by the amount of 
water locally available for sustainable irrigation practices (TS). We used TS estimated around year 2000 
throughout the assessment period. This is because global high resolution irrigation dataset are 
referenced around year 2000 (1996-2005 period) and therefore year 2000 is the reference period for 
state-of-the-art studies on global irrigation (see Rosa et al.19,25,30,31; Dalin et al. 28; Mekonnen and 
Hoekstra21; among many others). 
 
To estimate 7#$%,'( for remaining years, we used the time series of area equipped for irrigation by country 
and year (9:$%,'( , )*+,:	ℎ<; FAOSTAT) for the period of 1990-2016. We first estimated the irrigation rate 
(7#=$%,'(, )*+,:	/01ℎ<2>	, defined below) for year 2000 and 2015.  
                                                7#=$%,'( =

?@AB,CD
EFAB,CD

      

Then, we linearly interpolated the irrigation rate (7#=$%,'() for the 1990-2016 period, assuming that 7#= (1) 
changes linearly during 2000-2015, (2) is similar to 2000 level between 1990-2000, and (3) stays around 
the 2015 level in 2016 (Figure S6). Finally, the total irrigation water (7#$%,'() is equal to ∑'( 9:$%,'( ×
7#=$%,'( for the period of 1990-2016. A similar approach has been implemented by Qin et al.32. 
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A 

 
B 

 
Figure S6. Time series of total irrigation rate (a) and the SUSI indicator (b) for the period of 1990-2016.  



Supplemental Information 
 

	
	

 

 
 
Figure S7. SUSI indicator for different countries for two years (A) 2000 and (B) 2015. The green line 
shows the lower threshold (=1) and red line (=2) shows the upper threshold for SUSI indicator. The 
countries are color coded according to regions.  
  

A Year 2000 

B Year 2015 
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Advantages and Caveats: This new indicator concerns not only how much irrigation water is consumed, 
but also how much is available without affecting environmental flows and depleting freshwater stocks. In 
addition, the assessment of the amount of sustainable water use also considers the water that has not 
been used but could be used sustainably for closing the yield gap19.  
 
This indicator is based on the assessment on the gridded level (5 arc minute), therefore part of the 
regional heterogeneity of the water stress within a nation is lost during the aggregation to the national 
scale.   
 
Thresholds:  
The sustainability of the indicator SUSI is defined as below:  
Green: !"!# <=1 
Yellow: 1 <	!"!# < 2  
Red: !"!# >=2 
 
The “Green” threshold is equal to 1, while he “Red” threshold is equal to 2. The thresholds are adopted 
from water scarcity (WS) index in Mekonnen and Hoekstra21. The WS index was define as the ratio of the 
blue water footprint to total available blue water. It was classified into four different levels to quantify water 
stresses namely low (WS<1), moderate (1<WS<1.5), significant (1.5<WS<2), and severe (WS>2). The 
indicator SUSI follows the same definition as WS. Hence, for the “Green” threshold of SUSI indicator, we 
chose low threshold (<1), which suggests less irrigation water consumption than the available amount of 
water. For the “Red” threshold, we consider the severe category (>2) to be the red zone, and we 
combined the moderate and significant categories (1 < SUSI < 2) as the yellow zone. 
 
Pollution  
Agricultural production contributes to environmental pollution in many ways, including water pollution, 
such as nitrogen (N) and phosphorus (P) leaching to streams, and air pollution such as the emission of 
NH3. N surplus, also called N balance in some literature, has been widely accepted as an indicator for 
measuring the environmental impacts of N use in agricultural production on various spatial scales, 
including the national scale. Defined as the difference between inputs and productive outputs of an 
agricultural system, N surplus measures the amount of N that subject to loss to the environment through 
leaching, runoff, and other gaseous emissions (e.g., NH3). Similarly, P surplus has been defined and used 
for assessing the impact of agriculture on water pollution33,34.Therefore, we use N surplus and P surplus 
to assess the impacts of agriculture on environmental pollution.  
 
The use of pesticides can lead to environmental pollution as well, affecting the human and ecosystem 
health; however, there is little or no consensus on which pesticides are considered to pose unacceptable 
risks relative to their benefits and at what concentrations. There have been growing initiatives to develop 
indicators and data for assessing the sustainability of pesticide use at national levels35–38 , and those 
initiatives will make it possible to include pesticide as one of the environmental indicators in future SAM 
assessment.  
 
Nitrogen Surplus (Nsur) 

The nitrogen surplus (IJ)6$%,'(,	)*+,: /KI	ℎ<2>) for country 34 and year 56 is defined as the difference 
between N inputs and outputs). 

IJ)6$%,'( 	= 	
∑$( IJ)6$%,$(,'(96L<M$%,$(,'(

∑$( 96L<M$%,$(,'(
 

IJ)6$%,$(,'( 	(/KI	ℎ<2>) is the nitrogen surplus for country	34, crop types 36, and year 56. It was estimated 
for years 1961 to 2015 following methods in Zhang et al.39. 96L<M$%,$(,'( (ℎ<) is the harvested area 
reported by FAOSTAT, referring to the area from which crop type 36 in country 34 and year 56 is 
gathered40. Area sown or planted, if there is no harvest, is excluded40. Given this assessment is focusing 
on the pollution caused by excess N application, negative N surplus, which indicates mining of soil N, is 
assigned as 0. 
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The N balance equations are adopted from the Zhang et al.39 study, and they are the same as the OECD 
N balance definition, and the definition given by the EU N Expert panel (EU Nitrogen Expert Panel, 
201541; Zhang et al., 201539). The detailed formula are as follows:  

I	+*P),J	 = 	I	QL6,+R+S<,+4*	 + 	I	0<*)6L	 + 	I	<,04JPℎL6+3	ULP4J+,+4*	 + 	I	V+4R4K+3<R	Q+W<,+4*		 

I	J)6PR)J	 = 	I	+*P),J	 − 	I	364P	ℎ<6YLJ, 

 
Advantages and Caveats: N surplus indicates N loss to the environment, such as in the forms of 
ammonia volatilization, nitric oxide emissions, soil leaching, and nitrous oxide emissions. These reactive 
forms of N increase environmental pollution by degrading quality of water and air, and contributing to 
climate change. A quasi-steady state for soil N stocks is assumed because inter-annual changes in 
stocks are usually small relative to inputs and losses. The indicator is relatively easy to understand and 
quantify with the direct linkage with farmers’ management practices, therefore, it is informative for taking 
actions to mitigate pollution and monitoring the progress. How much and in what form N surplus will 
convert to pollutants and impact human and ecosystem health depends upon on local context. Hence, the 
national scale estimates may underestimate the effects of N surplus on specific regional water bodies.  
 
Thresholds:  
Green: IJ)6 <= 52 /KI	ℎ<2>	562> 
Yellow: 52 /KI	ℎ<2>	562> < IJ)6 < 69 /KI	ℎ<2>	562> 
Red: IJ)6 >= 69 /KI	ℎ<2>	562> 
 
The “Green” threshold is equal to 52 /KI	ℎ<2>	562>, while the “Red” threshold is 69 /KI	ℎ<2>	562>.  We 
use the N surplus planetary boundary of 67-90 TgN yr-1 proposed by Springmann et al.42. Using an 
estimated N surplus of 134 TgN for 2010 and applying risk factors (50-67%) from De Vries et al.43, 
Springmann et al.42 calculated 90 TgN (134 × 0.67) for the upper bound and 67 (134 × 0.50) for the lower 
bound. They also offered an upward adjustment to this upper bound based on a scenario of rebalancing 
N applications among regions, but we do not assume such rebalancing. Dividing the global N surplus 
bounds by 1.3 × 109 ℎ< of global total harvested area in year 2010 (average of 2005-2014), the N surplus 
threshold range is 52 – 69 /KI	ℎ<2>	562>. 
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Figure S8. Nsur indicator for different countries for two years (A) 2000 and (B) 2014. The green line 
shows the lower threshold (= 52 	ℎ<2>	562> ) and red line (=69 /KI	ℎ<2>	562>) shows the upper threshold 
for Nsur indicator. The countries are color coded according to regions.   

A Year 2000 

B Year 2014 
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Phosphorus Surplus (Psur) 

The phosphorous surplus (ZJ)6$%,'( , )*+,: /K	Z	ℎ<2>) for country 34 and year 56 is defined as the excess 
agricultural P, i.e., the difference between P inputs and output. P inputs include P in applied fertilizer and 
manure, and P output is the amount of P in harvested crops. 

ZJ)6$%,'( 	= 	
∑$( ZJ)6$%,$(,'(96L<M$%,$(,'(

∑$( 96L<M$%,$(,'(
 

ZJ)6$%,$(,'( (/K	Z	ℎ<2>)	is the P surplus for country	34, crop types 36, and year 56. It was reported by Zou 
et al.17 for years 1961 to 2014. 96L<M$%,$(,'( (ℎ<) is the harvested area reported by FAOSTAT40. 
 
Advantages and Caveats: Psur represents the excess P not taken up by crops and accumulated in 
agricultural land or leached to the environment. Since it is difficult to directly measure P pollution in water 
bodies on a national scale, P surplus has been used as an indicator for assessing potential P lost to the 
environment among countries. The advantages of this indicator include 1) it can be quantified on a 
national scale; 2) it can be easily understood by different stakeholders; 3) it can be compared with the 
global threshold set for P surplus (known as the planetary boundaries), which defines the safe limit for 
human activities. However, it should be acknowledged that P surplus is not a direct measurement of P 
entering water bodies, and that retention in the soil of some of the P surplus can cause variable lags 
between P inputs and either P uptake by plants or P loss to water bodies. To estimate the P surplus 
threshold, we must make assumptions about the fraction of P surplus that is retained in soils. 
     
 
Thresholds:  
Green: ZJ)6 <= 3.5 /KZ	ℎ<2>	562> 
Yellow: 3.5 /KZ	ℎ<2>	562> < ZJ)6 < 6.9 /KZ	ℎ<2>	562> 
Red: ZJ)6 >= 6.9 /KZ	ℎ<2>	562> 
 
The “Green” threshold is equal to 3.5 /KZ	ℎ<2>, while “Red” threshold is equal to 6.9 /K	Z	ℎ<2>. These 
thresholds are estimated based on the calculation of Springmann et al. 42 who adopted a critical boundary 
of 50~100 mg P m-3 for eutrophication of surface water. Multiplying this range by 38 × 1012 m3 yr-1 of 
global discharge, yields a boundary of 1.9 ~3.8 Tg P yr-1 in rivers globally. The authors calculate that 1.2 
~ 2.4 Tg P yr-1 come from human sewage, leaving 0.7~ 1.4 Tg P yr-1 allowable P in rivers derived from 
agricultural soils. Assuming that 20% of P entering streams and rivers is retained by sediments, the 
allowable leaching and runoff from agricultural soils is 0.9 ~ 1.8 Tg P yr-1 loading to rivers ((0.7 ~ 1.4) /0.8 
= (0.9 ~1.8)). Assuming that soils retain 80% of P surplus, then the global P surplus boundaries are 4.5 ~ 
9.0 Tg P yr-1 ((0.9 ~ 1.8) /0.2 = 4.5 ~ 9.0). Dividing this boundary by global total harvested area in 2010 
(average of 2005-2014, 1.3 × 109 ha), we obtained the regional planetary boundary of P surplus rate of 
3.5 ~ 6.9 /K	Z	ℎ<2>	562>.  
 
We also assumed that the P surplus directly from livestock production is negligible or is manageable with 
advanced technologies and management practices, thus only cropland P surplus receiving fertilizer or 
manure inputs contributes to soil system P surplus.  
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Figure S9. Phosphorous flows from mining to cropland, soil, animal production, human consumption, 
water, and sediment. Black arrow: direction of P flow. Green dashed arrow: P flow from crop and livestock 
to water body through soil. The data in the figure is from Springmann et al. 42. 
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Figure S10. P surplus indicator for different countries for two years (A) 2000 and (B) 2014. The green line 
shows the lower threshold (= 3.5 	/KZ	ℎ<2>	562> ) and red line (= 6.9 /KZ	ℎ<2>	562>) shows the upper 
threshold for the indicator. The countries are color coded according to regions.  
  

A Year 2000 

B Year 2014 
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Land use and loss of biodiversity 
Around 50% of deforestation occurs due to agriculture44. Such conversion is a major source of the 
reductions in biodiversity, and affects hydrologic and biogeochemical cycles (e.g. carbon, nitrogen, and 
phosphorous). Hence, the impacts of land use and loss of biodiversity due to agricultural activities is 
evaluated with Land Cover Change (LCC).  
 
Land Cover Change (LCC) 

The land cover change ([\\$%,'( , )*+,: 562>) for country 34 and year 56 is assessed by the annual 
deforestation rate (ℎ<	562>), and the indicator is normalized by the existing cropland area (ℎ<) in the 
country.  

[\\$%,'( =
!9$%,'( +	\]$%,'(
\64PR<*U	<6L<

 

The deforestation rate is determined by the annual tree cover loss due to shifting agriculture 
(!9$%,'(, )*+,: ℎ<) and commodity-driven deforestation (\]$%,'( , )*+,: ℎ<)	obtained from Curtis et al. 44 for 
years 2001 to 2015. The shifting-agriculture may be a short-term conversion of land to agricultural 
cultivation followed by abandonment due to loss of soil fertility, while commodity-driven deforestation is 
long-term conversion of land for multiple purposes like infrastructure, agriculture, etc., resulting in 
permanent change in land use. Cropland area (ℎ<)	is obtained from FAOSTAT representing land area for 
crop cultivation.  

Using absolute deforestation rates (measured as hectare of tree cover loss per year) to assess 
the severity of agricultural-led deforestation for a country is likely to disproportionally penalize countries 
with large territories, agricultural land area, or remaining forest resources. Therefore, we tested 
normalization of the deforestation rate with three different land areas for a given country, namely cropland 
area, agricultural land area, and forest area.  The results suggest strong linear correlation among the 
normalized indicators (Figure S11), indicating relatively consistent assessment results regardless of the 
normalization approach. We choose to use the cropland area as the denominator in the definition of LCC 
indicator mainly due to the selection of “red” threshold (discussed below).   
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Figure S11. LCC indicator comparison for two years 2001 (A) and 2015 (B). Each dot represents a 
country. The x and y label are deforestation rate normalized with the chosen land area. The R-squared 
and p-value are for the fitted linear relationship for LCC with different land area as denominators.  
  

A 

B 
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Advantages and Caveats:  The LCC indicator specifically measures the loss of tree cover due to 
agricultural activities based on the state-of-art remote sensing observations18. 
 
Thresholds:  
Green: [\\ <= 0 562>	 
Yellow: 0 562> < [\\ < 0.0053 562> 
Red: [\\ >= 0.0053 562> 
 
The “Green” threshold is equal to 0 	562>	, considering sustainable agricultural production should not 
induce net conversion of forest to agricultural land; while “Red” threshold is equal to 0.0053 562>, which is 
the expansion rate of cropland at the cost of deforestation that crosses planetary boundary by 
2050. Springmann et al.42 adopt the following planetary boundary for cropland use: 1. 26 × 109 ℎ< (range 
1.06–1.46 × 109 ℎ<). Assuming that the global total cropland should not exceed 1.46 × 109 ℎ<, then no 
country should increase their cropland area by more than 1.46/1.26 = 1.16 or 16% over their current area. 
We divide this by 30, assuming that this is a boundary not to be exceeded in the next 30 years.   
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Figure S12. LCC indicator for different countries for two years (A) 2001 and (B) 2015 The green line 
shows the lower threshold (= 0 562>	) and red line (= 0.0053 562>	) shows the upper threshold for LCC 
indicator. The countries are color coded according to regions.  
   

A Year 2001 

B Year 2015 
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Climate change 
The impact of agriculture on climate change is measured by greenhouse gases emissions (GHG) from 
agricultural lands. 
Greenhouse gas emission (GHG) 

The greenhouse gas emissions (^M $̂%,'(, )*+,:	,4*	\_2 − La	ℎ<2>) for a country 34 and year 56 is 
defined as the ratio of carbon dioxide equivalent emissions (,4*\_2− La), and the agricultural land 
area	(ℎ<).  

^M $̂%,'( =
\_2La$%,'(

9K6+3)R,)6<R	R<*U	<6L<
 

 
\_2La$%,'( consists of 	\M4$%,'(	, <*U	I2_$%,'((,4*\_2 − La) obtained from FAOSTAT. These estimates 
are for the total amount of CH4 and N2O emissions from agriculture. This indicator, as well as several 
other environmental indicators (i.e., N Surplus, P Surplus, and Soil Erosion), is expressed as “per ha” to 
demonstrate the intensity of the emission from the land dedicated to agricultural production in a country. 
Discussion about other expressions and the rational for using the “per ha” expression in this version of 
SAM indicators is included in S.12 of this supplemental information document.  
 
Thresholds:  
Green: ^M^ <= 0.86 ,4*	\_2 − La	ℎ<2>	 
Yellow: 0.86 ,4*	\_2 − La	ℎ<2>< ^M^ < 1.08 ,4*	\_2 − La	ℎ<2> 
Red: ^M^ >= 1.08 ,4*	\_2 − La	ℎ<2> 
 
The “Green” threshold is equal to 0.86 ,4*	\_2 − La	ℎ<2>, and the “Red” threshold is 1.08 	\_2 −
La	ℎ<2> . Springmann et al.42 proposed 4.3–5.3 ^,	\_2 equivalents as the boundaries for agricultural 
GHG emissions (non-CO2 emissions; methane and nitrous oxide). Normalizing these boundaries with 
global total agricultural land area (average of 2005-2014, 4.9×109 ha), the proposed boundary for GHG 
indicator would be 0.86 –1.08 ,4*	\_2 − La	ℎ<2>. 
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Figure S13. GHG indicator for different countries for two years (A) 2000 and (B) 2015. The green line 
shows the lower threshold (= 0.86 ,4*	\_2 − La	ℎ<2>) and red line (= 1.08 ,4*	\_2 − La	ℎ<2>) shows the 
upper threshold for GHG indicator. The countries are color coded according to regions.  
  

A Year 2000 

B Year 2015 
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Soil health 
The impact of agricultural activities on soil is evaluated by soil erosion (SER) from croplands. While there 
are several potential indicators of soil health, this is the only indicator for which national scale data exist 
for most countries. Around 11 % of land is covered with cropland but this contributes to around 49.7-
50.5% of total erosion45. For this reason we considered cropland instead of entire agricultural land to 
access erosion as an indicator of soil health. 
 
Soil Erosion (SER) 

The Soil Erosion (!:=$%,'(, )*+,: ,4*	ℎ<2>) for a country 34 and year 56 is defined as the rate of soil loss 
due to agricultural activities.  

!:=$%,'( =
∑c !:=_=c × \64PR<*U96c

∑c \64PR<*U96c
 

The soil erosion rate (!:=_=c, with the unit in ,4*	ℎ<2>, where “+” is a grid cell) is obtained from Borrelli et 
al.45 for years 2001 and 2012. We aggregate the data to country scale using area weighted average with 
weights of cropland area for year 2000 obtained from Ramankutty et al.46. To estimate data for different 
years: 1) from 1990 to 2001 stay at the same level as 2001, 2) we interpolate the aggregated data 
between 2001 to 2012 by assuming linear change in the soil erosion, and 3) stay at the same level as 
2012 until 2016. 
 
Advantages and Caveats:  As of now, hardly any global data on soil health exist to the authors’ best 
knowledge. This indicator reflects soil health in terms of subnational soil erosion potential and cropland 
distributions for two points in time. Yet, this does not consider temporal dynamics in crop management 
such as adoption of soil conservation measures. Once data on cropland fractions under specific tillage 
regimes, which are becoming available in FAOSTAT (FAO, 2018) for selected countries and recent years 
and have more comprehensive spatial and temporal coverage, they will be considered for improving this 
indicator. 
 
Thresholds:  
Green: !:= <= 1 ,4*	ℎ<2>	 
Yellow: 1 ,4*	ℎ<2>< !:= < 5 ,4*	ℎ<2> 
Red: !:= >= 5 ,4*	ℎ<2> 
 
The “Green” threshold is equal to 1 ,4*	ℎ<2>and the “Red” threshold is equal to 5 ,4*	ℎ<2>(adopted from 
USDA recommendation in Stefano et al. (2016)) 
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Figure S14. SER indicator for different countries for two years (A) 2001 and (B) 2015. The green line 
shows the lower threshold (= 1 	ℎ<2>	 ) and red line (= 5 ,4*	ℎ<2>	) shows the upper threshold for SER 
indicator. The countries are color coded according to regions.  
  

A Year 2001 

B Year 2015 
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Note S4. Economic Dimension Indicators 
 
Agricultural productivity  
One common measure of agricultural productivity is agricultural labor productivity (land productivity is 
another common measure), as labor is one of the critical endowments used in agricultural activities. 
Agricultural labor productivity reflects the efficiency of labor used in agricultural activities. Labor 
productivity increases as labor costs decline and as outputs increase, all else equal, and increased labor 
productivity implies increased agricultural profitability, an important indicator of sustainable agriculture.  
Total factor productivity is in the form of growth rate is a great indicator measuring a country’s productivity 
improvements over time47. This is one of the first indicators we considered for agricultural productivity. We 
had extensive discussions on this indicator during the development of SAM indicators, but we decided not 
to include it because it measures the “growth rate” of a country’s productivity rather than the absolute 
productivity level. A high growth rate does not mean a high productivity level. For example, Syria has 
highest total factor productivity growth, but it is not necessary the country with the highest agricultural 
productivity.  It is challenging to use a “growth rate” type of indicator to compare across different 
countries. Therefore, we try to avoid this type of indicator in SAM. 
 
Agricultural GDP per Agricultural Worker, PPP (AGDP) 
Labor productivity, in economics, refers to output per labor hour and has been measured by the amount 
of real gross domestic product (GDP) generated by an hour of labor at the national level 48. In the SAM 
framework, we adopt this concept and use real agricultural value added (agricultural GDP) as agricultural 
outputs. Due to the lack of data of total labor hours from agricultural labor force across all countries, we 
use agricultural GDP per agricultural worker for each country co in each year yr as a proxy of agricultural 
labor productivity, which is sometimes used for labor productivity40,49–51. 
 
In our study data for AGDP are in constant 2011 international dollars, with AGDP in a specific country in a 
specific year converted into international dollars using purchasing power parity rates.   
 
Advantages and Caveats: Agricultural GDP per agricultural worker measures the average income 
generated by each worker and is therefore a transparent measure of the ability of a worker to generate 
income and a livelihood. However, it does not include informal labor and effective labor hours and, like 
many aggregate measures from national accounts, is subject to measurement error and biases in both 
the denominator (employment) and in the numerator (value added)49.  
 
Thresholds:  
The sustainability of the indicator 9^]Z is defined as below:  
Green: 9^]Z ≥ $7946 
Yellow: $460 < 9^]Z < $7946 
Red: 9^]Z ≤ $460 
 
Different from the environmental indicators where widely acknowledged physical limits are available, it is 
challenging to define “Red” and “Green” thresholds for economic indicators. Therefore, we use the 
distribution of existing indicator values across all years and all countries in our data set to define the 
thresholds, considering the values at the 75 percentile and 25 percentile are the green and red thresholds 
respectively.  
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Figure S15. AGDP indicator and GDP per capita (2010US$) for different countries for two years (A) 2000 
and (B) 2015. The green line (= $7,946) shows the green threshold and red line (= $460) shows the red 
threshold for AGDP indicator. The countries are color coded according to regions.   

A Year 2000 

B Year 2015 



Supplemental Information 
 

	
	

Agricultural support  
Agricultural support is defined as government policy-driven annual monetary transfers from consumers 
and taxpayers to agriculture to support its development52. Examples of agricultural support include 
government policies that promote the uptake of innovative farming technologies, provide agricultural 
extension services, and so on. Effective agricultural facilitates, stable agricultural market conditions, and 
farmers’ education level are also essential in lowering risks of potential losses in agricultural activities and 
promoting profits through improved productivity.  
 
Government Agricultural Expenditure per Agricultural Worker (AEXP) 
Government agricultural expenditure are used to incentivize and stabilize agricultural sectors. It includes 
all monetary transfers from consumers and taxpayers from government policies to provide services to 
stabilize agricultural market, boost farmers’ income, lower farmers’ risks, improve farmers’ education, 
incentivize agricultural technologies, and promote agricultural productivity52. Countries with high 
agricultural support from the government are likely to have a more economically vibrant agriculture. 
Traditionally, government agricultural expenditure per agricultural GDP is widely used as a measurement 
of relative scales of expenditure to outputs40,53. However, it is controversial to be a measurement of 
agricultural economic sustainability – high agricultural expenditure per agricultural GDP mean high 
government investments but can also be interpreted as low government investment productivity. We thus 
employ agricultural support per agricultural worker as proxy of governments’ efforts in promoting 
agriculture. A comprehensive list of government expenditure can be found at 
http://fenixservices.fao.org/faostat/static/documents/IG/IG_e.pdf40,54. Agricultural worker data is derived 
from World Bank Development Indicators to match the agricultural worker data used in AGDP55. 
 
Advantages and Caveats: Government agricultural expenditure per agricultural worker effectively reflect 
government agricultural support. As the current available data on agricultural R&D (i.e., agricultural R & D 
expenditure, number of agricultural researchers per 100,000 farmers’ million population) are is only 
limited to developing countries54, we do not use agricultural R & D data in this analysis. Moreover, 
agricultural support is not limited to agricultural R&D. 
 
Thresholds:  
The sustainability of the indicator 9:oZ is defined as below:  
 
Green: 9:oZ ≥ $2405 
Yellow: $25 < 9:oZ < $2405 
Red: 9:oZ ≤ $25 
 
Similar to AGDP, we also employ 25 percentile and 75 percentile of all available data points for AEXP to 
define red and green thresholds, respectively. 
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Figure S16. AEXP indicator and GDP per capita (2010US$) for different countries for two years (A) 2000 
and (B) 2015. The green line shows the green threshold (= $2405) and red line (= $25) shows the red 
threshold for AEXP indicator. The countries are color coded according to regions.  
  

A Year 2000 

B Year 2015 
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Market access  
Market access indicates the accessibility of agricultural products to enter into the global market 
considering trade conditions, tariffs and non-tariff measures56, implying farmers’ profitability potential from 
international markets. Consequently, the market access is an important aspect of agricultural 
sustainability. Domestic farmers’ profits come from both global market access and local market access. 
Market access usually refers to the revenues farmers gained from the global markets56.  
 
Regarding the local market access, we considered the “Proportion of the rural population who live within 2 
km of an all-season road”. With the most recent update in November 2020, only 44 data points are 
available and the available data is not measured in the same year (https://development-data-hub-s3-
public.s3.amazonaws.com/ddhfiles/94625/rural-access-index-data-042320.xls). The most recent year 
available is 2000, which cannot reflect a country’s current domestic market access situation. The data 
availability is very low. Additionally, this indicator is more of a “driver” indicator than a “performance” 
indicator. Its direct relationship with agriculture is medium. Considering these limitations, we decided not 
to include it for this version of SAM. 
 
Overall, due to the data limitations, we were unable to include the revenues the farmers obtained from the 
local markets in this version of SAM indicators, but would like to reconsider it as more data and indicators 
become available. 
 
Total agricultural export values as a percentage of agricultural GDP (TROP) 

To evaluate a nation’s trade openness, “trade openness index” has been defined as the share of each 
nation’s total export and import values to its total GDP (OECD 2011). We adapt this index to the 
agricultural sector and focus the assessment on the supply side of the market, which is more directly 
linked to economic performance of the agricultural production sector of a country.   
Consequently, the TROP indicator is defined as the export value (9K:WP$%,'() shares out of agricultural 
GDP (9K^]Z$%,'().  

7=_Z$%,'( =
9K:WP$%,'(
9K^]Z$%,'(

 

Since many exported agricultural products are processed, we include all exported agricultural 
commodities featured by HS (Harmonized System) code 1-2457. Agricultural GDP is obtained from World 
Bank Development Indicators55.  
 
Advantages and Caveats: TROP measures a country’s actual values gained from the global market with 
respect to its agricultural GDP. It indirectly reflects the easiness of farmers sell their agricultural products 
to the global market. However, it does not consider the facts that farmers in some resource-scarce and 
population-intensive countries (e.g., Japan and Korea) mainly obtain their revenues from domestic 
markets.  
 
Thresholds:  
The sustainability of the indicator 7=_Z is defined as below:  
Green: 7=_Z ≥ 71% 
Yellow: 17% ≤ 9:oZ ≤ 71% 
Red: 9:oZ ≤ 17% 
 
We apply the 25-75 percentile rule to TROP to define the red and green thresholds, respectively.  
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Figure S17. TROP indicator and GDP per capita (2010US$) for different countries for two years (A) 2000 
and (B) 2015. The green line shows the green threshold (= 71%) and red line (= 17%) shows the red 
threshold for TROP indicator. The countries are color coded according to regions.   

A Year 2000 

B Year 2015 
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Credit availability 
Capital investment is also a critical endowment in agricultural production. Better access to credit can 
increase agricultural inputs and long term investments therefore improving agricultural productivity.  
 
Access to financing for farmers 
Access to financing for farmers (92s$%,'() is an index ranging from 0-4 that measures the availability of 
financing to farmers from the public sector with 0 values indicating no access to financing programs and 4 
meaning access to deep financing58. We convert the score to a 0-100 scale (i.e., 0: 0, 1: 25, 2: 50, 3: 75, 
4: 100). 
 
Advantages and Caveats: Access to financing for farmers provides a way to quantify the farmers’ ability 
to get access to financing options. However, all countries are only classified into five groups which 
neglects many detailed information. Additionally, it is only available for the period of 2012-2016. 
 
Thresholds:  
The sustainability of the indicator 92s is defined as below:  
Green: 92s ≥ 100 
Yellow: 25 < 92s < 100 
Red: 92s ≤ 25 
 
We define the red thresholds as economies have limited access (A2F = 25) to agricultural financing 
options, such as emerging-market economy. The green threshold means safe operating zones where 
economies have deep agricultural financing options (A2F = 100), such as advanced economies24.  

 
 
 
 
 
 
 

 
 

A Year 2012 

B Year 2016 
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Figure S18. A2F indicator and GDP per capita (2010US$) for different countries for two years (A) 2012 
and (B) 2016. The green line shows the green threshold (= 100) and red line (= 25) shows the red 
threshold for A2F indicator. The countries are color coded according to regions.  
 
 
Farmer’s risks  
Farmers are exposed to many risks from both environmental and socioeconomic changes. Extreme 
climate conditions, unexpected trade tensions, investments on biofuel technologies, global energy 
shocks, and hostile agricultural policies could all impact crop prices and expose farmers’ to risks of 
profitability59–61. Lower risk environment is more desirable for sustainable agriculture, as future certainty 
can better help farmers in production planning. Volatility of agricultural markets impose risks to farmers 
primarily through price fluctuations. Previous research has shown that and high crop price volatility can 
reduce crop area planted and affect farmers decisions57,58. We, therefore, propose to use price volatility to 
reflect farmers’ risks. Crop prices are essential for the incomes of crop farmers and some livestock 
farmers, who use crops as livestock feeds. Accounting for livestock price variations would double count 
crop price variations. Eventually, we choose to use crop price only to assess the potential market risks 
that farmers face.  
 
Crop price volatility  
Crop price volatility can be defined in various ways: 1) standard deviation of crop prices, 2) coefficient of 
variation of crop prices62,63, and 3) standard deviation of monthly logarithmic changes64. The first 
measurement overestimate the fluctuations of pricy crops. Higher-priced crops may have high standard 
deviations, but it does not necessarily imply high volatility. The third method mainly focus on the annual 
changes, but it neglects the relative magnitudes of changes versus original prices. The second method, 
the coefficient variation concept, is a widely used statistical term and easy to understand. It takes into 
account both variations in standard deviation but also the original price levels. However, not all crops are 
equivalent in farmers’ income compositions. We, therefore, weight the coefficient variations based on 
each crop’s share of revenue for a given country. 
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Where the numerator is the standard deviation (x)  of each crop’s (cr) monthly prices in each year (yr) in 
each country (co) across 12 months. The denominator is the average (|) monthly prices for each crop in 
each year in each country across 12 months. The coefficient variation is weighted by each crop’s revenue 
shares in each country in each year (v$(,$%,'(). Price volatility is the weighted average of the individual 
crop coefficients of variation across all crop types (n) in each year in each country. Monthly crop prices 
are obtained from FAOSTAT40. 
 
Advantages and Caveats: Crop price volatility measures the market risks that farmers potentially face. 
However, the data is only available for the period of 2010-2016. Crop price volatility for each year only 
calculates the current year’s volatility, but the market responses could be delayed, and crop price volatility 
of previous several years are also important indicators of market risks. 
 
Thresholds:  
The sustainability of the indicator Zt_[ is defined as below:  
Green: Zt_[ ≤ 0.1 
Yellow: 0.23 > Zt_[ > 0.1 
Red: Zt_[ ≥ 0.23 
 
We apply the 25-75 percentile rule to PVOL to define the red and green thresholds, respectively.  
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Figure S19.  PVOL indicator and GDP per capita (2010US$) for different countries for two years (A) 2010 
and (B) 2016. The green line shows the green threshold (= 0.1) and red line (= 0.23) shows the red 
threshold for PVOL indicator. The countries are color coded according to regions.   

A Year 2010 

B Year 2016 
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Food loss 
Globally, about 13.8% of food was discarded, incinerated, or disposed from the post-harvest stage up to, 
but excluding, the retail stage (i.e., farm, transport, storage, wholesale, and processing) in recent years65. 
This portion of lost food would not reenter into the supply system for productive utilization purposes. If all 
of the lost food could be saved, farmers and suppliers along the supply chain can make more profits and 
more food could be available to consumers, potentially improving nutritional health and reducing hunger. 
Therefore, reducing food loss is critical for the sustainability of agricultural production. Since the SAM 
framework mainly focuses on the performance of agricultural production system, here, we align the food 
loss indicator with that defined by FAO – “the decrease in the quantity or quality of food resulting from 
decisions and actions by food suppliers in the chain, excluding retailers, food service providers, and 
consumers.”66 Food wasted at the retailing and consumption is more dependent on consumption habits 
and consequently out of the scope of the SAM assessment. 
 
Food loss percentage (FLS) 

Food loss percentage is defined as “a measure of post-harvest and pre-consumer food loss as a ratio of 
the domestic supply (production, net imports, and stock changes) of crops, livestock, and fish 
commodities”. It has been developed to evaluate a country’s food loss performance and food supply 
chain efficiency. The percentage could be estimated based on physical quantities of the food products 
(e.g., weight is used in the EIU indicator), economic values, or calories65. 
 
Several existing databases assess food loss with a global coverage, such as EIU’s Global Food Security 
Index (GFSI) 2019 (https://foodsecurityindex.eiu.com/) and FAO’s Food Loss and Waste database 
(http://www.fao.org/platform-food-loss-waste/flw-data/en/). While FAO provides an extensive dataset by 
country, year, crop, and supply chain stage, many gaps in the data or in the reliability of this data still 
remain. Based on our recent communication with FAO, country-level food loss estimates are still under 
robustness check and have not been released yet. The food loss indicator in GFSI aggregated food loss 
(and production) for all food commodities by weight using data from FAO (2013), and estimated the food 
loss percentage for 113 countries for the period of 2012-2019. To provide a reality check for the food loss 
indicator in GFSI, we did a comparison with the regional food loss percentage reported by FAO for eight 
world regions, even though the FAO value was weighted by total economic values. This preliminary 
comparison suggests that the assessment from the two sources are generally comparable (Figure S20).  
 
FAO has also proposed a Food Loss Index (FLI) in SDG indicator 12.3.1, which compares food loss 
percentage in the current year to that in the base year (average of 2004-2006), in order to track a 
country’s progress’s over time. We consider that the numerator of the FLI (i.e., food loss percentage in 
the current year) fits the SAM assessment framework better than the FLI does, because the SAM 
framework aims to evaluate the level of food loss for each country and compare it among countries and 
years. 
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Figure S20. Food loss percentage by region. Country abbreviations with color denote EIU’s food loss 
percentage data for each region and the colored horizontal line denote aggregate regional food loss 
percentage in 2016 reported by FAO67. Please note that our definition of regions is not exactly the same 
as FAO’s. FAO combines “Latin America” (denoted in red) and “the Caribbean” (denoted in pink) into one 
region, which has 11.6% of aggregate food loss. FAO’s “Europe and North America” contains more 
European countries. Given EIU adopts FAO’s food loss percentage in 2013, the disparities between 
FAO’s regional aggregate and EIU’s national food loss percentage span are reasonable. Such disparity 
could also be attributed by different aggregation methodology used by FAO (production value-based) and 
EIU (domestic supply weight-based). 
 
Advantages and Caveats: Food loss percentage of domestic supply has been used to evaluate a 
country’s food loss levels relative to its supply capacity. However, high-quality data is only available for 
113 countries over the period of 2012-2016. Future efforts could be taken to provide annual national 
aggregate food loss data and more transparently documented methodology for percentage aggregation. If 
we were evaluating retail and consumer waste, that the correlation with GDP would probably be positive 
 
Thresholds:  
The sustainability of the indicator FLS  is defined as below:  
Green: s[!	 ≤ 2.2% 
Yellow: 6.6% > s[! > 2.2% 
Red: s[! ≥ 6.6% 
 
We apply the 25-75 percentile rule to FLS to define the green and red thresholds, respectively. 
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Figure S21.  FLS indicator and GDP per capita (2010US$) for different countries for two years (A) 2012 
and (B) 2016. The green line shows the green threshold (= 2.2%) and red line (= 6.6%) shows the red 
threshold for FLS indicator. The countries are color coded according to regions. 
 
  

A Year 2012 

B Year 2016 
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Note S5. Social Dimension Indicators 
 
Farmer’s wellbeing  
Farmers, on one hand, are suppliers in agricultural production, on the other hand, are also consumers of 
all economic sectors. Farmers make a living through the profits made from agricultural production and 
most of them live in rural areas. Rural poverty thus reflect the living standards of farmers. 
 
Rural poverty ratio 
Rural poverty ratio (=Zt$%,'() is defined as the percentage of rural population with income under the 
poverty lines55. 
 
Advantages and Caveats: Rural poverty is an important aspect to show farmers’ wellbeing. However, 
rural poverty is not equivalent to farmers’ poverty, and it only includes data for developing countries. Rural 
areas in developing countries are primarily residence areas for farmers, which are not true in developed 
countries. 
 
Thresholds:  
The sustainability of the indicator =Zt is defined as below: 
 
Green: =Zt ≤ 2 
Yellow: 13 > =Zt > 2 
Red: =Zt ≥ 13 
 
The green and red thresholds for the rural poverty ratio is based on the thresholds of the indicator 
“poverty headcount ratio at $1.90/day” identified by Sustainable Development Report 2019 (Sustainable 
Development Report 2019: Table 10, SDG1)68. 
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Figure S22. RPV indicator and GDP per capita (2010US$) for different countries for two years (A) 2000 
and (B) 2015. The green line shows the green threshold (= 2) and red line (= 13) shows the red threshold 
for RPV indicator. The countries are color coded according to regions.  
  

A Year 2000 

B Year 2015 
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Equality 
The protection of farmers’ rights among members of society are important social dimensions of 
sustainable agriculture and contribute to the performance of food systems. In particular, the security of 
land tenure is one of the most important rights to foster long-term stewardship of the land and agricultural 
practices. Secure land tenure gives farmers more confidence to make investments on land improvements 
which could contribute to the sustainability of agriculture as well as to higher productivity and income69,70. 
 
Global gender gap score (GGG) 

Global gender gap score (^^ $̂%,'() is a score system developed by World Economic Forum that 
quantifies the magnitude of gender disparities and tracks their progress over time, with a specific focus on 
the relative gaps between women and men across four key areas: health, education, economy, and 
politics. It ranges from 0 to 100% where 0 means full disparity and 100% indicates full parity. Besides 
GGG, we have also considered Gender Inequality Index71, Gender Equality Rating55, and Women 
Empowerment in Agriculture72.  Due to the severe missing value issues of these indices, we eventually 
choose GGG as our gender equality indicator. 
 
Advantages and Caveats: Admittedly, the GGG score is not specific for gender gap in population involved 
in agricultural production. Using this indicator in SAM assumes the gender gap in agricultural sector is 
similar to the general conditions for a country, which is acceptable for most countries but may not be true 
in some countries with large gender disparities between rural and urban areas. 
 
Thresholds:  
The sustainability of the indicator ^^^ is defined as below:  
Green: ^^^ ≥ 80% 
Yellow: 70% ≤ ^^^ ≤ 80% 
Red: ^^^ ≤ 70% 
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B Year 2016 
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Figure S23. GGG indicator and GDP per capita (2010US$) for different countries for two years (A) 2006 
and (B) 2016. The green line shows the green threshold (= 80%) and red line (= 70%) shows the red 
threshold for GGG indicator. The countries are color coded according to regions.  
 
Rights 
Equality, especially women empowerment in a society, can ensure food and nutrition from agricultural 
systems effectively delivered to households73–75. Women also play a critical role in ensuring the nutritional 
status of children under five73. Moreover, women are an important element of the workforce in rural areas 
and essential for global food security75. We, therefore, include global gender score (GGG) to measure 
gender equality. 
 

Land rights security (LRS) 
Land rights security (LRSÑÖ,Üá) is an index that measures the legal security of community lands based on 
10 indicators76.  It ranges from 1-4: a score 1 indicates the law provides full legal protection; a score 2 
recognizes that the law has made significant progress but does not provide full protection; a score 3 also 
implies partial legal protection but with limited progress; a score 4 indicates absence of legal protections. 
The data is collected by LandMark for 95 countries based on a review of national laws, which means that 
the implementation of these laws is not considered. Prindex77 is an alternative indicator that measures the 
perception of land tenure security based on 6 modules (tenure assessment, perceptions, documentation, 
benefits, tenure security of other properties, property rights context and perceptions). However, due to 
their limited country coverage (n=33), we use the indicator collected by LandMark in this paper. 
 
Advantages and Caveats: LRS is a good proxy for understanding the broader conditions of land tenure 
security for smallholder farmers76.  In addition, it is also important to consider the importance of 
community lands in sustainable agriculture. Many peasant and indigenous communities depend on 
access to community lands for their livelihoods, but inadequate laws often undermine the land tenure 
security of these lands78. Especially, the global land rush that followed the 2008 financial crisis showed 
that community lands are particularly vulnerable to a rise in the demand for agricultural land79. For this 
reason, it is important to consider the potential effect of agriculture on community lands. However, the 
data is only available for the year 2014. We consider this one-time assessment is acceptable because 1) 
few other databases provide a good coverage of countries with multiple-year observations; 2) this 
assessment is based on the review of national laws, which do not change frequently, therefore, it can 
represent the performance over several years.   
 
Thresholds:  
The sustainability of the indicator [=! is defined as below:  
Green: [=! ≤ 2 
Yellow: 3 > 	[=! > 2 
Red: [=! ≥ 3 
 
Countries with LRS smaller than 2 either have full lawful protection in their community land security or 
have partial lawful protection and are making significant progress towards full protection. Countries with 
LRS greater than 3 have limited or absent lawful protection. 
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Figure S24. LRS indicator and GDP per capita (2010US$) for different countries for year (A) 2014. The 
green line shows the green threshold (= 2) and red line (= 3) shows the red threshold for LRS indicator. 
The countries are color coded according to regions.   

A Year 2014 
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Health and nutrition  
The agricultural sector is responsible for ensuring food is available and accessible, which can impact food 
security as well as the nutritional and health status of populations. However, improving nutritional status is 
a multi-faceted, multi-sectoral issue that goes beyond just food security and healthy dietary patterns. 
There are many other factors that contribute to nutritional wellbeing including trade, culture, women’s 
empowerment and the larger health sector. To evaluate health and nutrition, we have considered using 
prevalence of undernourishment (UDN), minimum acceptable diets (MAD), percentage of lactating 
women (POA), and obesity rates (OBR).  UDN provides an effective estimate of the proportion of 
populations who are suffering insufficient energy dietary intake to maintain a normal active and healthy 
life. MAD is a composite indicator that captures breastfed children 6-23 months of age who had at least 
the minimum dietary diversity and the minimum meal frequency during the previous day and non-
breastfed children 6-23 months of age who received at least 2 milk feedings and had at least the 
minimum dietary diversity not including milk feeds and the minimum meal frequency during the previous 
day per Non-breastfed children 6-23 months of age80. However, the indicator does not provide 
quantitative information about children’s food and nutrient intake and a significant lack of data does not 
qualify MAD is an indicator to be included in the SAM framework. POA is associated with anemia resulted 
from malnutrition81, however, many other non-nutrition factors may also relate to lactating. The 
complications of lactating cannot accurately reflect nutrition status of a society. Similarly, OBR is also 
strongly affected by factors beyond the food supply provided by agriculture (e.g., food and built 
environments, behavior change, genetics, race and ethnicity, physical activity etc). Obesity is not 
monotonic with nutritional status: in low-income countries, wealthy populations tend to have an increased 
risk of obesity while in high-income countries, poor populations are more likely to be obese 73. This is the 
classic nature of nutritional status in places that are yet to undergo or are undergoing a nutrition 
transition82. Therefore, we have decided not to include OBR as a health and nutrition indicator for this 
paper. 
 
Prevalence of undernourishment (UDN) 
Prevalence of undernourishment ("]I$%,'() is an indicator defined by FAOSTAT to estimate the 
proportion of the population whose habitual food consumption is insufficient to provide the dietary energy 
levels that are required to maintain a normal active and healthy life40.  
 
Advantages and Caveats: Prevalence of undernourishment provides an effective measure of the first 
condition for achieving food and nutrition security, that of adequate calorie availability and consumption. 
Numerous other factors are required to ensure the health and nutrition of a country's population. 
 
Thresholds:  
The sustainability of the indicator "]I is defined as below:  
Green: "]I ≤ 0 
Yellow: 0 > "]I > 7.5 
Red: "]I ≥ 7.5 
 
Agricultural systems that cannot provide the median dietary intake is considered at high risks of 
agricultural unsustainability. With sustainable agricultural systems, there will not be any population 
undernourished. 
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Figure S25. UDN indicator and GDP per capita (2010US$) for different countries for two years (A) 2000 
and (B) 2015. The green line shows the green threshold (= 0) and red line (= 7.5) shows the red threshold 
for UDN indicator. The countries are color coded according to regions.  
  

A Year 2000 

B Year 2015 
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Resilience 
Resilience measures capacity of a system to recover from external disturbances 27,76–78. Countries with 
resilient food system are more likely to survive from perturbations and achieve long-term sustainable 
development. We adopt crop production diversity index and food affordability – two resilience indicators 
from Seekell et al27 – to measure food supply and consumption resilience, respectively.  
 
Crop production diversity (RSH) 
Crop production diversity (=!M$%,'() aims to measure the food redundancy of a country, which can provide 
“insurance” within a system with one crop to supplements of the others. A resilient agricultural system is 
thus considered as a sustainable agricultural system9,83. Some diversity indices, such as Shannon’s 
index, Simpson index, and Berger-Parker index, were widely used to quantitatively measure the 
“diversity” of “species/types” in a given area or dataset. These indices usually take into account the total 
available species/types and work very well in local regions. The SAM database, however, aims to 
measure the “diversity” extent in each country. Countries with diverse geographic conditions tend to have 
all types of crops, but not all crops are abundant in meeting food and feed needs. We therefore adopt 
Seekell et al.84’s approach – H index – to evaluate the diversity of crop types that provide certain 
quantities of calories per capita. 
 
The H index here is similar to the one used in evaluating scientific influences of a researcher – the 
number of articles h with citation number ≥ h 85. Following Seekell et al.84, we first calculated the annual 
domestic production per capita of each commodity, \c, in each country:  

\c	 =
àc
Zc

 

where àc is the total kcal produced by each commodity in a given year and country, and Zc is the 
population 40.. All \c were ordered from greatest to least and given a rank depending on their order in this 
sequence (i.e. the highest \c has a rank of 1, the second highest has a rank of 2, and so on). Then, we 
calculated the h-index as the largest rank for which the rank is equal or less than the corresponding \c. In 
other words, an h-index of 20 indicates that a country has 20 commodities that produce at least 20 kcal 
per capita. 
 
Advantages and Caveats: Crop diversity H index has been published as a resilience indicator. It only 
includes crops that can provide sufficient calories to consumers. However, this indicator is not easy to 
understand. 
 
Thresholds:  
The sustainability of the indicator =!M is defined as below:  
Green: =!M ≥ 48 
Yellow: 22 < =!M < 48 
Red: =!M ≤ 22 
 
Similar to economic indicators, identifying planetary boundaries for RSH is also challenging. Therefore, 
we also apply the 25-75 percentile rule to RSH to define the red and green thresholds, respectively.  
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Figure S26. RSH indicator and GDP per capita (2010US$) for different countries for two years (A) 2000 
and (B) 2015. The green line shows the green threshold (= 48) and red line (= 22) shows the red 
threshold for RSH indicator. The countries are color coded according to regions.  
  

A Year 2000 

B Year 2015 
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Food affordability (RSE) 

 
Food affordability (=!:$%,'() reflects the resilience of the lowest 20th percentile  of households in each 
country to short-term changes in food prices. It is defined as the ratio between their income (#*340L$%,'() 
and food expenditure per capita (s44U:WP$%,'()84.  

=!:$%,'( =
#*340L$%,'(
s44U:WP$%,'(

 

Where Income is the average income of the lowest 20% of each country’s income distribution (per 
capita)55.  FoodExp is average food expenditure per capita, which was based on the FAO Domestic Food 
Price Level Index. 
 
Most income values were based on income data from the WDI55, estimated using their PovcalNet tool 
(http://iresearch. worldbank.org/PovcalNet/index.htm). Some missing income values from WDI are filled 
by the United Nations University World Income Inequality Database (WIID 3.3) 
https://www.wider.unu.edu/project/wiid-world-income-inequality-database. 
 
Advantages and Caveats: Food affordability reflects the purchasing power of the lowest 20% income 
households. It reflects resilience of food system from consumption side with solid literature backup. 
However, the lowest 20% income households are not necessarily all farmers’ households. Some farmers’ 
households may belong to high-income group. 
 
Thresholds:  
The sustainability of the indicator =!: is defined as below:  
Green: =!: ≥ 100% 
Yellow: 30% < =!: < 100% 
Red: =!: ≤ 30% 
 
Thresholds for RSE is based on expert opinions. Households with lowest 20% income that cannot afford 
30% of the food expenditure is considered unsustainable. Households with lowest 20% income that can 
fully cover their food expenditure is considered as sustainable.  
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Figure S27. RSE indicator and GDP per capita (2010US$) for different countries for two years (A) 2000 
and (B) 2015. The green line shows the green threshold (= 100%) and red line (= 30%) shows the red 
threshold for RSE indicator. The countries are color coded according to regions.  
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Note S6. Other sustainability concerns 
 
Animal welfare  
Animal welfare is an important indicator to consider for the future sustainability of food system and supply 
chains. However, indicators of animal welfare have been suggested and developed but have not been 
used extensively and consistently at scale. Most studies point towards legislative mandate as a proxy 
indicator for animal welfare1, which tends to measure the “Driver” instead of “Performance” (one of the 
criteria for indicator evaluation).  This presents some issues since consumers in a given nation have to 
demand it (e.g., in Europe), while in SSA this might not be a critical issue given their system, but this does 
not necessarily mean the animal welfare is worse in SSA than in Europe. In addition, whether this type of 
indicator can actually reflect the status of animal welfare is also influenced by governance qualities like 
rule of law and regulatory quality, which makes this type of indicator less relevant to the actual 
performance of agriculture sustainability (one of the criteria for indicator evaluation).  Even in countries in 
North America versus those in European Union, policies still differ in terms of demand by the public and 
implementation86–88.  
Better metrics that cover the main pillars of animal welfare can be developed and have been proposed 
(see the FAO- SAFA, and Animal Protection Index) but there is still ongoing debate on a) how to account 
for the fact that different species might require different improvements in specific pillars than others; b) 
whether to use resource-based measures (management) versus out-come based measure (behavioral 
and meat quality)89,90. In addition, those newly proposed indicators require intensive data collection, which 
is costly at a micro and national level.   
Considering the limitations of existing animal welfare indicators above and the principles for the SAM 
indicator development, we decide not to include animal welfare indicators in this SAM edition. According 
to EIU’s FSI, animal welfare indicator was located under the “Land (land use, biodiversity, human capital)” 
sub-category; following FSI’s design, we allocate animal welfare indicator under the major aspect of 
“Land Use and loss of biodiversity”, and will consider to include such indicator in future version of SAM.   
 
 
Equality, demographics, and employment: 
In the major aspect of “Equality, demographics, and employment”, we currently choose to use “Global 
gender gap report score”. We acknowledge that this indicator is not specific to agriculture. We have also 
considered “Participation rate of youth/women in farming” in the initial list of indicators as well. In 
summary, we have considered “women’s empowerment in agriculture”, “net migration”, “age distribution”, 
“participation rate of women in farming”, and “participation rate of youth in farming”. Ideally, we would like 
to include “women’s empowerment in agriculture” but did not due to the very low data availability (only 
Bangladesh, Guatemala, and Uganda’s 2011 and 2014 data is available). For the age related 
participation, it is challenging to identify its monotonic relationship with agriculture: higher youth 
participation may indicate that only youth are left in farming and all adults have sought other job 
opportunities; higher youth participation may also indicate a larger youth labor force in the agricultural 
sector; lower youth participation may be due to the a higher “education rate” but could also mean “no 
future labor force for farming activities”. Its monotonicity relationship with sustainability level is unclear. 
Similar reasoning can also be applied to women’s participation: is higher participation by women more 
sustainable or unsustainable? Higher female participation, on one hand, could imply women’s 
empowerment in agriculture, while on the other hand, may result from “the lack of male labor force in 
farming”. Given these controversies, we considered further debates and development on these indicators 
are warranted and decided not to use these indicators. prefer indicators that directly measure “women’s 
empowerment”.  
Using the GGG indicator in SAM assumes that the gender gap in agricultural sector is similar to the 
general conditions for a country, which is acceptable for most countries but may not be true in some 
countries with large gender disparities between rural and urban areas. The advantage and caveats of 
using this indicator are included in note S5.2. 
 
  

                                                
1 1) animal health, 2) emotions (affective states), and 3) behavior (natural living). 
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Note S7. Raw Value Transformations 
SAM indicators have different units and values with different distribution and meaning for agricultural 
sustainability; therefore, it is very difficult to make comparison among indicators using the raw value. 
Consequently, we apply logarithmic transformation to improve the consistency of value distribution among 
indicators; then we apply direction adjustment in order to ensure the higher value of each indicator 
indicates more sustainable performance in that specific assessment theme (Table S.3). With the 
transformed value, we apply two types of score transformation approach for synergy and trade-off 
analysis and visualization. 
 
Logarithmic Transformations 
Logarithmic transformation is a way to improve assumptions of normality, linearity, homogeneity of 
variance91,92. Log transformation compresses high values and spreads low values by expressing the 
values as orders of magnitude. Log transformation is often useful when there is a high degree of variation 
within variables or when there is a high degree of variation among attributes within a sample. We apply 
logarithmic transformations to those indicators that do not have quasi-normal distributions. We also add 1 
or minimum non-zero values to indicators with negative raw values when necessary. Table S.3 
summarizes raw values transformations that we have performed. 
 
Direction Adjustments 
To reconcile all the indicators and make it consistent with the principle “higher values imply greater 
sustainability”, we adjust the direction of indicators whose raw values have the opposite intuitive meaning 
before transforming raw values of each indicator to scores. Higher raw values of environmental indicators 
usually mean greater pollution and resource depletion resulted from agricultural activities. Therefore, we 
multiply these values with -1 after logarithmic transformations. Similarly, we apply the same treatment to 
rural poverty ratio (RPV) and prevalence of undernourishment (UDN), and land security score (LRS) in 
the social dimension. Higher values of these indicators originally indicate worse performance in social 
sustainability. In the economic dimension, we take the reciprocal of price volatility (PVOL). PVOL is the 
coefficient variation of the crop prices and the reciprocal of PVOL is the Sharpe Ratio of crop prices with a 
real meaning – the average return of variation. Table S.3 details the direction adjustments for each 
indicator. 
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Table S3. Logarithmic transformations and direction adjustments 
Major Theme to 
assess Indicators Units Transformations 

Environmental Dimension  

Water availability 
Sustainability of irrigation water 
consumption (Water 
Consumption; SUSI) 

km3 total annual 
irrigation water/km3 

sustainable annual 
water use 

−R4K10(o + (o > 0)	) 

Pollution 

Nitrogen surplus (N Surplus; 
Nsur) kg N/ha/yr −o 

Phosphorus surplus (P Surplus; 
Psur) kg P/ha/yr −o 

Land use and 
loss of 
biodiversity 

Land cover change due to 
agricultural activities (Lost 
forested area) (Land Use 
Change; LCC) 

ha deforested/ha 
cropland area/yr −R4K10(o + (o > 0)	) 

Climate change 

Total GHG emission from 
agriculture activities per 
harvested area including 
pastureland (Greenhous Gas; 
GHG) 

ton CO2eq/ha −R4K10(o + (o > 0)	) 

Soil fertility and 
soil health Soil Erosion (Soil Erosion; SER) ton/ha −R4K10(o) 

Economic Dimension  

Agricultural labor 
productivity 

Agricultural GDP per agricultural 
worker (Productivity; AGDP) 2011 US$ PPP R4K10(o) 

Agricultural 
support 

Government agricultural 
expenditure per agricultural 
worker (Government Support; 
AEXP) 

2011 US$ PPP R4K10(o) 

Market access 
Total agricultural export values 
as a percentage of agricultural 
GDP (Market Access; TROP) 

% R4K10(o) 

Credit availability Access to finance for farmers 
(Finance Access; A2F) Score o 

Farmer’s risks Crop price volatility (Price 
Volatility; PVOL) - 1/o 

Food Loss Food loss percentage (Food 
Loss; FLP) % −o 

Social Dimension  

Resilience 

Crop production diversity (Crop 
Diversity; H index) Counts o 

Food affordability (Food 
Affordability; RSE) % o 

Health and 
nutrition 

Prevalence of undernourishment 
(Under-nourishment; UDN) % −o 

Farmers’ 
wellbeing 

Rural poverty ratio (Rural 
Poverty; RPV) % −o 

Equality Global gender gap report score 
(Gender Gap; GGG) Score o 

Rights Land rights (Land Right; LRS) Score −o 
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Note S8. Sustainability performance by country groups 
 
Sustainability performance and income group 

 
Figure S28. Percentage of countries in sustainability performance category of each indicator by income 
group. Each panel display four groups of countries in each bar: high-income, upper-middle-income, lower-
middle-income, and low-income countries. The green, yellow, and red patches in each bar denote the 
percentage of countries in each zone: “safe operating zones” (overall score > 66.67), “zone of uncertainty: 
the increasing risk of impacts”, “dangerous level: high risk of serious impacts” (overall score < 33.33), 
respectively. 
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Figure S29. The recent five-year (2010-2014) sustainability performance of each indicator and each 
dimension of eight selected countries (The assessment for all 218 countries or regions are available in 
Supplemental Figure S45). The outer ring denotes the sustainability performance of each indicator: the 
red color indicates each indicator’s performance is below the red threshold (score < 33.33), and the 
sustainability is at a “dangerous level: high risk of serious impacts.” The yellow color denotes each 
indicator’s performance is between the red and green thresholds (33.33 < score < 66.67), and the 
sustainability is at a “zone of uncertainty: the increasing risk of impacts.” The green color shows 
indicator’s performance above the green thresholds (score > 66.67) representing “safe operating zones.” 
The middle-ring show the average dimensional performance following the traffic color scheme. The 
central circle denotes the overall national sustainability performance. The arrows in each panel denote 
the trends between the year 2010-2014. 
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Figure S30.  The historical trajectory of SAM indicators for a selection of countries (The assessment for all 
218 countries or regions are available in Supplemental Figure S46). Within each of the four income 
groups (i.e., high income, upper-middle-income, lower-middle income, and low-income countries93), two 
countries (one in tropical and another in temperate climate zone) with the highest total agricultural GDP 
(average of 2010–2014) were selected for display here. Each row records the performance of a SAM 
indicator over 1961-2016 (1 column per year), and the color of each cell is determined by the indicator 
score (see Experimental Procedures for methods score calculation). The blank cell indicates that data is 
not available for the corresponding indicator/year pair.  
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Figure S31. An overview of trade-off dominance of pairwise indicators in low-income, lower-middle-
income, upper-middle-income, and high-income countries.  Each pairwise patch shows the percentage of 
significant tradeoff relationships out of total significant synergetic and trade-off relationships for low-
income, lower-middle-income, upper-middle-income and high-income countries denoted by red, magenta, 
cyan, and green dots. The orange line is the 50% trade-off line, above which the dots indicate trade-off 
dominant relationships and below which the dots represent synergetic dominant relationships. Panels 
without dots indicate insignificant relationships for all countries or insufficient data. Panels with colored 
background highlight the pairwise indicators with significant positive and negative correlation relationship 
more than the insignificant correlations. Light orange background indicates synergy-dominant 
relationships across four income groups; light blue background represents tradeoff-dominant relationships 
across four income groups; light grey background means indecisive relationships across four income 
groups. 
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Figure S32. Performance of each indicator and their interactions in a country (See Supplemental Figure 
S47 for all countries’ assessments).The background colors of the boxes in the diagonal is determined by 
the indicator performance for the most recent years (2010-2014) using the traffic light color scheme as in 
Figure 2 in main text. The red color indicates high urgency for taking actions. The colors of remaining 
boxes indicate the synergies (orange, significantly positive) and tradeoffs (blue, significantly negative) 
between indicators. Light yellow denotes not significant, and grey denotes not enough data for 
correlation. The number in a colored box is the r value for the corresponding pair of indicators.  
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Figure S33. Synergies and tradeoffs of a selection of SAM indicator pairs for individual countries, and 
their potential drivers. The x-axis is the correlation between a pair of indicators, and the y-axis is per 
capita agricultural land area (indicating the land use pressure).   Each data point is noted with the three 
letter acronym for a country following the ISO alpha-3 country code definition (ISO 3166-1: 2013). The 
font size of the country name is determined by the harvested area and the color is determined by the 
region that a country located in13.  
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Sustainability performance and regional group 

 
Figure S34. Dimensional fractions of all 112 countries (harvested area > 100,000 ha) in sustainability 
performance category by geographic group. From the upper left to the lower right, the four panels display 
the overall, environmental, economic, and social dimensions. Each panel displays eight groups of 
countries in each bar: Asia, Caribbean, East Europe and Eurasia, Europe and North America, Latin 
America, Middle East and North Africa, Pacific, and Sub-Saharan Africa94. The green, yellow, and red 
patches in each bar denote the percentage of countries in each zone: “safe operating zones” (overall 
score > 67), “zone of uncertainty: the increasing risk of impacts”, “dangerous level: high risk of serious 
impacts” (overall score < 33), respectively. 
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Figure S35. An overview of trade-off dominance of pairwise indicators in eight regions.  Each pairwise 
patch shows the percentage of significant tradeoff relationships out of total significant synergetic and 
trade-off relationships for each regional group denoted by colored dots. The orange line is the 50% trade-
off line, above which the dots indicate trade-off dominant relationships and below which the dots 
represent synergetic dominant relationships. Panels without dots indicate insignificant relationships for all 
countries or insufficient data. Panels in with colored background highlight the pairwise indicators with 
significant positive and negative correlation relationship more than the insignificant correlations. Light 
orange background indicates synergy-dominant relationships across eight regions; light blue background 
represents tradeoff-dominant relationships across eight regions; light grey background means indecisive 
relationships across eight regions. 
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Sustainability performance and self-sufficiency ratio 

 
Figure S36. Dimensional fractions of all 112 countries in sustainability performance category by self-
sufficiency group. From the upper left to the lower right, the four panels display the overall, environmental, 
economic, and social dimensions. Each panel displays four groups of countries depending on their self-
sufficiency ratio levels in each bar: >100%, 95%-100%, 70%-95%, and < 70%. The green, yellow, and red 
patches in each bar denote the percentage of countries in each zone: “safe operating zones” (overall 
score > 67), “zone of uncertainty: the increasing risk of impacts”, “dangerous level: high risk of serious 
impacts” (overall score < 33), respectively.  
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Figure S37. An overview of synergies and trade-offs across SAM indicators and self-sufficiency ratio for 
112 major agricultural production countries. The short indicator names are on the diagonal of the figure, 
and each box at the lower-left part of the figure summarizes the relationships between a pair of indicators. 
In each box, height of each colored bar is determined by the fraction of countries in synergy (orange; 
significantly positive correlation between indicators, p-value < 0.05), trade-off (blue; significantly negative 
correlation), or insignificant relationship (yellow); the remaining area in the box indicates no-data (light 
grey).  
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Note S9. Sustainability performance and population 

 
Figure S38. Population percentage in red, yellow, and green zones of each indicator for 112 major 
agricultural regions (harvested area > 100,000 ha). The vertical axis denotes each indicator and the 
horizontal axis denotes the population percentage. The green, yellow, and red patches in each bar 
denote the percentage of total population in each zone: “safe operating zones” (overall score > 67), “zone 
of uncertainty: the increasing risk of impacts”, “dangerous level: high risk of serious impacts” (overall 
score < 33), respectively. The grey bars denotes the percentage of population with unavailable data. The 
data is based on the average performance of 2010-2014. 
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Note S10. Sensitivity analysis 
We perform a sensitivity analysis to check the robustness of our score calculation methods. We randomly 
removed one to nine indicators and calculated the overall national performance of sustainable agriculture 
following the methods in Experimental Procedures in the main text. We performed 1000 simulations for 
each removal and plotted the distributions of the score variations for each removal. The result shows that 
the average score stays at their original static level and the standard deviation of removing even three 
variables are less than three. 

 
Figure S39. The recent five-year (2010-2014) sensitivity analyses of eight selected countries. The vertical 
axis shows the variations of each country’s overall performance. The horizontal axis is the number of 
omitted indicators. For example, 1 means we randomly remove 1 indicator and the violin plot shows the 
distribution of that country’s overall scores.  
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Note S11. Synergy and trade-off analyses 
 
The SAM framework originally contains 218 countries, and we select 112 countries in our synergy and 
trade-off analyses39. These countries over 1961-2016 have GDP or harvested area records longer than 
20 years between 1961-2016, have consistent country territories and definitions, and their average 
harvested area are greater than 100, 000 ha. Table S4 lists the selected countries and their 
corresponding average harvested areas in descending order. Key statistics in synergy and trade-off 
analyses shown in Figure 5 is presented in Table S5. 
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Table S4 Countries in the synergy and trade-off plot analysis and the corresponding average crop land 
harvested area over 1961-2016 (descending order). 

Countries 
Harveste
d Area 
(ha) 

Countries 
Harveste
d Area 
(ha) 

Countries 
Harveste
d Area 
(ha) 

China 4.82E+08 Cote d'Ivoire 1.79E+07 Guatemala 3.36E+06 
Australia 4.19E+08 Thailand 1.66E+07 Nicaragua 3.35E+06 
United States of 
America 3.35E+08 United Kingdom 1.56E+07 Portugal 3.11E+06 

Brazil 2.20E+08 Paraguay 1.55E+07 Sierra Leone 2.96E+06 
India 1.85E+08 Poland 1.55E+07 Austria 2.65E+06 
Mongolia 1.22E+08 Germany 1.51E+07 Republic of Korea 2.48E+06 
Saudi Arabia 1.20E+08 Bangladesh 1.43E+07 Sri Lanka 2.47E+06 
Sudan (former) 1.01E+08 Uruguay 1.40E+07 Liberia 2.38E+06 
Mexico 9.24E+07 Italy 1.39E+07 Honduras 2.36E+06 
South Africa 8.76E+07 Chile 1.34E+07 Lesotho 2.20E+06 
Nigeria 5.89E+07 Philippines 1.33E+07 Togo 2.16E+06 
Angola 5.45E+07 Romania 1.32E+07 Denmark 2.15E+06 
Iran (Islamic Republic 
of) 5.15E+07 Ethiopia 1.31E+07 Benin 2.13E+06 

Mozambique 4.65E+07 New Zealand 1.27E+07 Sweden 2.12E+06 
Chad 4.59E+07 Ghana 1.25E+07 Dominican Republic 2.04E+06 
Colombia 4.19E+07 Zimbabwe 1.24E+07 Costa Rica 1.90E+06 
Canada 4.04E+07 Guinea 1.24E+07 Rwanda 1.85E+06 
Indonesia 3.87E+07 Syrian Arab 

Republic 1.20E+07 Burundi 1.73E+06 

Mauritania 3.81E+07 Uganda 1.03E+07 
Lao Peoples 
Democratic 
Republic 

1.71E+06 

Namibia 3.69E+07 Viet Nam 1.01E+07 Netherlands 1.70E+06 
Algeria 3.65E+07 Congo 9.89E+06 Panama 1.62E+06 
Madagascar 3.56E+07 Burkina Faso 9.68E+06 Switzerland 1.43E+06 
Mali 3.37E+07 Senegal 7.87E+06 Guinea-Bissau 1.37E+06 
Bolivia (Plurinational 
State of) 3.24E+07 Greece 7.70E+06 Finland 1.37E+06 

Turkey 3.10E+07 Tunisia 7.38E+06 El Salvador 1.32E+06 
Niger 3.06E+07 Ecuador 5.94E+06 Guyana 1.31E+06 
United Republic of 
Tanzania 2.93E+07 Cameroon 5.67E+06 Swaziland 1.26E+06 
Morocco 2.57E+07 Nepal 5.37E+06 Jordan 1.02E+06 
Botswana 2.49E+07 Hungary 5.19E+06 Papua New Guinea 9.18E+05 
France 2.48E+07 Malaysia 5.10E+06 Albania 9.07E+05 
Kenya 2.45E+07 Bulgaria 4.80E+06 Gambia 5.66E+05 
Spain 2.38E+07 Gabon 4.77E+06 Lebanon 5.39E+05 
Democratic Republic 
of the Congo 2.30E+07 Japan 4.74E+06 Norway 4.78E+05 
Pakistan 2.26E+07 Cuba 4.50E+06 Bhutan 4.36E+05 
Yemen 2.23E+07 Malawi 4.34E+06 Israel 4.32E+05 

Zambia 1.90E+07 Egypt 4.13E+06 United Arab 
Emirates 3.00E+05 

Venezuela (Bolivarian 
Republic of) 1.87E+07 Central African 

Republic 3.76E+06 Fiji 2.51E+05 

Peru 1.82E+07         
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Table S5. Number of country observations with statistically significant positive, negative and uncorrelated 
observations. 
Correlation 
between 

Number of positive 
statistically 
significant 
observations  

Number of negative 
statistically 
significant 
observations  

Number of 
statistically 
uncorrelated  
observations  

Total 
number 

SUSI & Nsur 31 14 54 99 
SUSI & Psur 17 20 43 80 
SUSI & LCC 10 13 56 79 
SUSI & GHG 49 15 34 98 
SUSI & SER 39 33 17 89 
SUSI & AGDP 19 47 30 96 
SUSI & A2F 0 0 14 14 
SUSI & PVOL 2 2 34 38 
SUSI & AEXP 14 30 43 87 
SUSI & TROP 20 27 47 94 
SUSI & FLS 0 0 75 75 
SUSI & RSH 12 44 37 93 
SUSI & RSE 15 28 28 71 
SUSI & UDN 11 23 32 66 
SUSI & RPV 0 3 20 23 
SUSI & GGG 28 20 39 87 
SUSI & LRS 0 0 0 0 
Nsur & Psur 65 2 20 87 
Nsur & LCC 9 4 78 91 
Nsur & GHG 76 7 25 108 
Nsur & SER 23 31 44 98 
Nsur & AGDP 17 30 57 104 
Nsur & A2F 0 0 13 13 
Nsur & PVOL 0 2 34 36 
Nsur & AEXP 6 18 69 93 
Nsur & TROP 15 24 65 104 
Nsur & FLS 0 0 78 78 
Nsur & RSH 19 55 29 103 
Nsur & RSE 9 19 44 72 
Nsur & UDN 9 15 54 78 
Nsur & RPV 2 1 24 27 
Nsur & GGG 3 19 65 87 
Nsur & LRS 0 0 0 0 
Psur & LCC 4 5 55 64 
Psur & GHG 45 10 33 88 
Psur & SER 20 18 37 75 
Psur & AGDP 22 14 44 80 
Psur & A2F 0 0 0 0 
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Psur & PVOL 0 0 27 27 
Psur & AEXP 9 10 50 69 
Psur & TROP 21 6 54 81 
Psur & FLS 0 0 0 0 
Psur & RSH 21 31 31 83 
Psur & RSE 12 9 38 59 
Psur & UDN 5 10 37 52 
Psur & RPV 1 0 19 20 
Psur & GGG 2 7 57 66 
Psur & LRS 0 0 0 0 
LCC & GHG 14 6 68 88 
LCC & SER 19 18 47 84 
LCC & AGDP 4 19 64 87 
LCC & A2F 0 0 12 12 
LCC & PVOL 0 2 27 29 
LCC & AEXP 1 14 61 76 
LCC & TROP 3 9 72 84 
LCC & FLS 0 0 64 64 
LCC & RSH 7 9 63 79 
LCC & RSE 1 16 40 57 
LCC & UDN 5 14 53 72 
LCC & RPV 1 2 17 20 
LCC & GGG 3 4 67 74 
LCC & LRS 0 0 0 0 
GHG & SER 38 37 22 97 
GHG & AGDP 15 41 46 102 
GHG & A2F 0 0 15 15 
GHG & PVOL 1 0 37 38 
GHG & AEXP 12 28 52 92 
GHG & TROP 20 32 51 103 
GHG & FLS 0 0 78 78 
GHG & RSH 16 72 16 104 
GHG & RSE 9 25 38 72 
GHG & UDN 7 37 31 75 
GHG & RPV 2 5 19 26 
GHG & GGG 5 20 62 87 
GHG & LRS 0 0 0 0 
SER & AGDP 56 29 11 96 
SER & A2F 0 0 0 0 
SER & PVOL 1 0 33 34 
SER & AEXP 33 24 27 84 
SER & TROP 38 20 37 95 
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SER & FLS 0 0 0 0 
SER & RSH 36 27 29 92 
SER & RSE 37 23 8 68 
SER & UDN 23 30 17 70 
SER & RPV 3 5 15 23 
SER & GGG 27 18 35 80 
SER & LRS 0 0 0 0 
AGDP & A2F 0 0 17 17 
AGDP & PVOL 1 1 33 35 
AGDP & AEXP 55 2 36 93 
AGDP & TROP 40 11 50 101 
AGDP & FLS 0 0 73 73 
AGDP & RSH 42 12 43 97 
AGDP & RSE 61 1 10 72 
AGDP & UDN 45 4 28 77 
AGDP & RPV 6 0 21 27 
AGDP & GGG 17 6 61 84 
AGDP & LRS 0 0 0 0 
A2F & PVOL 0 0 5 5 
A2F & AEXP 0 0 9 9 
A2F & TROP 0 0 14 14 
A2F & FLS 0 0 17 17 
A2F & RSH 0 0 15 15 
A2F & RSE 0 0 0 0 
A2F & UDN 0 0 13 13 
A2F & RPV 0 0 1 1 
A2F & GGG 0 0 15 15 
A2F & LRS 0 0 0 0 
PVOL & AEXP 0 1 24 25 
PVOL & TROP 2 0 31 33 
PVOL & FLS 0 0 32 32 
PVOL & RSH 1 0 31 32 
PVOL & RSE 0 0 0 0 
PVOL & UDN 0 1 25 26 
PVOL & RPV 0 0 5 5 
PVOL & GGG 1 0 35 36 
PVOL & LRS 0 0 0 0 
AEXP & TROP 20 10 56 86 
AEXP & FLS 0 0 32 32 
AEXP & RSH 21 9 52 82 
AEXP & RSE 41 3 22 66 
AEXP & UDN 28 7 32 67 
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AEXP & RPV 4 0 14 18 
AEXP & GGG 10 3 58 71 
AEXP & LRS 0 0 0 0 
TROP & FLS 0 0 69 69 
TROP & RSH 18 14 61 93 
TROP & RSE 24 6 40 70 
TROP & UDN 20 12 41 73 
TROP & RPV 2 1 20 23 
TROP & GGG 16 2 64 82 
TROP & LRS 0 0 0 0 
FLS & RSH 0 0 69 69 
FLS & RSE 0 0 0 0 
FLS & UDN 0 0 56 56 
FLS & RPV 0 0 3 3 
FLS & GGG 0 0 71 71 
FLS & LRS 0 0 0 0 
RSH & RSE 25 9 31 65 
RSH & UDN 18 13 41 72 
RSH & RPV 1 1 22 24 
RSH & GGG 5 15 54 74 
RSH & LRS 0 0 0 0 
RSE & UDN 33 2 14 49 
RSE & RPV 5 0 7 12 
RSE & GGG 5 1 53 59 
RSE & LRS 0 0 0 0 
UDN & RPV 6 0 15 21 
UDN & GGG 25 2 38 65 
UDN & LRS 0 0 0 0 
RPV & GGG 2 0 11 13 
RPV & LRS 0 0 0 0 
GGG & LRS 0 0 0 0 
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Note S12. The expression of environmental indicators 

Environmental variables could be expressed in many different ways, “per ha” and “per unit of output” are 
two of them. Since SAM is focusing on assessing the environmental impacts of agricultural production in 
a country, we choose to use environmental impacts “per ha” for many of the environmental indicators 
(i.e., N Surplus, P Surplus, Greenhouse Gas, and Soil Erosion)95,96 for the following reasons:  

1) Both N Surplus and P Surplus measures potential N and P loss to the environment per hectare, 
indicating the intensity of the pollution level in the country. Those indicators are associated with 
the severity of air pollution and water pollution, and have been widely used as indicators for the 
environmental performance of agricultural production39,97. The Soil Erosion indicator is express on 
a per hectare bases to show the intensity of soil loss due to agricultural activities.  

2) The Greenhouse Gas indicator is defined as the GHG emission per hectare of agricultural land 
area, in order to demonstrate the intensity of the emission from the land dedicated to agricultural 
production in a country. This indicator enables the cross- comparison for world countries with 
different levels and intensities of production, and it considers that all countries bear similar 
responsibility in reducing GHG emission per hectare of agricultural land area.  

3) Indeed, GHG emission “per unit of output” is also a useful indicator; however, lower GHG 
emission per unit of output does not necessarily associate with an overall low emission from the 
country, because the dramatic expansion in production will counteract with reduction in emission 
per unit of output (also known as the “rebound” effect of improving efficiency or reducing emission 
factors or “Jevons Paradox”98,99). This point is especially important in the context of rapidly 
growing agricultural production: measuring the emission per unit of output will focus the attention 
on the efficient production, but ignore the overall environmental impacts and the physical limit of 
the environmental capacity.  

Nevertheless, for the five environmental indicators expressed as per hectare (i.e., N Surplus, P Surplus, 
Land Use Change, Greenhouse Gas, and Soil Erosion), we tested their relationships between the 
indicators expressed as per unit of output (here we use agricultural GDP). The results show that the 
relationships are dominated by positive correlation except for Greenhouse Gas indicator. The results 
suggest that replacing the current indicator with those expressed as per unit of output is not likely to 
change the assessment for most indicators and countries, except the Greenhouse Gas indicator for a 
subset of countries. We decide to keep the current expression as per hectare for reasons listed above.   
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Figure S40. Correlations between environmental indicators expressed as per ha vs per Agricultural GDP 
(AgGDP) for 112 countries. AgGDP is total AgGDP in constant 2010 US$. Indicator names with “per ha” 
represent indicator values per land area (ha), while names with “per AgGDP” represent indicator values 
per unit of output (i.e., AgGDP).  Color code: orange: significant positive, yellow: insignificant, and blue: 
significant negative. 
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Note S13. A summary of historical trends for indicators   

 
Figure S41. Number of countries show significant increase or decrease during the observation period for 
each indicator.  
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Note S14. Supplemental figures for experimental procedures 

  
Figure S42. A schematic overview of the first-edition SAM indicator 
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Figure S43. The definition of the traffic-light colors for an indicator based on its raw values and thresholds 
(A) and the linear transformation for converting adjusted raw values to scores based on the thresholds 
(B). 
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Note S15. SAM assessment results for all countries  
 
Figure S44.  Global maps of sustainability performance for each indicator  
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Figure S45.  SAM report card for each country (See Fig. 2 for detailed explanation of the figure layout) 
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Figure S46.  The historical trajectories for SAM indicators for each country (See Fig. 4 for detailed 
explanation of the figure layout) 
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Figure S47.  Tradeoffs and synergies among indicators for each country (See Fig. 6 for detailed 
explanation of the figure layout) 
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