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Editorial on the Research Topic

Improving investment in research and innovation to transform agrifood

systems in the global south

1. Introduction

The agri-food sector is globally critical for tackling climate change and environmental

decline, poverty and inequity, and hunger and nutrition. Achieving the Sustainable

Development Goals (SDGs) will require huge increases in investment in agrifood research

and innovation (ARI) (Herrero et al., 2020). Innovation is needed in policy, social

institutions, finance, technology, and management practices.

This Research Topic (RT) was initiated by an international Commission on Sustainable

Agriculture Intensification, CoSAI (CoSAI Secretariat, 2022), created to promote more and

better innovation to support rapid sustainable and equitable transformation of agrifood

systems in the Global South. This Research Topic covers three main areas that are key to

decision making by research/innovation organizations and their funders (Figure 1): ARI

gaps, needs and priorities; pathways, approaches and instruments; and assessment of ARI

with a sustainability lens. It brings together eight articles generated from CoSAI working

papers with four from an open call. The articles are rich and the findings are often surprising.

Space only allows a few points: we urge readers to consult the full articles.

2. ARI investment gaps, needs and priorities

2.1. Current investment in ARI must be reoriented to
transform agrifood systems

Rosegrant et al. estimate the ARI investment gap for the Global South at around US$10.5

billion per year, and provide a useful comparison with related estimates from other models.

Prasad et al. summarize an ambitious first attempt to estimate current investment in

ARI for the Global South, including broader investments in innovation as well as R&D.
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Despite the importance of the agrifood sector for global goals,

current levels of ARI investment as a proportion of output

are estimated at only two thirds of those in the energy sector.

When analyzed across five domains of sustainable agricultural

intensification (productivity, economics, environment, social

and human; Stewart et al., 2018), <7% of ARI investment

had discernible environmental aims, and only 4.5% had both

environmental and social or “human” (e.g., nutrition) aims, which

is extremely low.

The serious neglect of social and human aspects of ARI

investment is also highlighted by Porciello et al., who used machine

learning to extract information on 1.2 million ARI publications,

and Brown et al., who reviewed a smaller sample of highly-

cited agricultural modeling publications. Brown et al. propose

a framework integrating social and demographic modeling with

agricultural modeling to assess ARI investments.

These findings support international calls to massively increase

and reorient ARI for sustainable and equitable agrifood systems,

increasing funding for social equity, human and environmental

aspects of ARI.

2.2. Conspicuous areas of underinvestment
for the global south include post-harvest
management, local seed systems, and
(peri-)urban agriculture

Prasad et al. highlight several areas of underinvestment. Two

stand out:

• ARI in post-production issues receives<10% of the funding for

production-related ARI, although post-production accounts

FIGURE 1

Agrifood research and innovation (ARI) for sustainable agrifood systems: mapping the contributions of the CoSAI (Commision on Sustainable

Agricultural Intensification) Research Topic.

for the majority of food costs (Reardon et al., 2019) and is

critical for food waste and the environment (Chen et al., 2020).

• Innovation in self-saved and local seed systems receives <0.5%

of all seed innovation funding, although these are the main

sources for most small-scale farmers in the Global South

(Coomes et al., 2015), and a key mechanism of in-situ

agrobiodiversity conservation (FAO, 2019).

Prain et al. review ARI investment priorities for Urban and

Peri-Urban Agriculture (UPA) in the Global South, e.g., city-region

planning, water and waste recycling and controlled-environment

agriculture. With 70–80% of global food production consumed in

cities (FAO, 2019) and 40% of global cropland located within 20 km

of urban areas (Thebo et al., 2014), investment is much needed to

develop circular economies with strong rural-urban interactions.

Fuglie et al. model the multidimensional impacts of agricultural

productivity growth across 110 low- and middle-income countries

(LMICs). Their thought-provoking findings include:

• South Asia is the region where agricultural productivity

growth gives by far the highest returns in income growth,

hunger reduction, and reductions in greenhouse gas

(GHG) emissions.

• Increasing cereal productivity results in greater increases in

diet micronutrient availability (zinc, iron and protein) than

investments in other crops.

• Productivity growth in livestock reduces GHG emissions per

unit product, but conversely increases the risk of hunger and

overall land use.

Finally, Nin Pratt and Stads model factors affecting investment

in ARI in different types of countries, especially highlighting the

challenges faced by small LMICs. In a wide-ranging and thoughtful
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discussion, they suggest that small LMICs may benefit from

investing in ARI capacity development and ruthless prioritization

of Research Topics, along with stronger international linkages.

3. ARI pathways, approaches and
instruments

Letty et al. review the main instruments that have been used

to incentivize and support ARI in the Global South, such as

innovation platforms and networks, grants, prizes, incubators

and accelerators. They find that despite their potential, most

of these instruments are still used in projects, and not at

scale. More rigorous evaluations are needed, which should

document important aspects such as social equity, financial and

transaction costs.

ARI success is often judged by the success of “scaling,” or

wide adoption by potential users. A variety of theories and tools

for scaling success have been advanced (Dror and Wu, 2020),

and there is a global community of practice1 and at least one

sourcebook (Cooley and Howard, 2019). Kohl contributes to this

literature by assessing six common hypotheses on “scaling success”

factors against 15 case studies from seven countries. Among many

interesting points are:

• The importance of individual leadership. This has gained

new importance with the need for leadership to attain

sustainability/equity goals alongside scaling (Lukwago et al.,

2022; Boeske, 2023).

• The importance of a long-term portfolio approach, where

a few big ARI successes more than compensate for many

failures. Short-term project targets set by ARI funders can

unintentionally undermine long-term portfolio success.

Khandelwal et al. critically discusses two fascinating

sustainability scaling cases: Safe Harvest (pesticide-free produce)

and Trustea (tea certification), both developed by and for the

domestic market in India.

4. Assessment of ARI, with a
sustainability lens

“Innovation solves problems and creates new ones” (van

Noordwijk et al., 2021, p. 1). “Assessing potential trade-offs . . . and

unintended effects” is one of the eight Principles for guiding research

and innovation toward sustainable and equitable agrifood systems

developed and piloted by an international taskforce supported by

CoSAI, together with practical guidance2 and a simple scoring

system for their application by ARI managers and funders (Zurek

et al.).

Estimating costs and benefits in ARI is often based on income

estimates, calculated at household level. Kramer et al. introduce

1 https://www.scalingcommunityofpractice.com/groups/scaling-up-in-

agriculture-and-rural-development/

2 https://www.youtube.com/watch?v=KwKM-Mo7hZI

a novel method for Cost-Benefit Analysis that quantifies other

welfare benefits, such as consumption smoothing, empowerment,

and time use, for individual women and men within households.

The framework was tested in a case study of climate information

services in Ghana.

5. Discussion

The findings of this Research Topic support global

calls for critical re-orientation of ARI investments for

transforming our agrifood systems to address SDGs and

climate goals. It contributes evidence to three main areas

of decision making for funders and ARI managers: how

much and where to invest; what instruments and pathways

may increase ARI uptake; and how to assess ARI with a

sustainability lens.

A common theme is that intentional prioritization and

management of ARI is vital to meet multiple sustainability and

equity objectives. The wide adoption of Principles for ARI (Zurek

et al.) would be an important step. The Principles could be

combined with other tools, such as agroecological assessments

(Mottet et al., 2020); the sustainable intensification assessment

framework (Stewart et al., 2018) or sustainability indicators

(e.g., the UN SDGs). Transparent global tracking of ARI is

also important, in part to increase incentives and pressure

on funders (Prasad et al.; Compton et al., 2022; FAO, 2022).

Modeling, which underpins many decisions, must be “transparent

and humble” (Saltelli et al., 2020; Wiebe and Prager, 2021).

Finally, the Research Topic highlights major evidence gaps that

persist around social equity and human aspects of ARI, and

around instruments for ARI, as above (CoSAI, 2021; Letty

et al.).
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agricultural research and
innovation to meet Sustainable
Development Goals for hunger
and Paris Agreement climate
change mitigation

Mark W. Rosegrant*, Timothy B. Sulser and Keith Wiebe

International Food Policy Research Institute (IFPRI), Washington, DC, United States

This paper provides estimates of the global investment gap in agricultural

research and development (R&D) and innovation. The investment gap is

defined as the additional annual investments required to end hunger in 2030

(Sustainable DevelopmentGoal SDG2) and to put agriculture on the pathway to

the Paris Agreement target for 1.5◦C increase over pre-industrial temperature

levels. The investment gap is projected relative to a reference scenario with

projections to 2030 using an integrated economic-biophysical model of the

global agri-food system. In addition to showing the impacts on hunger, the

modeling results are used to simulate the e�ect of the gap-closing investments

on greenhouse gas (GHG) emissions from agriculture. In addition to projecting

the impacts of overall investment in agricultural R&D on productivity and

environmental outcomes, the analysis assesses the contributions of di�erent

types of innovative technologies and farming systems to the environmental

outcomes, especially technologies that contribute to sustainability outcomes.

Sustainability-oriented technologies and management practices examined

include conservation tillage, nitrogen-use e�ciency, improved livestock

management, and other climate-smart technologies. The projected results

show that additional agricultural R&D investments of USD 4 billion per year

above baseline investments together with USD 6.5 billion per year invested in

technical climate-smart options, can reduce hunger to 5% globally and achieve

2030 GHG emission reductions consistent with the Paris Agreement 2◦C and

1.5◦C pathways to 2030.

KEYWORDS

agricultural research and innovation, climate change, hunger, investment, sustainable

development goals (SDGs)
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Introduction

If the world is to achieve the Sustainable Development Goal

2 (SDG2) (United Nations 2022), to end hunger and succeed

in stabilizing global warming at below 2◦C, and adapt to the

climate change that this warming will bring, agricultural systems

must transform significantly by 2030. This will not be easy. A

rising global population, rapid income growth, and urbanization

are having profound effects on the demand and patterns of

agricultural production (Godfray et al., 2010; Hawkes et al., 2017;

Rosegrant et al., 2017). While hunger persists for too many

people, diets continue to shift toward convenience foods and

fast foods (Ruel et al., 2017; Fan et al., 2019). Developments in

consumption patterns are positive in some respects but negative

in many others. There is increased consumption of fruits and

vegetables; growing demand for sugar, fats, and oils; and rapid

growth in meat consumption and therefore higher demand

for feed grains or other livestock feeds (Godfray et al., 2010;

Kearney, 2010; Thornton, 2010; Rosegrant et al., 2017). As these

demands put pressure on food systems and sustainable food

production growth also faces challenges from climate change,

with higher temperatures, changing precipitation patterns, as

well as a likely increase in weather variability (Smith et al., 2018;

Mbow et al., 2019).

Concurrently, agriculture itself is a major contributor to

greenhouse gas (GHG) emissions, so sustainable intensification

needs to contribute to climate change solutions by reducing

GHG emissions and sequestering carbon (Smith et al., 2018;

Mbow et al., 2019). Agriculture needs to use less land if the

world is to reverse deforestation and halt the global collapse

in biodiversity.

A transformation this large and rapid will require

investment in innovations for sustainable agriculture

intensification. These are innovations that seek to produce

the food needed to meet changing human needs while

simultaneously ensuring the long-term productive potential of

natural resources, such as water and land resources, and the

associated ecosystems and their functions. This research pulls

together multiple modeling techniques to estimate the size of

that investment.

Specifically, this paper uses integrated economic and

biophysical modeling and assessment of climate-smart and

resource-saving technical options to identify the innovation

investment gap that needs to be filled to ensure that sustainable

agriculture intensification supports the achievement of specific

global goals:

• Ensuring that less than 5% of the world’s population is at

risk of hunger by 2030 (SDG2, using the FAO threshold for

zero hunger) (FAO et al., 2015).

• Reducing and sequestering emissions in agriculture

and stopping emissions from land-use change

for food production, on a trajectory consistent

with stabilizing temperature increase below 2◦C

(Paris Agreement).

Background

For this study, innovation for sustainable agriculture

intensification is defined as the creation, development,

and implementation of new technologies, techniques, and

management practices for sustainable productivity growth,

climate mitigation, and water resource improvement that drive

progress toward achieving the above goals and trajectories. The

specific innovation investments that are analyzed follow:

• Public and private investments in agricultural research and

development (R&D) for the Global South, which consists

of sub-Saharan Africa, Latin America and the Caribbean,

Pacific Islands, and the low- and middle-income countries

in Asia, the Middle East, and North Africa.

• Investments to support the adoption of technical mitigation

options for climate change mitigation in agriculture

through carbon payments or other forms of targeted

subsidies or payments of environmental services.

The analysis of agricultural R&D investments covers the

key actors for the Global South, the international public

research institutions of the CGIAR (a global partnership of

international agricultural research centers, formerly known as

the Consultative Group for International Agricultural Research),

national agricultural research systems (NARS), and the private

sector. The CGIAR operates through research partnerships at 15

different international agricultural research centers. CGIAR has

more than 9,000 staff working in 89 countries around the world

(CGIAR, 2022). NARS are national public research institutes

based in the Global South, which primarily conduct locally

relevant research for the benefit of their own nations. Private

sector investments included here are those directly allocated

to the Global South, including expenditures by international

companies and national companies in the Global South. Analysis

of the investment requirements and investment gap up to

2030 uses model-based investment scenarios combined with

analysis of specific climate-smart and resource-saving technical

options as well as management practices that can reduce GHG

emissions and increase GHG sequestration. The SDG2 (zero

hunger) and the Paris Agreement (UNFCCC, 2020) on climate

change provide the specific sustainability context in which

the investment gaps are evaluated. The targets and indicators

of progress used to assess the effectiveness of investments in

addressing the gaps follow.

SDG2. End hunger by 2030 (part of SDG target 2.1). The

target of ending hunger is defined as the reduction of hunger to

a 5% share of the population by 2030. This target is based on the

FAO et al. (2015) Achieving Zero Hunger report, which adopted
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“a prudential threshold of five percent of the population” as

indicating ending hunger. The methodology is based on the

reduction in hunger due to increased calorie availability for

consumption. This target, together with the mitigation in line

with the Paris Agreement climate trajectories described below,

are the measures that determine the agricultural innovation

investment gap. For the other targets, wemeasure progress based

on the indicators described below, where the investment target

defined by meeting the investment gap is achieved. Progress

is measured relative to the outcomes under the reference

scenario (REF_HGEM).

Paris Agreement. The Paris Agreement provides broad

targets for mitigation. It calls for “a long-term goal of keeping

the increase in global average temperature to well below 2◦C

above pre-industrial levels; and to aim to limit the increase

to 1.5◦C, since this would significantly reduce risks and

the impacts of climate change.” Wollenberg et al. (2016),

drawing upon the results of leading integrated assessment

models, estimated a global requirement of reducing non-

carbon dioxide (CO2) GHG emissions from agriculture by

1,000 million tons of CO2 equivalents (MtCO2eq)/year by 2030

to limit warming in 2100 to 2◦C above pre-industrial levels.

This target was estimated based on the findings of leading

integrated assessment models: Reisinger et al. (2013) estimated

a requirement for non-CO2 mitigation of 930 MtCO2eq/year in

2030; van Vuuren et al. (2011) estimated 1,370 MtCO2eq/year;

and Wise et al. (2014) estimated 920 MtCO2eq/year (all cited

in Wollenberg et al., 2016). We adopt this target as the

mitigation requirement for investment in sustainable agriculture

intensification. Target estimates for non-CO2 mitigation in 2050

are not available and targets for a 1.5◦C pathway are also

unavailable. Targets have been estimated for CO2 emissions

that are consistent with the 1.5◦C pathway, but not for a

2◦C pathway. Rogelj et al. (2018) estimated targets for these

CO2 emissions consistent with the 1.5◦C pathway based on

the set of scenarios outlined by the Intergovernmental Panel

on Climate Change (IPCC, 2018). The target is to sequester

100 MtCO2/year by 2030, and 2,300 MtCO2/year by 2050.

These estimates are based on a low-overshoot scenario and

are at the upper end of the required reductions outlined in

these scenarios (Rogelj et al., 2018; McKinsey and Company,

2020). SDG13 is also related to climate change. It sets forth

targets for climate action focused primarily on policies for

adaptation: to strengthen resilience and adaptive capacity to

climate-related disasters; integrate climate change measures into

policy and planning; build knowledge and capacity to meet

climate change; implement the UN Framework Convention on

Climate Change; and promote mechanisms to raise capacity for

planning and management. This paper does not address these

policies directly.

The total investment gap includes the required investment

in agricultural R&D and the required investment in climate-

smart and resource-saving technical options and management

practices. In addition to showing the impacts of the gap-

closing investments on hunger and GHG emissions—including

CO2 and non-CO2 [methane (CH4) and nitrous oxide

(N2O)] emissions—the analysis shows the impacts of these

investments on per capita income, gross domestic product

(GDP), and food prices. Results are reported both for 2030

and 2050 to show the longer-term impacts of potential gap-

closing investments.

Methodology

Economic and biophysical modeling

The primary tool for the scenario analysis is IFPRI’s

International Model for Policy Analysis of Agricultural

Commodities and Trade (IMPACT) framework, an integrated

modeling system that combines information from climate

models (Earth System Models, ESMs), crop simulation models

(Decision Support System for Agrotechnology Transfer—

DSSAT), and river basin level hydrological and water supply and

demand models. This information is linked to a global, partial

equilibrium, multimarket model focused on the agriculture

sector (Robinson et al., 2015) with a high level of disaggregation

across 158 countries, 154 water basins, and 60 commodities.

ESMs provide monthly rainfall and temperature data under

alternative climate change scenarios, the results of which

were downscaled to the pixel level for input into the crop

models. The hydrological and water supply and demand

models then determine the runoff available for crop production

based on the downscaled rainfall data along with interactions

across other economic sectors (industrial, domestic, livestock,

and irrigation).

DSSAT, developed by Jones et al. (2003), and frequently

updated since then, integrates crop, soil, and weather databases

into standard formats for use by crop models and other

applications. Weather statistics, including the availability of

water from rainfall and runoff and temperature from climate

models are incorporated in order to estimate crop yield

impacts under existing and various future climate scenarios.

The biophysical models are then used to estimate the impacts

of climate change (through changing temperature and water

availability) on crop yields. All crop yield simulations, both

in the reference case and any alternative scenarios, are within

bounds of known biophysical limits through an iteration check

against the Global Yield Gap Atlas (van Ittersum et al., 2013).

Biophysical yield shocks from climate change are then input

into the IMPACT partial equilibrium model. Climate change

shocks induce economic feedback effects in the model. Taking

the example of an initial negative impact on yields, the drop

in supply will induce higher commodity prices, which in turn

generate yield and area increases in the model, which partly

compensate for the initial biophysical shock.
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IMPACT is linked to a global general equilibrium model,

GLOBE (Willenbockel et al., 2018). The link with the GLOBE

model enables the assessment of the economy-wide impacts of

climate change and agricultural investments, including GDP

and per capita income. Linking IMPACT and GLOBE allows

quantitative analyses of the impact of changes in investment

in innovation in the agricultural sector on the rest of the

economy. The feedback from GLOBE to IMPACT captures

the endogenous effect of changes in income on food demand,

food prices, and hunger. The output from the above modeling

provides the drivers for further analyses that estimate the effects

of alternative scenarios on the share and number of hungry

people and GHG emissions.

Analysis of GHG emissions

The GHG emissions post-processor gives the GHG impacts

generated by modeled changes in crop and livestock production

systems caused by agricultural productivity growth in the

different scenarios. The empirical approach to estimating GHG

emissions uses IPCC Tier 1 factors for GHG emissions (IPCC,

2006; Yan et al., 2009). The Tier 1 method, which provides

a default emission factor and scaling factors, is applied to

countries in which country-specific emission factors do not

exist. The Tier 2 method is the same as the Tier 1 method but

requires that country-specific emission factors and/or scaling

factors be used. The Tier 1 method is the most feasible for

application at a global scale for a modeling analysis such as this

paper because Tier 2 factors are not available for most countries

(Yan et al., 2009). The GHG emissions are estimated from

three subcategories: synthetic fertilizers (N2O), rice cultivation

(CH4), and enteric fermentation (CH4) in livestock. To simulate

emissions, we employ the IPCC Tier 1 factors for direct

N2O emissions arising from mineral nitrogen (N) fertilizer

application to managed soils. The CO2 equivalent (CO2eq) for

these emissions is computed by multiplying the amount of the

GHG by its global warming potential.

The IPCC Tier 1 default factors for direct N2O emissions

arising from mineral N fertilizer application are 0.01 kg N2O-N

per kg N fertilizer applied to managed soils and 0.003 kg N2O-

N per kg N fertilizer applied to irrigated rice. These factors

are multiplied by the N fertilizer consumption projections for

each country and each crop/commodity. Note that the N2O

emissions we estimate exclude the indirect N2O emissions from

N leaching and runoff and atmospheric N deposition.

To estimate CH4 emissions from rice production, we

combine crop/commodity yield projections with Tier 1 emission

factors from Yan et al. (2009), enhanced by scaling factors.

Emissions factors for this approach include the baseline

emission factor for continuously flooded fields without organic

amendments, a scaling factor for differences in the water regime

during the cultivation period (e.g., single drainage and multiple

drainages), and a scaling factor for both the type of organic

amendment applied (e.g., rice straw and farmyard manure) and

the amount. These CH4 emissions from rice production are

first calculated for a unit of area and then multiplied by rice

production areas projected by IMPACT.

Livestock production is responsible for CH4 emissions from

enteric fermentation and both CH4 and N2O emissions from

livestock manure management systems. Among several species

of livestock, ruminants such as cows, buffaloes, camels, and

goats are important sources of CH4 in many countries because

their ruminant digestive systems have high CH4 emission

rates (IPCC, 2006). Thus, CH4 emissions from ruminants

are estimated based on animal number projections (both

slaughtered cattle and dairy animals) and emission numbers

from the enteric fermentation section of FAOSTAT. To estimate

emissions from the entire herd of ruminants, the projected

numbers of each type of animal (slaughter cattle, dairy cows,

goats, sheep, camels, and buffaloes) are multiplied by the

emission value obtained from FAOSTAT for per-head emissions

from enteric fermentation.

Finally, the GHG emissions from changes in land cover

driven by changes in crop area harvested and pastureland

are computed. The relationship between changes in crop

area and livestock production and total cropland and forest

area are derived from simulations that linked IMPACT and

LandSHIFT, a land use and land cover change model (Schaldach

et al., 2011). The estimated changes in forest area driven by

changes in area and livestock production under alternative

scenarios are then multiplied by a coefficient for estimated GHG

sequestration per unit of forest area to compute the carbon

sequestration generated by the investment scenarios. This

coefficient varies by type of forest and region. Sequestration rates

for afforestation/reforestation range within 0.8–2.4 t/ha/year in

boreal forests, 0.7–7.5 t/ha/year in temperate regions, and 3.2–10

t/ha/year in the tropics (Brown et al., 1996). Given these ranges,

we utilize a medium level of sequestration per hectare of forests

of 6 MtCO2/ha/year to compute global sequestration of CO2

under the agricultural R&D investment scenarios.

Investment scenarios

The scenarios utilize key elements of IPPC scenarios. The

IPCC scenarios are defined by two major components. First,

Shared Socioeconomic Pathways (SSPs) are global pathways

that represent alternative futures for economic and population

growth (O’Neill et al., 2014, 2015). Population growth and GDP

growth assumptions in the reference scenario are drawn from

SSP2, which is a middle-of-the-road scenario based on historical

trends and potential changes in trajectories in economic and

demographic growth. The SSP2 scenario corresponds to the

medium variant of IIASA-VID-Oxford population projections,

where global population reaches 8.3 billion by 2030 with a
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global GDP of US$143 trillion. Under SSP2, expected changes in

population and economic growth vary substantially by region.

Population growth is concentrated in the developing world,

where population grows at more than one percent per year

adding, by 2030, almost 1.4 billion people globally, compared

to only 0.1 billion in developed countries. Economic growth

is also faster in developing countries, with an average annual

growth rate of 5% compared to 2% in developed countries

(Mason-D’Croz et al., 2019).

The second key component in the IPCC scenarios is

the Representative Concentration Pathways (RCPs), which

represent potential GHG emission levels in the atmosphere and

the subsequent increase in solar energy that would be absorbed

(radiative forcing). There are four RCPs, named according to

the approximate level of radiative forcing in 2100, which ranges

from 2.6 watts per square meter (W/m2) to 8.5 W/m2. Through

2030, there are limited differences in atmospheric concentration

of GHGs across the four RCPs ranging from concentration

levels between 445 ppm and 480 ppm in 2030 compared to

approximately 375 ppm in 2005. Radiative forcing in 2030

ranges from 2.9 W/m2 to 3.3 W/m2 compared to 1.9 W/m2 in

2005. The RCPs begin to diverge more significantly by mid- and

end-of-century. For this analysis we use RCP 8.5, themost severe

of the RCPs, which has a radiative forcing pathway leading to 8.5

W/m2 (approximately 1,370 ppm CO2 eq) by 2100.

Following the establishment of the reference scenario,

additional scenarios are run to assess the gap in public and

private agricultural R&D investment, defined as the additional

annual investments above the business-as-usual reference

scenario required to end hunger in 2030. Increased agricultural

R&D affects hunger by boosting crop and livestock yields,

reducing food prices, and increasing farm income and economy-

wide GDP through multiplier effects on the non-agricultural

sectors. The lower prices and higher incomes boost food

consumption. In addition to showing the projected impacts on

hunger, the modeling results provide estimates of the effect of

the gap-closing investments on GHG emissions from agriculture

and deforestation.

The impact of overall agricultural R&D investments is

captured in the model in terms of productivity gains and

subsequent impacts on environmental and other outcomes. In

this article we build on previous work on cost estimation, such as

Nelson et al. (2010), using data on research costs (investments)

collected by the Agricultural Science and Technology Indicators

program, as well as literature on the economic and productivity

returns to investments in agricultural research (e.g., Evenson and

Gollin, 2003; Alston et al., 2011; Nin-Pratt et al., 2015; Nin-Pratt,

2016). This literature establishes a quantitative relationship

between changes in the stock of investment in agricultural R&D

and changes in agricultural productivity. The baseline private

sector investment in agricultural R&D is estimated based on

Pardey et al. (2006) and Fuglie (2016).

Beyond the reference scenario, we have developed an R&D

investment–yield model to assess the investment required to

achieve projected growth in agricultural productivity under the

alternative investment scenarios. Investments in research take

time to bear fruit, as new ideas can take years to develop and

spread. To capture these lags, we utilize an investment–yield

estimation model based on the perpetual inventory method,

in which research investments contribute to the stock of

knowledge over time. Knowledge decays as older technologies

become obsolete or irrelevant. Productivity grows if the stock

of knowledge grows at a faster rate than it decays. The lag

structure in the perpetual inventory method used here follows

a gamma distribution in which R&D investments reach peak

impact 10–15 years after initial investment and then decline

over time to zero impact 10–15 years after peak impact. With

regionally differentiated elasticities of yield with respect to

research and decay rates, these imputed lag structures vary by

region according to existing R&D capacity and the potential

trajectories for each region. The elasticity of yield with respect

to research measures the percentage change in yields with

respect to the stock of knowledge, which is explained in the

paragraph above. See Appendix J of Rosegrant et al. (2017)

for parameters used in the perpetual inventory method. This

approach allows us not only to estimate the baseline costs

in research implied under the reference scenario to 2050 but

also to estimate the additional investments needed to adapt

to climate change and make progress toward selected SDGs.

Improvements in agricultural productivity in the reference

scenario are represented by exogenous growth rates for each

commodity and country, based on historical trends as well as

expert opinion about future changes.

Accounting for both public and private investments, the

first component of the investment gap is computed as the

difference in investments between the reference scenario and

the level of investments required to end hunger (SDG2

calorie-based target) in 2030. Investments in the scenario

analysis focus on agricultural R&D. In addition to food

security impacts, the impact on emissions of CO2, non-

CO2, and those due to long-term productivity growth in

agriculture are projected based on the outcomes of the

investment scenarios. In the IMPACT modeling system,

investments in agricultural R&D for productivity growth also

influence projected GHG emissions by reducing commodity

prices, crop area harvested, animal numbers, and fertilizer

use due to improved N use efficiency (using less N per

unit of output), and by changing cropping and livestock

production patterns.

Along with a reference business-as-usual scenario,

alternative agricultural R&D investment scenarios are analyzed

in this article. The scenarios for higher investments in

agricultural R&D include international public research

institutions of the CGIAR, national agricultural research
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TABLE 1 Summary of investment scenarios.

Scenario

grouping

Scenario Scenario description

Reference REF_HGEM Reference scenario with RCP

8.5 future climate using

HadGEM global circulation

model

Productivity

enhancement

HIGH High increase in R&D

investment across the CGIAR

portfolio

HIGH+NARS High increase in R&D

investment across the CGIAR

portfolio plus complementary

NARS investments

HIGH+NARS+REFF High increase in R&D

investment across the CGIAR

portfolio plus complementary

NARS investments plus

increased research efficiency

HIGH+NARS+REFF+PRIVHigh increase in R&D

investment across the CGIAR

portfolio plus complementary

NARS investments plus

increased research efficiency

plus increased private

investments

RCP8.5, Representative Concentration Pathway 8.5; HGEM, HadGEM global circulation

model; R&D, research and development; NARS, national agricultural research systems;

CGIAR, a global partnership of international agricultural research centers; REFF, research

efficiency; and PRIV, private investment.

systems (NARS), research efficiency investments, and the

private sector (Table 1).

For the reference scenario, REF_HGEM, investments in

agricultural R&D by CGIAR are projected to average USD 1.7

billion per year during 2015–2050 in real 2005 dollars, while

annual NARS investment in the Global South averages USD 6.4

billion per year (Table 2). The largest investments are projected

in sub-Saharan Africa (SSA) (USD 2.2 billion per year) and Latin

America and the Caribbean (LAC) (USD 1.8 billion per year).

In most regions, the largest contribution to agricultural research

will come from investments from NARS. The exception is SSA,

where about half of the investments will come from CGIAR.

Four alternative scenarios seek to enhance agricultural

productivity through increased investment in agricultural R&D.

These four scenarios vary in level, source, and efficiency of

investment (Table 2). Each of these scenarios also uses SSP2

and RCP8.5, so that the results reflect changes in investment,

not changes in underlying socioeconomic conditions and

climate change. Yield effects for these alternative scenarios

are implemented by increasing yield growth rates relative

TABLE 2 Average annual investments in the Global South in the

reference scenario (REF_HGEM), 2015–2050 (billion 2005 USD).

Region R&D

CGIAR NARS PRIV Total

EAP 0.07 1.54 0.74 2.35

SAS 0.26 0.71 0.6 1.57

SSA 1.11 1.11 0.05 2.27

MEN 0.09 1.41 0.14 1.64

LAC 0.2 1.59 0.21 2.00

DVG 1.73 6.36 1.74 9.83

Figures are average annual investments over 2015–2050. HIGH, HIGH+NARS, and

HIGH+NARS+REFF assume the same level of increased investment from CGIAR.

Regions are EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN,

Middle East and North Africa; LAC, Latin America and the Caribbean; and DVG,

Global South.

to reference yield growth rates. The HIGH R&D scenario

incorporates yield gains from increasing investments in CGIAR

R&D and was developed in collaboration with all 15 CGIAR

centers through the Global Futures and Strategic Foresight

program, an initiative of the Policies, Institutions, and Markets

(PIM) research program of the CGIAR (see Prager and Wiebe,

2021). As a starting point, each center quantified potential

yield gains for their respective commodities (including crops,

livestock, and fish) in the Global South across SSA, LAC, South

Asia (SAS), East Asia and the Pacific (EAP), and the Middle

East and North Africa (MEN) with increased agricultural R&D

investment. The HIGH scenario adds USD 2.1 billion annually

to the reference costs for CGIAR investment in REF_HGEM,

heavily concentrated in SSA.

In the scenario HIGH+NARS, the increased investment by

CGIAR is complemented by an increase in NARS spending in

the Global South of USD 1 billion per year. The largest shares

of this increase are in SSA and MEN, which contribute almost

two-thirds of additional NARS investments.

Scenario HIGH+NARS+REFF adds investments in higher

research efficiency. Research efficiency is gained through

advances in breeding techniques, including in genome editing

technology, genomics and bioinformatics, and high-throughput

gene sequencing, as well as more effective regulatory and

intellectual property rights systems that reduce the lag times

from discovery to deployment of new varieties (Waltz, 2018;

Pourkheirandish et al., 2020; Zhu et al., 2020). For example,

Lenaerts et al. (2018) show that a reduction in time of breeding

through one technique, rapid generation advance, can generate

an increase in economic benefits of 26%, 36%, and 47% with a

saving of 3, 4, and 5 years, respectively, at a discount rate of 8%.

Falck Zepeda et al. (2012) show that regulatory costs and time

lags of 2 years delay would reduce the net present benefit for the

adoption of various crop varieties by 23–71%; eliminating those

delays and excess costs would increase profits by comparable
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amounts. Based on these studies, research efficiency is assumed

to increase the yield impact of investments by 30%, and the

maximum yield improvement is achieved by 2040, 5 years

earlier than in the HIGH scenario. Investment in increased

research efficiency adds another USD 0.42 billion per year to

this scenario.

Scenario HIGH+NARS+REFF+PRIV, the most extensive

R&D scenario, adds an increase in private sector investments

of 30% to the higher CGIAR, NARS, and research efficiency

investments. This adds USD 0.52 billion per year in private

investment, with nearly 40% spent in EAP and SAS. Combining

all the above R&D costs, the HIGH+NARS+REFF+PRIV

investment scenario requires an additional USD 4 billion per

year above the reference scenario, an increase of 41%. The

private sector accounts for 13% of the additional investments in

this scenario.

Technical mitigation options

The analysis of technical options for GHG emissions

reduction draws on the available evidence in the literature

regarding the potential impact of adopting climate-smart

techniques and management practices on GHG emissions, the

cost of adoption for these practices, and the adoption potential

of technical options. The four agricultural activities included

in the analysis are management of cropland, rice, pasture, and

livestock, as defined in IPCC publications (Smith et al., 2007,

2014; IPCC, 2014).

The second part of the investment gap is therefore

calculated as the additional investment required in technical

mitigation options to achieve the targets for non-CO2 and

CO2 emission reductions and sequestration in agriculture in

2030 that are consistent with 2◦C and 1.5◦C climate change

trajectories. Restoration of agricultural soils is not included.

Following IPCC guidelines for accounting for GHG emissions in

agriculture (IPCC, 2006), upstream and downstream emissions

such as the production of fertilizer and other inputs and

value chain emissions are not included. The technical options

considered follow:

• Improved cropland management. This is an important

potential method to reduce N2O emissions and sequester

CO2. These can be achieved through agronomy (crop

rotation and cover crops); conservation tillage and residue

management; improved water management to reduce

fertilizer runoff; and improved nutrient management

through precision agriculture, advanced types of fertilizer,

new N-use-efficient crop varieties, and stabilized N sources

(polymer-coated urea and nitrification inhibitors).

• Improved rice management for reduction of CH4

emissions. This includes mid-season drainage of rice

paddies and alternate wetting and drying.

• Pasture management, which can reduce GHG emissions

through improved grasses and pasture management,

improved manure management, and the use of legumes.

• Livestock management, which reduces CH4 emissions with

improved feeding practices and feed additives, improved

manure management systems, and breeding and long-

term management.

The assessment of technical options for GHG mitigation

is based on data and research outcomes available from IPCC

documents and other publications. Sources consulted include

Smith et al. (2008, 2018), Del Grosso and Cavigelli (2012), Smith

et al. (2013), Havlík et al. (2014), IPCC (2014); Beach et al.

(2015), Herrero et al. (2016), Wollenberg et al. (2016), Frank

et al. (2018), IPCC (2018), and EPA (2019). Key parameters

considered in the assessment include the potential savings in

tCO2eq per hectare or per animal unit from the adoption of

technical options, the rate of adoption of technical options

in terms of percentage of area or herd, and the cost of

investment in mitigation from each technical option in USD

per tCO2eq. Investment costs include incremental annualized

capital costs where applicable (many of the mitigation practices

are more focused on changes in practices and inputs than capital

expenditures) and estimated incremental changes in the annual

costs of agricultural labor, fertilizer, and other inputs. Following

the practice in these sources, the technologies are assumed to

be yield-neutral, so the costs do not include revenue changes

for farmers due to possible productivity increases or decreases

related to the application of a technology (Frank et al., 2018).

For any given technology, this assumption could lead to over-

or under-estimation of the cost of GHG emission reductions.

Future research that rigorously assesses the yield impacts could

allow this assumption to be dropped. The assumptions regarding

the range of values for the key parameters are shown in Table 3.

In agriculture, there is a relationship between the amount

paid for GHG emission reductions (i.e., the price per tCO2eq)

and the level of mitigation realized. The economic potential

for mitigation options in agriculture increases as the carbon

price rises. For this analysis, we assess the potential for GHG

mitigation from the adoption of technical mitigation options at

a carbon price of USD 70 per tCO2eq. This carbon price was

chosen for assessment based on a review of the literature as a

carbon price that would potentially generate GHG emissions

reductions that would be consistent with the Paris Agreement

pathways (see Del Grosso and Cavigelli, 2012; Smith et al., 2014;

Beach et al., 2015; Frank et al., 2018).

Based on these parameters we compute the annual costs

of potential mitigation in MtCO2eq and of investment in

mitigation in 2030 and 2050 inmillion USD. The key parameters

vary across sources and different ranges are reported in many

of the sources. To capture this variability, calculations are made

for a series of combinations of the parameters to assess a

distribution of potential outcomes. These results allow us to
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TABLE 3 Assumptions for analysis of technical climate mitigation potential and costs: range of values used.

(a) Cropland, rice, and grassland/pasture management.

Potential adoption

in 2030

Potential adoption

in 2050

Cost in 2030 Cost in 2050 CO2 mitigation

potential

(biophysical)

CH4 mitigation

potential

(biophysical)

NO2 mitigation

potential

(biophysical)

(% of crop area

harvested)

(% of crop area

harvested)

(USD per tCO2eq) (USD per tCO2eq) (tCO2eq per ha per

year)

(tCO2eq per ha per

year)

(tCO2eq per ha per

year)

Cropland management

Agronomy 50–70 45–100 10–15 11–18 0.40–0.58 n/a 0.04–0.085

Tillage and residue

management

50–80 45–100 9–15 10–18 0.24–0.40 n/a 0.02–0.06

Nutrient management 50–80 45–100 8–15 9–18 0.20–0.30 n/a 0.07–0.12

Water management 50–70 45–100 10–20 12–23 0.04–0.05 n/a 0.05–0.075

Rice management 65–80 65–100 6–9 7–10 n/a 1.51–1.90 n/a

Grassland/ pasture

management

20–40 20–40 7–10 8–12 0.40–0.46 0.01–0.04 n/a

(b) Livestock management.

Cost in 2030 Cost in 2050 Livestock CH4 (%

mitigation

potential)

(USD per tCO2eq) (USD per tCO2eq) Global South

Livestock sector 8–12 9–13

Improved feeding

practices, additives, etc.

5–10

Manure management 2–4

Breeding and long-term

management

2–4

n/a, not applicable.

Sources: estimated ranges of parameter values are drawn from Smith et al. (2008, 2013, 2018), Del Grosso and Cavigelli (2012), Havlík et al. (2014), IPCC (2014, 2018), Beach et al. (2015), Herrero et al. (2016), Wollenberg et al. (2016), Frank et al. (2018),

and EPA (2019).
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compute the investment required to generate GHG emissions

reductions consistent with the Paris Agreement pathways. The

investment requirements represent the total carbon payments

or payments for environmental services that need to be paid to

induce the adoption of the technical options needed to generate

mitigation consistent with a 2◦C climate trajectory.

Results and discussion

Investment scenarios for agricultural R&D

Projected percentage increases in crop and livestock

production under the investment scenarios relative to the

reference scenario (REF_HGEM) are shown in Figures 1, 2. The

regions assessed are EAP, East Asia and Pacific; SAS, South Asia;

SSA, sub-Saharan Africa; MEN, Middle East and North Africa;

LAC, Latin America and the Caribbean; and DVG, Global South

(the total of the other regions). Agricultural production growth

in SSA has lagged significantly behind the rest of the world,

but with the heavy concentration of investment in agricultural

R&D in this region in the investment scenarios, both crop and

livestock production growth in SSA are projected to grow faster

relative to the reference scenario than in other regions. Crop

and livestock production in SAS will also grow rapidly. There

is strong growth in MENA in crop production in percentage

terms, from a low reference level; LAC has substantial growth in

livestock production; and EAP has relatively slow growth in both

crop and livestock production, from very high reference levels.

Hunger and economic outcomes

The share of people at risk of hunger is the percentage of

the total population in a country that is at risk of suffering from

undernourishment. This calculation is based on the empirical

correlation between the share of undernourished within the total

population and the relative availability of food and is adapted

from the work done by Fischer et al. (2005) in the International

Institute for Applied Systems Analysis (IIASA) World Food

System used by IIASA and FAO. This approach is equivalent to

the FAO prevalence of undernourishment metric (FAO, 2008).

The number of hungry people is then computed as the share of

people at risk of hungermultiplied by the population. The results

for the impact of the investment scenarios are shown in Table 4.

The rise in productivity growth under the increased

investment in agricultural R&D scenarios boosts per capita

income and results in lower food prices, which in turn

increases the demand for food, particularly for lower-

income groups. The result is that for the Global South,

the population at risk of hunger is reduced by 22% under

the HIGH+NARS+REFF+PRIV scenario relative to the

reference scenario in 2030, less than half its 2010 level. The

biggest reductions in hungry people to 2030 are in SAS. The

HIGH+NARS+REFF+PRIV and HIGH+NARS+REFF

scenarios achieve the SDG2.1 target at the 5% share at risk of

hunger in EAP, SAS, and LAC.

However, SSA remains well above the SDG2.1 target with an

11.8% share at risk of hunger in 2030, although this is a major

improvement relative to its 24.3% share at risk of hunger in 2010.

After 2030, the number of hungry people in SSA falls sharply

as the effects of agricultural productivity growth accumulate,

and by 2050 the region reaches a share of 5.3% at risk of

hunger. Given the lags from investment in R&D to impacts on

productivity and hunger, it is not feasible to design an even

higher R&D investment scenario to try to achieve the 5% target

for SSA by 2030 while still improving performance elsewhere.

Moreover, other types of investment and policies are needed to

address persistent hunger, including income transfers and social

safety nets (World Bank, 2012).

Along with the progress in achieving global hunger goals,

the investment scenarios generate large economic returns. The

R&D investment alone adds USD 1.7 trillion to the GDP of the

Global South in 2030, and USD 9.1 trillion in 2050. In these

countries, investment raises national average per capita income

by 1.9% in 2030 and 5.9% in 2050 relative to business as usual

(Tables 5, 6). The increases in investment in SSA generate the

highest proportional per capita income gains among the various

regions: 8% by 2030 and 23.5% by 2050.

Across all the alternative investment scenarios, increases in

yields and production drive a reduction in food prices in 2030

and 2050 relative to the reference scenario (Table 7). Climate

change reduces yields relative to a counterfactual climate

scenario that follows a no-climate change (NoCC) pathway,

assuming a constant climate after 2015, with atmospheric

concentration of GHGs remaining at 2015 levels. Including both

the biophysical impacts and the induced responses described

in the methodology section, climate change as specified in

REF_HGEM reduces global average crop yields compared to

NoCC in 2050 scenario by 8.8% for cereals and oilseeds, 6.5%

for roots and tubers, 2.9% for fruits and vegetables, and 1.9%

for pulses. The reduced yields due to climate change result in

increasing prices under REF_HGEM. Cereal prices increase by

43% between 2015 and 2050, oilseeds by 32%, roots and tubers

by 42%, fruits and vegetables by 39%, and pulses by 21%. The

scenarios with higher investment in R&D result in substantially

lower prices for all commodities compared to the reference

scenario. For example, underHIGH+NARS+REFF+PRIV the

price for oil crops decreases on average by about 21% compared

to REF_HGEM in 2050, whereas the decrease is over 43% for

roots and tubers, 39% for cereals, and 36% for meat (Table 7).

Thus, this level of investment is projected to eliminate or greatly

reduce the commodity price increases from 2015 to 2050 caused

by climate change.

Although this paper focuses on SSP2 and RCP8.5, a

sensitivity analysis run for another recent publication using

IMPACT shows that the impacts of investments in agricultural

R&D on hunger have a robust effect across the range of potential
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FIGURE 1

Percent changes in total crop production under alternative R&D investment scenarios compared to the reference scenario. WLD, world; DVG,

Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin America

and the Caribbean. Source: IMPACT model.

climate and socioeconomic futures. Sulser et al. (2021) ran

scenarios with combinations of socioeconomic assumptions for

SSP1, SSP2, and SSP3, and climate assumptions with RCP4.5

and RCP8.5, using the Global Circulation Models HadGEM2-

ES (Jones et al., 2011), IPSL-CM5A-LR (Dufresne et al., 2013),

MIROC-ESM (Watanabe et al., 2011), NorESM1-M (Bentsen

et al., 2013; Iversen et al., 2013), and GFDL-ESM2M (Dunne

et al., 2012) for agricultural R&D investment scenarios similar to

theHIGH,HIGH+NARS andHIGH+NARS+REFF scenarios

in this paper. The results for these investment scenarios show a

reduction in the population at risk of hunger in the developing

world of 15% and 30% in 2030 and 2050, respectively, relative to

the reference scenario. The results from this study are consistent

with these results, with reductions in the population at risk of

hunger in the developing world in 2030 of 15–28%, relative to

the reference scenario, and of 20–31% in 2050 for the HIGH,

HIGH+NARS, andHIGH+NARS+REFF scenarios (Table 4).

GHG emission reductions through
productivity growth

Total global GHG emissions from all sources were 52,000

MtCO2eq in 2015 (Crippa et al., 2021). Direct GHG emissions

from agricultural production, together with related emissions

from land-use change and forestry, account for nearly one-

quarter of global GHG emissions (IPCC, 2014). According to

FAO (2021a), direct agricultural emissions were about 5,450

MtCO2eq in 2015. IPCC (2014) estimates the total direct

agricultural emissions to be in the range of 4,300–5,300

MtCO2eq/year, with 95% confidence interval of 3,900–7,000

MtCO2eq/year. According to the Food Security Chapter of

the IPCC Climate Change Land Special Report (Mbow et al.,

2019), about 21–37% of total GHG emissions are attributable

to the food system, including emissions from agriculture and

land use, storage, transport, packaging, processing, retail, and

consumption. Crippa et al. (2021) provide a higher estimate

of 34%, with a range of 25–42%. Crop and livestock activities

within the farm gate account for 9–14% of total global GHG

emissions, consistent with the FAOSTAT and IPCC estimates

of direct agricultural emissions above (Mbow et al., 2019).

Agriculture is also responsible for 5–14% of total GHG emissions

through its impact on land use and land-use change including

deforestation and peatland degradation, and 5–10% from supply

chain activities (Mbow et al., 2019). The focus of this article is on

direct agricultural emissions and the impact of investments on

land-use change. Changes in GHG emissions from supply chain

activities are not analyzed in this article. Although agricultural

land also generates large CO2 fluxes both to and from the
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FIGURE 2

Percent changes in total livestock production under alternative R&D investment scenarios compared to the reference scenario. WLD, world;

DVG, Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin

America and the Caribbean. Source: IMPACT model.

atmosphere via photosynthesis and respiration, this flux is

nearly balanced on existing agricultural land. Substantial carbon

releases, however, result from the conversion of forested land,

which is accounted for under the land-use change category.

In the reference scenario, deforestation due to agricultural

production for 2015–2030 is projected to be 9 million hectares

(Mha)/year, and 7.3 Mha/year for 2030–2050. The reduction in

deforestation is due to agricultural R&D expenditures, which

increase crop yields and thus reduce the rate of crop area

expansion. Taken together, these two estimates give an overall

projected rate of deforestation due to agricultural production

of 8.15 Mha/year, which is consistent with the available

evidence. According to FAO (2020), the annual global rate

of deforestation was 10 Mha/year for 2015–2020, and it is

estimated that 80% of global deforestation, 8 Mha/year, is caused

by agricultural activities (Kissinger et al., 2012). Under the

HIGH+NARS+REFF+PRIV scenario, the projected average

annual reduction in deforestation is 925,000 ha/year for

2015–2030 and 1 Mha/year for 2030–2050. Thus, under

HIGH+NARS+REFF+PRIV, the projected annual average

rate of deforestation is 8.1 Mha/year for 2015–2030 and 6.3

Mha/year for 2030–2050.

The HIGH+NARS+REFF+PRIV scenario contributes to

non-CO2 emission reductions of 291 MtCO2eq/year by 2030,

relative to the reference scenario. This is due to lower N2O

release from fertilizer use and reduced CH4 from rice and

livestock production (Table 8). The scenario also achieves CO2

emission reductions of 111 Mt/year from the prevention of

deforestation due to productivity growth that results in slower

expansion of cropland.

GHG emission reductions and
sequestration through adoption of
technical options

The results from the agricultural R&D scenarios show that,

in addition to coming close tomeeting the SDG2 target of ending

hunger, the investments of HIGH+NARS+REFF+PRIVmake

important contributions to reducing GHG emissions, but

do not achieve the CO2 or non-CO2 emission reductions

necessary for agriculture’s contribution to a 2◦C or 1.5◦C climate

trajectory. Therefore, additional investments are required

to promote the adoption of climate-smart and resource-

conserving technical options that can achieve GHG emission

reduction outcomes consistent with the Paris Agreement and

SDG13, when combined with the reductions achieved through

investment in agricultural R&D. It is assumed that the GHG
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TABLE 4 Risk of hunger in millions of people and as a share of the total population (percent).

WLD DVG EAP SAS SSA MEN LAC

Population at risk of hunger 2010 REF_HGEM 838.1 823.3 271.3 268.5 209.5 29.3 39.5

2030 REF_HGEM 601.8 586.2 120.2 166.2 226.8 35.8 35.8

HIGH 515.1 500.3 111.7 130.7 189.8 33.3 33.2

HIGH+NARS 496.1 481.6 109.9 122.5 182.2 32.8 32.6

HIGH+NARS+REFF 433.3 419.4 103.9 96.0 156.0 31.1 30.7

HIGH+NARS+REFF+PRIV 422.3 408.5 102.2 90.3 153.4 30.7 30.1

2050 REF_HGEM 491.6 475.9 108.8 99.8 199.5 38.2 28.8

HIGH 393.9 380.7 94.0 85.4 141.8 33.4 24.8

HIGH+NARS 376.6 364.0 91.9 83.4 130.9 32.6 24.0

HIGH+NARS+REFF 341.4 329.1 87.6 80.1 106.0 31.3 22.6

HIGH+NARS+REFF+PRIV 320.5 308.5 83.7 77.3 95.9 28.8 21.4

Share at risk of hunger 2010 REF_HGEM 12.2 14.2 12.4 16.5 24.3 6.4 6.8

2030 REF_HGEM 7.3 8.3 5.1 8.0 17.1 5.9 5.2

HIGH 6.2 7.1 4.8 6.3 14.3 5.5 4.8

HIGH+NARS 6.0 6.8 4.7 5.9 13.7 5.4 4.7

HIGH+NARS+REFF 5.2 5.9 4.4 4.6 11.8 5.1 4.4

HIGH+NARS+REFF+PRIV 5.1 5.8 4.4 4.4 11.6 5.1 4.4

2050 REF_HGEM 5.4 6.0 4.8 4.2 11.1 5.3 3.9

HIGH 4.3 4.8 4.2 3.6 7.9 4.7 3.3

HIGH+NARS 4.1 4.6 4.1 3.5 7.3 4.6 3.2

HIGH+NARS+REFF 3.7 4.2 3.9 3.4 5.9 4.4 3.0

HIGH+NARS+REFF+PRIV 3.5 3.9 3.7 3.3 5.3 4.0 2.9

Source: IMPACT model.

WLD, world; DVG, Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin America and the Caribbean.

emission reductions from technical options are additive to the

GHG emissions reductions generated by the agricultural R&D

scenarios. Figures 3A–C show the distribution of estimated

potential mitigation of GHG emissions from technical options

at a carbon price of USD 70 per tCO2eq. Figure 4 shows the

investment required to generate this level of mitigation.

Themean non-CO2 technical mitigation economic potential

in 2030 is 714 MtCO2eq/year, with a range of 606–

815 MtCO2eq/year; the mean potential in 2050 is 783

MtCO2eq/year, with a range of 647–901 MtCO2eq/year

(Figure 3A). Comparisons with the literature are not precise

because of the different methods employed for these estimations

but are nevertheless useful. Del Grosso and Cavigelli (2012)

estimate that the potential for non-CO2 agricultural mitigation

from technical options at a carbon price of USD 50 per tCO2eq

is 693 MtCO2eq/year in 2030; EPA (2019) estimates savings

of 593 MtCO2eq/year in 2030 at “increasing prices;” Frank

et al. (2018) estimate that adoption of technical options in 2030

can deliver direct non-CO2 emission savings of 500 and 800

MtCO2eq/year at USD 40 and 100 per tCO2eq, respectively,

and about 850 MtCO2eq/year at USD 100 per tCO2eq in 2050.

Thus, the estimates of economic potential made here are within

the range found in the literature. The total cost (investment

required in carbon payments) to generate this level of mitigation

is shown in Figure 4. The mean cost of technical mitigation is

USD 6.5 billion per year in 2030, with a range of USD 5.4–

7.9 billion per year. We also ran a sensitivity analysis of the

non-CO2 technical mitigation economic potential with respect

to carbon prices of USD 50 and 100 per tCO2eq. Although

the total cost of mitigation at USD 50 per tCO2eq is of course

lower than for USD 70 per tCO2eq, at USD 3.1 billion per year,

the mean potential savings is only 483 MtCO2eq/year in 2030,

far below the non-CO2 agricultural mitigation needed to be

consistent with the 2◦C climate change pathway. At USD 100

per tCO2eq the mean potential non-CO2 technical mitigation

economic potential in 2030 is 887 MtCO2eq/year, at a cost of

USD 11.6 billion.

Direct comparators for global CO2 sequestration potential

at specific carbon prices are not available, but comparators

for combined CO2 and non-CO2 mitigation potential are

discussed below. The potential for global CO2 sequestration

from the implementation of the same technical mitigation

options described above for non-CO2 emissions reductions

is shown in Figure 3B. Combined total technical mitigation

potential includes the values for non-CO2 GHG and CO2

emissions (Figure 3C). The total CO2 technical mitigation
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TABLE 5 Average per capita incomes in the reference scenario (thousand 2005 USD per person) and percent di�erences under alternative

investment scenarios in 2030 and 2050.

WLD DVG EAP SAS SSA MEN LAC

2010 REF_HGEM 9.8 5.4 8.8 2.7 2.0 10.0 10.0

2030 REF_HGEM 17.2 12.4 22.3 6.9 3.7 17.0 16.9

HIGH 0.5% 0.8% 0.5% 1.1% 3.6% 0.6% 0.2%

HIGH+NARS 0.6% 1.0% 0.6% 1.4% 4.5% 0.8% 0.3%

HIGH+NARS+REFF 1.1% 1.8% 1.1% 2.5% 7.8% 1.3% 0.5%

HIGH+NARS+REFF+PRIV 1.2% 1.9% 1.3% 2.7% 8.0% 1.5% 0.5%

2050 REF_HGEM 24.8 19.6 35.3 13.2 7.2 25.8 25.7

HIGH 1.8% 2.6% 1.3% 3.1% 11.9% 1.7% 0.7%

HIGH+NARS 2.3% 3.3% 1.6% 3.8% 14.9% 2.1% 0.8%

HIGH+NARS+REFF 3.3% 4.8% 2.4% 5.6% 21.5% 3.0% 1.2%

HIGH+NARS+REFF+PRIV 4.1% 5.9% 3.0% 7.7% 23.5% 4.1% 1.7%

Source: IMPACT model.

Projected value for SSP2 under REF_HGEM but all other scenarios show percent change from REF_HGEM.

WLD, world; DVG, Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin America and the Caribbean.

TABLE 6 Regional increase in GDP under di�erent investment scenarios in 2030 and 2050 compared to REF_HGEM (trillion 2005 USD).

WLD DVG EAP SAS SSA MEN LAC

2030 HIGH 0.709 0.700 0.262 0.161 0.177 0.061 0.024

HIGH+NARS 0.885 0.873 0.325 0.200 0.223 0.077 0.030

HIGH+NARS+REFF 1.558 1.534 0.576 0.353 0.384 0.134 0.053

HIGH+NARS+REFF+PRIV 1.722 1.696 0.668 0.376 0.397 0.150 0.062

2050 HIGH 4.149 4.067 1.056 0.957 1.545 0.308 0.126

HIGH+NARS 5.181 5.077 1.305 1.199 1.935 0.387 0.157

HIGH+NARS+REFF 7.524 7.365 1.890 1.763 2.789 0.560 0.229

HIGH+NARS+REFF+PRIV 9.329 9.141 2.379 2.420 3.037 0.752 0.314

Source: IMPACT model.

WLD, world; DVG, Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin America and the Caribbean.

potential has a mean of 1,868 MtCO2eq/year in 2030, with a

range of 1,613–2,417 MtCO2eq/year; and the corresponding

values for 2050 are 2,148 and 1,733–2,511 MtCO2eq/year. In

2030, cropland management accounts for 49% of the total CO2

emission reduction potential, rice management 10%, grasslands

22%, and livestock 19%. The 2030 values fall between the

Smith et al. (2014) estimates of mitigation potential in 2030

for the four categories of technical options analyzed here

(management of cropland, rice, pasture, and livestock) of

approximately 1,575 and 1,950 MtCO2eq/year at USD 50 and

100 per tCO2eq, respectively (estimated from Smith et al., 2014:

figure 11.13).

The mean results for total CO2 GHG emissions reductions

from Figure 3C are further broken down by technical options

in Table 9. The results show that the projected economic mean

potential non-CO2 GHG emissions reductions from technical

options in agriculture are 1,868 and 2,148MtCO2eq/year in 2030

and 2050, respectively.

Comparison with other studies

Numerous estimates have been made of the cost of

achieving various development goals, such as ending hunger,

although methods and targets are often specified differently.

Estimates vary depending on the specific questions being asked

(Fan et al., 2018); the objective of the study; sectors and

investments covered; whether climate change is considered; the

methods, models, and assumptions used; geographical coverage;

and numerous other factors (Mason-D’Croz et al., 2019).

Estimates are therefore not directly comparable, but can provide

useful context. Results from these studies are summarized in

Table 10.

ZEF and FAO (2020) use a marginal cost curve

approach to estimate the cost of ending hunger by

2030, finding that total additional annual investments

of about USD 39–50 billion are required. Investments

and policies considered include agricultural R&D,
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TABLE 7 Global aggregated commodity prices, percent di�erence relative to REF_HGEM in 2030 and 2050.

All Cereals Fruits and vegetables Meat Oilseeds Pulses Roots and tubers

2030 HIGH −7% −11% −3% −10% −6% −13% −14%

HIGH+NARS −9% −14% −4% −12% −8% −16% −17%

HIGH+NARS+REFF −15% −21% −7% −15% −12% −27% −28%

HIGH+NARS+REFF+PRIV −16% −23% −9% −16% −13% −27% −28%

2050 HIGH −14% −22% −6% −20% −13% −25% −25%

HIGH+NARS −17% −25% −8% −24% −15% −30% −31%

HIGH+NARS+REFF −23% −32% −10% −27% −20% −41% −42%

HIGH+NARS+REFF+PRIV −29% −39% −20% −30% −21% −42% −43%

Source: IMPACT model.

TABLE 8 Projected GHG emissions reductions and sequestration per

year from agriculture due to investments in productivity growth,

HIGH+NARS+REFF+PRIV, relative to REF_HGEM. Numbers in

parentheses are percent change compared to REF_HGEM.

MtCO2eq/year

Emissions sources 2030 2050

Fertilizer (N2O) 110 (14.0) 131 (14.1)

Rice (CH4) 27 (5.3) 53 (10.4)

Livestock (CH4) 154 (6.6) 313 (12.7)

Total non-CO2 GHG emissions reduction 291 (8.0) 497 (12.7)

Reductions in carbon emissions due to less land-use change 111 (1.1) 248 (2.5)

Source: IMPACT modeling analysis.

agricultural extension services, agricultural information

systems, small-scale irrigation expansion in Africa,

female literacy improvement, child nutrition programs,

scaling up existing social protection programs, crop

protection, integrated soil fertility management, the

African Continental Free Trade Agreement, and fertilizer

use efficiency.

FAO et al. (2015) focus on the investments needed to

ensure that people have adequate income and resources

to get the food they need. To achieve this by 2030

would cost an additional USD 265 billion per year

for social protection and pro-poor investments and

expenditures, both public and private, in agriculture

and rural development. This study looks at the

broadest set of investments, including additional

public investment in social protection and targeted

pro-poor investments in rural areas combined with

public and private efforts to raise investment levels in

productive sectors.

Laborde et al. (2016), using the MIRAGRODEP dynamic

global model, estimate that hunger can be ended by 2030

with additional annual investments of USD 11 billion for

2015–2030. These new public expenditures would fund

three categories of interventions: (1) social safety nets

directly targeting consumers through cash transfers and

food stamps; (2) farm support to expand production and

increase farmers’ incomes; and (3) rural development that

reduces inefficiencies along the value chain and enhances

rural productivity.

In a subsequent study, Laborde et al. (2020) find that

USD 33 billion annually is needed to end hunger, double

the incomes of small-scale producers by 2030, and maintain

agricultural GHG emissions below the commitments made

in the Paris Agreement. The study includes investments in

interventions related to social protection, institutions such

as farmers’ organizations, and education through vocational

training. It also includes interventions provided directly to

farmers, including farm inputs, R&D, improved livestock

feed, and irrigation infrastructure. Other interventions

considered in this study include interventions to reduce

post-harvest losses, improve returns from sales, and

support the mix of services provided by small- and

medium-sized enterprises, such as cooperatives, traders,

and processors.

Baldos et al. (2020) examine the required R&D investment

costs to adapt to climate change, based on climate-driven

crop yield projections generated from extreme combinations of

crop and global circulation models. They find that offsetting

crop yield losses projected by climate and crop models

for 2006–2050 would require increased R&D adaptation

investments for 2020–2040 totaling USD 187–1,384 billion

(in 2005 USD purchasing power parity). The R&D-led

climate adaptation could therefore offer favorable economic

returns and deliver gains in food security and environmental

sustainability by mitigating food price increases and slowing

cropland expansion.

Dalberg (2021) provides an analysis of investment in

innovation in agriculture, but they do not link the investment

to hunger and climate outcomes. They estimate that the

annualized innovation spending on agriculture in the

Global South for 2000–2019 was USD 50–70 billion in

2019 constant dollars. Classifying spending estimates by
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FIGURE 3

Global agriculture sector technical mitigation potential for (A)

non-CO2 , (B) CO2 and (C) Total for 2030 and 2050, at a carbon

price of USD 70 per tCO2eq. In these box-and-whisker

diagrams, the box shows the upper and lower quartiles of the

distribution of the results, and the whiskers (the lines extending

from the boxes) indicate variability outside the upper and lower

quartiles (defined here as highest and lowest values within 1.5

times the interquartile range). Any dots outside the whiskers

represent outliers. The means of the distribution are shown as

“x” within the boxes and the medians are shown as horizontal

lines in the boxes. Source: IMPACT model.

FIGURE 4

Global cost of technical mitigation, 2030 and 2050, million USD

per year, at a carbon price of USD 70 per tCO2eq. Source: Author

estimates based on parameters derived from the literature.

innovation area, Dalberg finds that the areas with the largest

shares of funding are public and private R&D funding

with 20%, marketing extension and behavior change

with 33%, institutional and infrastructure with 20%, and

product development with 15%. Although they are not

conceptually identical, the Dalberg estimate of USD 10–14

billion for R&D can be compared to the USD 9.8 billion of

agricultural R&D investment in the reference scenario in

this paper.

Finally, previous studies using IFPRI’s IMPACT model

analyzed a broader set of investments to assess the impact of

boosting agricultural productivity on food security and the

environment in the context of climate change. Rosegrant et al.

(2017) found that increased global investments in agricultural

research, resource management, and infrastructure (irrigation

and rural roads), with the aim of increasing agricultural

productivity and nearly ending hunger by 2030, would cost

an average of USD 52 billion annually for 2015–2030. This

is much higher than the cost estimated in this paper due to

the inclusion of infrastructure. A comparison between the

two papers indicates that shifting additional spending to

agricultural R&D may be more cost-effective in addressing

hunger than large increases in infrastructure investment

relative to recent trends. Nevertheless, expenditures on

infrastructure remain important, with substantial investments

in irrigation infrastructure and rural roads built into the

reference scenario.

Overall, previous studies have higher estimates of

investment gaps to end hunger. These higher costs are

generally because previous studies target multiple goals and/or

because they include investments in broader development

initiatives, including infrastructure such as rural roads and

irrigation, rural development programs, and social protection

programs. The comparative magnitude of these gap estimates
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TABLE 9 Summary of mean potential total emissions reductions from

technical options in agriculture at a carbon price of USD 70 per

tCO2eq.

Technical mitigation options MtCO2eq/year

2030 2050

Cropland management 919 1,152

Agronomy 410 514

Tillage and residue management 265 327

Nutrient management 221 281

Water management 23 30

Rice management 187 209

Grassland/pasture management 402 422

Livestock 360 365

Total CO2 mitigation potential 1,868 2,148

Source: Estimation by authors.

Values are relative to no adoption of these technical options.

with the estimate in this article indicates that investment

in innovation may have especially high impacts on ending

hunger while also improving the performance of climate

change mitigation. Careful targeting of interventions to

the hunger goal can also reduce the cost relative to the

impact. The study of Laborde et al. (2016) has a relatively

low-cost estimate for ending hunger by 2030, at USD 11

billion annually, arrived at by combining the targeting of

consumers with cash transfers and food stamps with farm

support to expand production and increase farmers’ incomes.

Nevertheless, broader investments in social protection,

infrastructure, and value chains, together with reforms in the

areas of gender-responsive policies, agricultural extension,

finance for small farmers, and water management, remain

essential for sustainable agriculture intensification and

economic development.

Model and analysis limitations

In common with the studies cited above, our analysis

relies on many assumptions and estimated agricultural and

economic relationships. As a global economic-biophysical

model, IMPACT relies primarily on aggregate national statistics,

together with sub-national down-scaling of climate and water

resources and must therefore represent economic behavior in a

relatively aggregated approach (Mason-D’Croz et al., 2019). The

linkage of a disaggregated agricultural partial equilibriummodel

like IMPACTwithGLOBE advances the assessment of economy-

wide impacts of investments with feedback to agricultural

incomes. Additional disaggregation would further enrich the

analysis. The analysis focuses on innovation investments in

sustainable intensification of agricultural production, rather

than on the full food system. In this analysis, hunger is defined

as the SDG 2.1 calorie-based target to end hunger. Future

work should also focus on dietary and nutritional security

and quality.

The study focuses on SDG 2 and the Paris Agreement

pathways. Many other SDGs are also important, such as

water resources and biodiversity. Future work on the policies

and potentials to improve performance in meeting additional

SDGs would be valuable but are beyond the scope of the

current analysis.

As with the other studies on ending hunger, we focus on

calorie-based hunger. This afflicted 689 million people in 2019,

an increase of 10 million from 2018 and nearly 60 million from

2014 (FAO, 2021b). Projections of other aspects of nutrition and

food security, such asmicronutrient malnutrition and childhood

stunting are more complex, as is a distributional analysis by

groups of people within countries. It is likely that the cost

of addressing these aspects of hunger in addition to calorie-

based hunger would be considerably higher than the estimates

here. As noted in Rosegrant et al. (2021a), broader malnutrition

problems, together with the continued transformation of

food systems in developing countries, require wider-ranging

approaches and interventions to improve nutritional outcomes

than have been used historically. Reducing the impact of

these factors would require changes beyond the agricultural

sector, including planning, transportation, public health, food

production, and marketing (Caballero, 2007; Ruel et al.,

2017). Interventions and policies should take into account

the need for more sustainable diets that would include a

sufficient supply of micronutrient-rich foods without excessive

consumption of energy-dense, nutrient-poor foods (Kearney,

2010). In promoting nutrition and health-driven policies, it

will be important to target those most in need, particularly

children and marginalized populations underserved by essential

health services. Furthermore, filling the knowledge gaps

through research, scaling innovation solutions, and promoting

partnerships across health, nutrition, and agriculture will be

important (Fan et al., 2019).

Weak governance, fragile states, extreme climate events,

and conflict can reduce the potential gains from investment

in agricultural R&D (Mason-D’Croz et al., 2019). The

SSPs focus their narratives on long-running trends in the

global economy, which, although helpful for exploring

scenarios around climate change and long-term drivers

in the food system like agricultural R&D, do not include

other drivers that are important to global food security. For

example, extreme social and environmental events, such

as the COVID-19 pandemic and extreme climate shocks,

result in year-to-year variability and alter trajectories, at

least in the short run. Although the projections here do

not assume effective or improved governance, a worsening

of governance and conflict can slow the projected growth

(Mason-D’Croz et al., 2019).
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TABLE 10 Summary of total investment gap estimates to meet global goals from other studies.

Study Goals Estimate (USD) Investments considered

ZEF and FAO (2020) End hunger by 2030 39–50 billion R&D, extension, information systems, small-scale

irrigation in Africa, female literacy, child nutrition,

social protection, crop protection, integrated soil

fertility management, African Continental Free Trade

Agreement, and fertilizer use efficiency

FAO et al. (2015) Adequate income and resources for all

to access food by 2030

265 billion Social protection, pro-poor rural investment, and

public and private investment in productive sectors

Laborde et al. (2016) End hunger by 2030 11 billion Social safety nets, farm support to raise production and

incomes, and rural development to reduce inefficiencies

along the value chain and enhance productivity

Laborde et al. (2020) End hunger and double incomes of

small-scale farmers by 2030 while

maintaining emissions below Paris

Agreement commitments

33 billion Social protection, farmers’ institutions, vocational

training, farm inputs, R&D, improved feed, irrigation

infrastructure, reduction of post-harvest losses, and

support to small- and medium-sized enterprises

Baldos et al. (2020) Offset yield losses projected by climate

and crop models to 2050

187–1,384 billion R&D for climate adaptation

Rosegrant et al. (2017) Increase agricultural productivity and

nearly end hunger by 2030

52 billion R&D, resource management, and infrastructure

(irrigation and rural roads)

The focus of our GHG emissions analysis is on emissions

in agriculture consistent with a sustainable agriculture

intensification trajectory for closing the investment gap. It

does not focus on a food systems trajectory, including changes

in cold storage and diets, emissions from transportation,

downstream processing of food, the manufacture of tractors and

fertilizer, expansion of solar power use in agriculture, or other

relevant inputs. Emissions from these sources are included

by IPCC guidelines in other, non-agricultural sectors such as

transport and energy (Mbow et al., 2019). Land-use change and

deforestation emissions driven by agriculture were accounted

for to the extent that they are generated by the investments

analyzed in this article.

Analysis of potential food security improvements and

GHG emissions reductions from improvement in agricultural

value chains would be a particularly important extension of

this analysis. Innovations and investments in the value chain

would improve the prospects for meeting the SDG2 and Paris

Agreement targets. Infrastructure investments, including in

rural roads, electricity cell phone towers, markets, cold chains,

and processing facilities have important impacts on input and

output markets, reduce marketing margins and post-harvest

losses of food, thereby generating production and income gains

and potentially significantly reducing hunger and reducingGHG

emissions (Rosegrant et al., 2021a). Innovations and investments

in the value chain can make the outputs of agricultural R&D

investments more profitable for farmers and generate higher

social returns to agricultural R&D investments. Expanded

investments in these items will likely require partnerships with

the private sector. Aggregating mechanisms could be put in

place, for example, through cooperatives that can help ensure

that economies of scale for inspection, packaging, food safety

regimes and quality management are achieved competitively.

Such cooperatives can also lower costs for agricultural inputs

such as seeds and chemicals and support microfinance services

(Otsuka et al., 2016). Farmers need timely and reliable

information about markets. In addition to information on

prices, a whole range of business-related information is essential,

such as who the buyers are and what their terms and conditions

for doing business are. Digital information systems linked to

farmer mobile phones can increase access to timely information,

improve links between farmers and processors, and reduce

transport costs, thereby reducing post-harvest losses (USAID,

2018). In addition to market information services, advanced

digital technologies—such as satellite imaging, remote sensing,

and in-field sensors—can support precision farming based on

observation of, and response to, intra-field variations that guide

the efficient application of inputs and improve productivity and

farm income (Aker et al., 2016).

In most analyses of technical options for mitigation that

we draw upon here, some of the options have low or even

negative costs in specific regions. This occurs when the net

revenues associated with an option are positive, indicating

that the practice would be profitable even in the absence of

mitigation incentives such as carbon payments or targeted

subsidies (Beach et al., 2015). It is therefore necessary to also

address potential barriers to be overcome to achieve adoption

options that have low or negative costs, and that also hinder
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adoption of higher-cost options even with mitigation incentives.

These barriers may include institutional problems, lack of

property rights, regulatory and legal issues, farmer risk aversion,

and market failures (Beach et al., 2015). Giller et al. (2009),

for example, point to farm-level constraints to the adoption

of conservation tillage for soil sequestration in Africa. These

can include lower yields in some cases, increased labor and

fertilizer requirements when herbicides are not used, limited

access to external inputs, and a lack of mulch due to both low

productivity and the priority given to feeding livestock with

crop residues.

Constraints can also arise in the implementation of carbon

sequestration programs (Pannell, 2021). With successful soil

sequestration, soil carbon increases to a new equilibrium level

after about 20–30 years and then stops. However, the soil

sequestration methods need to be continued to avoid releasing

the sequestered carbon. Costs continue without new benefits.

Sequestration programs also need to ensure additionality, so

that management options are additional to what farmers

would do anyway. Monitoring and measuring soil carbon

stored in soils is expensive, requiring regular soil testing to

determine that carbon has been sequestered (Pannell, 2021).

Measurement is costlier when it needs to be done for multiple

small farms. Innovations in measurement through advances

in information and communications technologies, including

less-expensive soil testing and remote sensing, could help

reduce the costs. Managing carbon sequestration for groups

of farmers rather than individual farmers could also be

more cost-effective.

Conclusion

This article estimated the investment gap in research and

innovation for sustainable agriculture intensification in the

Global South. Agricultural R&D investments of USD 4 billion

per year have the potential to nearly end hunger by 2030.

Another USD 6.5 billion per year, invested in technical climate-

smart options, can achieve 2030 GHG emission reductions

consistent with the Paris Agreement 2◦C and 1.5◦C pathways.

Therefore, the estimated innovation investment gap to reduce

hunger to 5% globally and reduce GHG emissions to a level

consistent with the Paris pathways is USD 10.5 billion annually.

The USD 4 billion of additional yearly R&D investments

incorporates international public R&D by CGIAR, national

R&D by NARS, advances in research efficiency, and private

agricultural R&D, which together reduce the risk of hunger

below the targeted 5% of the population in EAP, SAS, and LAC—

an impressive achievement in the short time remaining until

2030. These investments in SSA, however, fail to achieve the

SDG2.1 target by 2030 where the share at risk of hunger is

still projected to be nearly 12%, though this is an important

improvement over baseline levels.

The agricultural productivity growth generated, along with

the adoption of technical mitigation options, achieves non-

CO2 GHG emissions savings of 1,010 MtCO2eq/year in 2030, a

reduction in line with agriculture’s contribution to a 2◦C climate

pathway. Technical options and avoided land-use change also

achieve ample CO2 emissions reduction and sequestration,

totaling 1,200 MtCO2eq/year in 2030—far higher than the

estimated 100 MtCO2eq/year needed to support a 2◦C climate

trajectory. These investments do not achieve zero land-use

change from agriculture but do reduce the rate of deforestation

by an average of 925,000 ha/year by 2030.

Along with achieving global goals, the investment scenarios

generate large economic returns. The R&D investment adds

USD 1.7 trillion to the GDP of the Global South in 2030,

and USD 9.1 trillion in 2050. In these countries, investment

raises per capita income by 2% in 2030 and nearly 6% in

2050 relative to business as usual. The highest agricultural R&D

investment scenario reduces food commodity prices by 16%

globally in 2030.

These results show that increased investment in

innovation could have powerful impacts on key sustainable

development and climate goals between now and 2030,

with the potential to bring us within reach of ending

hunger in many parts of the world, achieve globally

significant reductions in GHG emissions, and generate strong

economic benefits for the Global South. Improvements

in supporting policies and investments would further

enhance the impact of the investments and improve the

prospects for meeting global goals in 2030 and beyond.

These enabling conditions include improved value chains,

finance, extension, gender-responsive policies and investments,

social protection, water management, implementation of

carbon payments and smart subsidies, and agroecological and

landscape approaches.

In addition to reforms and investments in these enabling

conditions, the results suggest that more transformational

policies and investments are needed to reverse deforestation and

boost carbon sequestration and mitigation, especially beyond

2030. Greater targeting of agricultural R&D on the development

of climate-smart varieties and breeds, and on lower-cost climate-

smart farming systems and practices, could change the relative

prices, costs, and benefits of different interventions. This,

in turn, could substantially improve climate mitigation by

making the adoption of climate-smart technology cheaper. If

the targeted funding is taken from the existing or projected

investment portfolio, careful monitoring and assessment of the

impact of such a reallocation are needed to determine if there is

a trade-off with the food security target—for example, if newly

developed climate-smart technology reduces yields and farm

profitability. Evaluation of alternative investment portfolios

with prospective transformational technologies and policies

would provide additional insights into the future of sustainable

agriculture intensification.
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Investors in international agricultural research seek sustainable agri-food

technologies that can potentially serve multiple objectives, including

economic growth, food security, and sustainable use of natural resources.

We employ quantitative economic models to examine the potential

multi-dimensional impacts of agricultural productivity gains in the Global

South. These models take into account behavior responses to agricultural

technological change, i.e., how productivity changes may a�ect decisions

on what to produce, trade, and consume. We compare potential impacts

of productivity growth in di�erent commodities and regions and assess

implications along several impact dimensions, including economic and

income growth, the population at risk of hunger, adequacy of protein

and micronutrients in human diets, land and water use, and greenhouse

gas emissions. Potential impacts vary widely by commodity group and by

region. These results reveal strengths and potential tradeo�s of di�erent

R&D spending allocations, and can help inform decision-making about an

optimal R&D portfolio that takes into account the multiple objectives of

agricultural investments.

KEYWORDS

agricultural productivity, CGIAR, impact assessment, parity model, IMPACT model,

research and development (R&D)

Introduction

Research investments in agriculture are a primary driver of productivity

improvement and contribute significantly to the Millennium Development Goals

(MDGs) of reducing poverty, eliminating hunger, and the sustainable use of natural

resources. In the Global South, national governments are the primary investors in

agricultural research and development (R&D), followed by the private sector and the

CGIAR system of international agricultural research centers (Pardey et al., 2016). And

while economic studies have found that on average, returns to investment in agricultural

research have been high, there is also a wide range in the estimated rates of return

across research programs and projects (Alston et al., 2000; Hurley et al., 2018). Since
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the impacts of the most successful agricultural research

investments are large, misallocation of R&D resources to

low impact programs or projects carries a high opportunity

cost. However, predicting the future impacts of current

research investments is highly uncertain. Moreover, the

governments, donors and other stakeholders who fund and

support agricultural research are usually concerned with

more than just maximizing economic returns. They often

have multiple objectives for their funding contributions—

including equity, food security, nutrition, and environmental

sustainability. Nonetheless, any R&D portfolio allocation

requires making judgements, however uncertain and ill-

informed, about how it will advance these objectives (Ruttan,

1982).

This paper provides a quantitative analysis of the potential

impacts of a commodity-oriented R&D portfolio designed to

raise the productivity of agricultural systems in the Global

South. Commodity-oriented R&D occupies about 65% of the

R&D personnel in these national agricultural research systems

(ASTI, 2022), nearly 40% of global private spending on food

and agricultural R&D (Fuglie, 2016), and about one-third of

annual expenditures by the CGIAR (Alston et al., 2020). This

analysis can assist in allocating investments in international and

national agricultural research by identifying the commodities

and production systems where productivity improvements

have the greatest potential to advance societal welfare. Using

quantitative modeling, the paper describes the potential impacts

of commodity- and region-specific productivity growth on

incomes, food security, nutrition, land and water use, and

greenhouse gas (GHG) emissions from agriculture.

This quantitative analysis is based on simulations from

a model of the global agri-food economy to project impacts

of agricultural productivity growth out to 2030. It extends

Wiebe et al. (2021), which focused on 20 food crops, to

a broader set of crop and livestock commodities. Model

simulations examine how changes in agricultural productivity

might affect output, resource use, and prices, and take into

account how producers and consumers respond to these

changes. It provides quantitative assessments of how agricultural

productivity growth in various commodities could impact

incomes, poverty, undernutrition and natural resource use

in developing countries in the coming decade. Applying the

“parity rule” to these results—in which R&D is allocated

among commodities or regions in proportion to anticipated

benefits—suggests a way to move toward an efficient R&D

portfolio, or one that achieves the greatest impact on desired

outcomes given available funding for R&D. The results show that

there are likely to be trade-offs among the multiple objectives

for international agricultural R&D. Accelerating productivity

growth (and R&D investment) in some commodities will likely

have stronger effects on some objectives, like income growth,

while productivity growth in other commodities may have

stronger effects on other objectives, such as reducing hunger,

saving land and water resource use or curbing greenhouse gas

emissions from agriculture. Policy makers may need to balance

R&D allocation decisions among these competing objectives

or rely on other policy instruments to address them. Alston

et al. (1995), for example, argue that an R&D reallocation

that sacrifices economic growth to achieve more equity (or

some other socially desirable objective) may not be efficient if

other policy instruments can more effectively address the equity

concern. TheWorld Resources Institute (2019), for example, lays

out amenu of policy options -including but not limited to raising

agricultural productivity—that are likely to be needed to meet

MDGs. In a recent paper, Fuglie et al. (2022a) show that while

accelerating agricultural productivity growth in developing

countries is likely to reduce land use change and greenhouse

gas emissions, it would work better if done in conjunction with

land policies that protected especially carbon-rich lands from

conversion to agricultural uses. Similarly, food policies may be

more effective than R&D investment in achieving nutritional

goals for vulnerable populations (Gomez et al., 2013; Alston

et al., 2016). Nonetheless, robust R&D spending that kept food

prices low would likely reduce the cost of both environmental

and food assistance interventions (Gomez et al., 2013; Fuglie

et al., 2022a).

Materials and methods

As Ruttan (1982) noted, any research resource allocation

process involves making judgements about two central

questions: (1) What is the feasibility of developing technology

or advancing knowledge if research resources are allocated to a

particular commodity, resource, or problem area, and (2) What

will be the value to society of the new technology or knowledge

if the research is successful? The first question deals with the

supply of technology with the second question focused on the

demand for technology. While judgements about technical

feasibility can best be answered by scientists working at the

leading edge of these issues, informed answers about its demand

and its potential societal impact and value require the use of

formal economic analysis. The quantitative models and analysis

in this paper provide information of particular relevance to

the second question—the value of research if it successfully

develops technologies and knowledge that are widely adopted.

One approach that has been used to allocate R&D resources

across commodities is the parity model (Ruttan, 1982; Alston

et al., 1995). According to the “parity rule,” R&D is allocated

among commodities in proportion to their market value. 1

Since the highest returns to agricultural research will likely

1 The parity model is sometimes referred to as the “congruence

model” where the ratio between commodity value and commodity R&D

expenditure is defined as the “congruence ratio.” The parity rule is satisfied

when congruence ratios are equated across commodities.
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be for technologies that have wide potential use, it stands to

reason that commodities, production systems, and problem

areas with the largest economic significance should generally

receive greater attention from (public or private) research and

other investments. To reflect objectives other than economic

growth, weighted-parity rules have sometimes been used. For

example, Wiebe et al. (2021) and Fuglie et al. (2022b) weighted

the value of commodities by the country-level prevalence of

extreme poverty and child stunting to give greater weight to

commodities important to countries with highmeasures of those

attributes. These weighted commodity values were then used to

derive weighted-parity rules to inform the allocation of resources

in international agricultural research.

While the parity model is straightforward to apply, there are

several reasons why it might not result in an efficient allocation

of R&D resources. As Ruttan (1982) noted, differences in the

technical feasibility of raising productivity across commodities

are one reason. On the demand side, current market values of

commodities may not fully reflect their social value, especially a

decade or more into the future when today’s R&D investments

come to fruition through widespread technology adoption.

For example, as per capita income rises in the Global South,

consumer preferences are expected to diversify away from food

staples to include more animal products, fruits, vegetables and

processed foods. In addition, social and policy preferences

value more than just maximizing economic or income growth.

If some commodities use up relatively more (unpriced but

scarce) environmental resources than others, market valuation

may overstate their social value. Similarly, if policy makers

have preferences for equity or hunger alleviation, and if

some commodities are more important to low income or

malnourished populations, then market values may understate

their social values.2

This study uses the International Model for Policy Analysis

of Agricultural Commodities and Trade (IMPACT) to explore

multiple dimensions of impact from raising productivity

in different commodities and regions in the Global South.

Specifically, the IMPACT model is used to derive estimates of

how changes in agricultural productivity in the target regions

could affect incomes, the population at risk of hunger, per

capita nutrient availability for protein, iron and zinc, use of

land and water, and GHG emissions from agriculture. Impacts

2 One approach to R&D prioritization that explicitly takes into account

both technology supply and demand is ex ante benefit-cost analysis. This

approach requires identification and quantification of location-specific

constraints to productivity by commodity and detailed assessments of the

cost and likelihood of success of alternative potential technical solutions.

For international agricultural research, benefit-cost analysismay be better

suited for project selection within commodity and systems research

programs. See Pemsl et al. (2022) for an example of the use of ex ante

benefit-cost analysis for project prioritization within CGIAR root, tuber

and banana research programs.

will depend on the magnitude of a productivity change, where

the change takes place, and which commodities are affected.

Ultimately, we are interested in observing which agricultural

R&D investments are more likely to lower hunger, improve

income and favor environmental indicators, whether the same

investment scenario may benefit all dimensions, and if not,

which scenarios perform better for which indicators.

The IMPACT simulation model is a system of models

based on a partial equilibrium, multimarket economic model

of the global agricultural economy that simulates national

and international agricultural markets. Because increases in

agricultural productivity can lead to lower local and global

commodity and food prices, it affects behavior and incomes of

not only producers but also consumers. Moreover, productivity

increases in one country or region can affect welfare in

other regions through changes in prices and trade. The

IMPACT model accounts for how farmers and households

alter their decisions on what to produce and consume, and

how commodities are utilized and traded as incomes and

prices change. Links to climate models, water models, and crop

models support the integrated study of changing environmental,

biophysical, and socioeconomic trends, allowing for in-depth

analysis of a variety of critical issues of interest to policymakers

at national, regional, and global levels. More information can be

found at https://www.ifpri.org/project/ifpri-impact-model, and

from the main documentation of the model (Robinson et al.,

2015).

The analysis focuses on R&D allocation among crop and

livestock commodities important to 103 developing countries

in the Global South, which we call the “target area” (Figure 1).

The target area includes countries in Southeast Asia, South

Asia, West and Central Asia (except for Kazakhstan and the

high income countries of the Arabian peninsula), Africa, and

part of Latin America (excluding Brazil and southern cone

countries). These countries are divided into the six regions

depicted in Figure 1. The target area encompasses most of the

low and middle-income countries in tropical and sub-tropical

zones except for China and Brazil, which, because of their strong

national agricultural research programs, are less dependent on

international agricultural research investments that focus on the

Global South.

The simulation model forecasts global food demand

using income and population changes in 2030 based on the

IPCC3 middle-of-the-road GDP and population scenario (SSP2)

(O’Neill et al., 2014). In the baseline scenario, agricultural

yields are held fixed at 2010 levels. The productivity investment

scenarios then assume a 25% increase in productivity by 2030

and compare outcomes against the baseline scenario of no yield

change. This rate of yield growth is comparable to what many

commodities in this group of countries achieved over 2000–

2019 (Table 1). Yield of cereal grains, for example, grew at an

3 IPCC is the Intergovernmental Panel on Climate Change.
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FIGURE 1

Global map showing countries and regions of interest. LAC, Latin America & Caribbean; CWANA, Central, West Asia & North Africa; WCA,

Western & Central Africa; ESA, Eastern & Southern Africa; S Asia, South Asia; SE Asia, Southeast Asia & Pacific. The gray-hatched areas are

excluded from the quantitative assessment but are part of the simulation framework as documented in Robinson et al. (2015). For some

measures, ESA and WCA countries are grouped together into sub Saharan Africa (SSA).

average annual rate of 1.46% for a cumulative yield growth

of 34% over these 20 years. In livestock, yield of beef cattle

increased by 27% and dairy yield per cow increased by 45%,

while yield improvement in small ruminant meat and milk was

considerably lower.

A first set of scenarios focuses on increased productivity

for different commodity groups; the second set simulates

increased productivity across all commodities for different

regions (Table 2). For example, for the Cereals crop productivity

scenario we assume that R&D investments increase yields of

cereal grains in the target area by 25% between 2010 and 2030.

Yields for other commodities in the target area and yields for all

crops in the rest of the world are held constant. Outcomes are

compared against the baseline scenario of constant yield for all

crops everywhere.4 The goal is to isolate and compare the impact

of accelerating productivity growth in particular commodity

groups in the target countries. However, final, equilibrium yields

may differ from the target levels due to endogenous effects

within the model, mainly through price changes and shifts in

trade as markets adjust to different scenario conditions.

4 Results for the baseline scenario (assuming no productivity growth

between 2010 and 2030) are reported in Appendix Table A1. We do

not report results of a scenario in which we shock productivity of all

commodities worldwide, as our goal is not to predict world outcomes

but rather to compare the relative impacts of raising productivity across

commodities and developing regions. See Rosegrant et al. (2022) for an

assessment of total agricultural R&D spending that may be needed to

meet several MDG and climate goals for developing countries.

The regional productivity scenarios are built in the same

general way: they explore the impact of targeting investments

to each of the six CGIAR regions (CWANA, ESA, LAC, SA,

SEA, WCA), one at a time. For each regional scenario, all

the commodity groups in that region experience a 25% yield

increase between 2010 and 2030, while yields for all commodities

in all the other countries of the world are held constant.

While quantitative impacts are sensitive to the 25% yield

growth assumption, the relative impacts across commodities and

regions are not. Assuming a common productivity shock higher

(lower) than 25%would raise (reduce) projected impacts, but the

impacts would change by a similar scale across commodities and

regions. Thus, results are robust for the purposes of comparing

impacts of alternative R&D allocations among commodities

and regions.

Measuring impact on economic or
income growth

The IMPACT model is linked to the global dynamic

computable general equilibrium model, GLOBE-Energy. The

role of GLOBE within the framework of the project is to assess

the macroeconomic income and welfare effects associated with

the alternative scenarios (Willenbockel et al., 2018). GLOBE

captures the multiplier effects of agricultural growth on the

rest of the economy. Income in this modeling framework is

represented by average annual gross domestic product (total

and per capita). In practice, the outputs from a first run of
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TABLE 1 Historical rates of commodity yield growth in the target

countries.

Commodity Value of

production

2017–2019

(US$billion/

year)

Yield

growth

rate over

2000–2019

(%/year)

Total yield

growth

over

2000–2019

(%)

Cereal grains 312.4 1.46 34

Roots and tubers 124.6 0.58 12

Oilseeds and pulses 69.5 1.19 27

Vegetables 160.8 0.71 15

Fruit 157.8 1.12 25

Cotton 31.6 1.10 25

Coffee 14.1 0.76 16

Cattle meat 80.0 1.18 27

Dairy milk 102.5 1.84 45

Pig meat 26.7 1.23 28

Sheep and goat meat 42.0 −0.05 −1

Sheep and goat milk 10.1 0.60 13

Achieving a 25% increase in yield over 20 years requires an average annual growth rate

of 1.12%.

Yield is total quantity produced divided by total hectares harvested or total animals in the

103 country target area. Meat yield is measured as quantity from slaughter per animal in

stock; Milk and egg yield is measured as quantity per producing animal.

Source: derived from FAOSTAT.

the scenarios in IMPACT are used as input into GLOBE as

shocks to total factor productivity. GLOBE then simulates the

changes in GDP that may be expected when the productivity

of agriculture increases, and the effects are transmitted to the

wider economy. In turn, the changes in GDP act as exogenous

input back into another iteration in IMPACT, thereby affecting

agricultural production, demand, and ultimately food security.

Measuring impacts on the population at
risk of hunger

Estimates of the population at risk of hunger are the main

food security metric produced through IMPACT simulations. It

is the share of a population consuming below aminimum caloric

requirement. The estimation uses the FAO methodology (FAO,

2008), which is based on a strong empirical relationship between

per capita food availability and the share of undernourished

within a population. The methodology postulates a distribution

of per capita caloric intake around the mean per capita caloric

availability and integrates this density function up to the

minimum caloric requirement. This gives the population share

consuming below the minimum requirement. An increase in

mean per capita caloric availability shifts the distribution and

reduces the estimated share of the population consuming below

the minimum requirement.

Measuring impacts on protein and
micronutrient availability in human diets

Micronutrient modeling follows the nutrient accounting

framework established in the IMPACTmodel described in Beach

et al. (2019). The approach translates the GENuS database

(Smith et al., 2016) into commodity-level nutrient content

coefficients that represent average availability through per

capita consumption. The core components of this accounting

framework provide per capita nutrient availability at the country

level (which can be aggregated up to larger geographies with

population weights) and ratios of this availability to country-

specific recommended nutrient intakes (RNI) across modeled

scenarios. Data availability issues force a focus on protein, iron,

and zinc, which are useful indicator nutrients to assess diets

beyond simple calorie measures.

For this analysis, we extend the availability numbers from

the Beach et al. (2019) approach into an additional metric

intended to be more easily interpretable for policymaking.

We used data and models established by Wessels and Brown

(2012) to construct an estimate of the share of a country’s

population at risk of inadequate supply of dietary zinc5. The

construction of zinc estimates in Wessels and Brown (2012)

provides a consistent model of population level availability of

dietary zinc compared to physiological requirements (“% [of]

mean physiological requirement”), which is comparable to the

RNI ratios from the Beach et al. (2019) approach. We estimate

an elasticity (−0.84) of the relationship between theWessels and

Brown’s (2012) “estimated % of population with inadequate zinc

intake” with IMPACT’s RNI ratio and use this to project the

change in country level population at risk of inadequate dietary

zinc intake.

Measuring impacts on land and water use

In IMPACT, cropland is estimated as harvested area, that

is total area planted and harvested within a year (it may

include multiple harvests on the same land in a year). The

total land supply over time is driven by exogenous trends in

the availability of area for agriculture, as well as endogenous

responses to changes in area demand, which in IMPACT is a

function of changes in commodity prices (Robinson et al., 2015).

The exogenous trends in harvested area include changing land

5 We also investigated the potential for developing this metric based

on inadequate iron intake. However, the complexities of interacting co-

determinants for iron adequacy for di�erent segments of the population

make this a much more complicated model.
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TABLE 2 Summary of productivity investment scenarios.

Scenarios Targets (crops/regions) Scenario description Scenario names

Commodity

productivity scenarios

Cereal grains Increase yield in one commodity group in

target countries by 25% over 2010 level, while

holding yields of other commodity groups

and in non-target countries unchanged

Cereals+

Oil crops Oilcrops+

Pulses Pulses+

Roots and tubers RT+

Fruit and vegetables FV+

Smallholder cash crops Cash Crops+

Livestock Livestock+

Regional productivity

scenarios

Central, West Asia & N Africa Increase yield in all commodity groups in a

region by 25% over 2010 levels, while holding

yields in other regions unchanged

CWANA+

East & Southern Africa ESA+

Latin American countries LAC+

South Asia SASIA+

SE Asia SEASIA+

West & Central Africa WCA+

Reference scenario Baseline with zero yield growth No productivity changes over 2010 level REF

use intensity that allows for multicropping. The scenarios of

increasing productivity used in this analysis are focused on yield

per hectare (or animal) per year.

Estimates of water use rely on the communication between

the core IMPACT multimarket model, the IMPACT water basin

simulation model (IWSM), and the crop water allocation and

stress (ICWASM)model (Robinson et al., 2015). Briefly, a global

hydrology model (IGHM) simulates rainfall, evapotranspiration

and runoff in each basin. These hydrologic outputs are fed

into IWSM, which manages water basin storage, and optimizes

irrigation water distribution in a watershed. The information on

irrigated water supply enters ICWASM, and the model provides

the IMPACTmultimarket model with water stress-induced crop

yield reductions for both irrigated and rainfed crops. In these

steps, the model keeps track of the blue and green water use

across rainfed and irrigated systems.

Measuring impacts on greenhouse gas
emissions

The focus of this analysis is on direct on-farm agricultural

emissions and emissions from land use change and the

ensuing loss of carbon storage in soils and forests. All

emissions estimates are converted to CO2 equivalents by

multiplying the amount of GHG by the respective global

warming potential.

For each scenario, we estimate CO2 emissions from loss

of forested area due to the expansion of cropland, methane

emissions (CH4) from rice cultivation and enteric emissions

from livestock, and emissions of nitrous oxide (N2O) from

the application of manure and synthetic fertilizer to cropland.

The results are reported in terms of change from the baseline

scenario. The calculations are based on the methodology

developed by Rosegrant et al. (2017). We provide some

description of the process below and refer to the methodology

sections of these two references for additional details.

Emissions are estimated by post-processing the outputs

of the IMPACT model. To estimate N2O emissions we used

the IPCC Tier 1 default factors for direct N2O emissions

arising from mineral N fertilizer application to managed

soils (0.01 kg N2O-N per kg N fertilizer applied) and to

irrigated rice (0.003 kg N2O-N per kg N fertilizer applied)

(IPCC, 2006; Yan et al., 2009). These factors were multiplied

by the N fertilizer consumption projected in IMPACT for

each country and each crop/commodity (see Appendices

F and H in Rosegrant et al., 2017). It is important to

note that our estimates exclude the indirect N2O emissions

from nitrogen leaching and runoff, and from atmospheric

nitrogen deposition.

Estimates of CH4 emissions from rice cultivation derive

from the combination of IPCC Tier 1 and 2 emission factors (as

in Yan et al., 2009), with the crop yields projected by IMPACT.

The CH4 emissions from rice production are first calculated for

a unit of area and then multiplied by the rice production areas

projected by IMPACT.

To estimate CH4 emissions from ruminants we multiplied

the animal numbers projected in IMPACT (both slaughtered

cattle and dairy animals) by the per-head emission value

obtained from the enteric fermentation section of FAOSTAT (see

also Appendix F in Rosegrant et al., 2017).

Finally, CO2 emissions were estimated from changes

in land cover driven by expansion (or contraction) of

crop harvested area and pastureland. We used simulations

that linked IMPACT and the Landshift model to derive

the relationship between changes in crop area and forest
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TABLE 3 Multi-dimensional impacts of increasing commodity and regional agricultural productivity in the target countries.

Current gross value of production

(2017–19 avg)

Simulations of impacts of 25% yield gain (output/ha or output/animal) over 2010 levels in

commodity group by 2030∧

Production value Poverty-weighted

production value

Income Pop at risk of hunger

(caloric adequacy)

GHG emissions Land use Irrigation water use

Commodity

scenario

Value

(b$)

Parity rule

(%)

Value

(b$)

Parity rule

(%)

Value 1

(b$)

Parity rule

(%)

Value 1

(mil. pop)

Parity rule

(%)

Value 1

(106T)

Parity rule

(%)

Value 1

(106 ha)

Parity rule

(%)

Value 1

(b m3)

Parity rule

(%)

Cereals 312.4 23.4 48.3 21.5 340.2 21.6 −159.5 49.8 −132.5 33.0 −3.8 29.2 −1.2 41.4

RTB 124.6 9.3 35.7 15.9 124.7 7.9 −37.4 11.7 −17.0 4.2 −1.1 8.5 −0.4 13.0

Oilcrops 34.1 2.6 8.8 3.9 137.8 8.8 −37.8 11.8 −46.4 11.6 −4.3 33.1 1.6 0.0

Pulses 35.4 2.6 8.0 3.6 6.5 0.4 −36.0 11.2 −50.5 12.6 −2.7 20.8 −0.7 23.5

Fruit and Veg 318.5 23.9 49.9 22.2 684.7 43.6 −37.8 11.8 −3.1 0.8 −0.1 0.8 −0.6 22.1

Cash Crops 66.5 5.0 12.7 5.6 80.9 5.1 −11.8 3.7 −15.5 3.9 −1.0 7.7 0.1 0.0

Livestock 443.6 33.2 61.1 27.2 197.4 12.6 4.3 0.0 −135.9 33.9 1.5 0.0 0.1 0.0

SUM 1,335.0 100.0 224.5 100.0 1,572.2 100.0 −316.0 100.0 −400.9 100.0 −11.5 100.0 −1.1 100.0

Regional

Scenario

Simulations of impacts of 25% yield gain over 2010 levels in all commodities by 2030

SASIA 433.0 32.4 83.7 37.3 771.1 49.7 −112.7 33.3 −148.3 33.5 −4.0 30.1 −2.7 66.2

SEASIA 244.1 18.3 9.3 4.2 204.2 13.2 −69.3 20.5 −86.3 19.5 −4.5 33.8 1.3 0.0

ESA 111.1 8.3 43.8 19.5 60.3 3.9 −37.7 11.1 −39.9 9.0 −0.7 5.3 −0.8 18.7

WCA 158.2 11.8 60.2 26.8 246.9 15.9 −61.4 18.1 −47.6 10.7 −2.1 15.8 −0.4 9.7

LAC 155.7 11.7 7.2 3.2 12.8 0.8 −21.5 6.4 −50.3 11.3 −0.9 6.8 −0.2 5.5

CWANA 233.1 17.5 20.2 9.0 256.3 16.5 −35.9 10.6 −70.9 16.0 −1.1 8.3 0.5 0.0

SUM 1,335.0 100.0 224.5 100.0 1,551.6 100.0 −338.5 100.0 −443.3 100.0 −13.3 100.0 −2.2 100.0

The analysis focuses on 103 low- and middle-income countries (“target countries”) located in six global regions (see Map 1). Excluded are high-income countries, China, Brazil, and Southern Cone countries of South America. Impacts of productivity

simulations on agriculture in the target countries produce economic impacts in these countries as well as world-wide through price and trade effects.

The figures in the table only include impacts on the set of target countries except for the GHG metric, which is global. Current gross value of production is 2017–19 average annual quantities produced valued at 2015 prices derived from FAOSTAT.
∧Value 1 = change in impact value compared with the projected value in 2030. The simulations assume a 25% increase in yield over this reference yield. The “parity rule” is the relative size of this impact compared with all other groups (it is the % of the

sum of impacts across groups).

RTB, roots, tubers, and bananas.

Green-shaded cells show the highest desired outcomes; red-shaded cells indicate undesirable outcomes.
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FIGURE 2

R&D allocation parity rule from commodity productivity increases. The parity rule is to allocate R&D in proportion to anticipated benefits or

positive impacts. The colors of the bar chart show the relative size of the impacts from productivity growth in the respective commodity groups.

The R&D allocation across commodities implied by the parity rule varies depending on policy preferences over type of impact. The figure draws

from the estimates reported in Table 2.

area (see especially Schaldach et al., 2011; Rosegrant

et al., 2017). The estimated changes in land use driven

by changes in area and livestock production were then

combined with the Tier 1 GHG emissions coefficients for

the relevant land use types to compute the estimated GHG

emissions changes.

Results

The commodity productivity scenarios assume R&D

investment generates a 25% increase in yields (kg of crop/ha, kg

of meat/animal or kg of milk/animal/year) by 2030 compared

with yields in 2010. In this first set of scenarios, the increase

is simulated in one commodity group at a time across the

entire set of target countries that are the focus of this analysis.

Productivity of other commodity groups and in countries

outside the target area is held fixed. The 25% yield increase

affects the market price of the affected commodities as

well as other commodities through substitution effects. As

noted earlier, the simulation model takes into account how

producers and consumers respond to the changes in prices

and profitability induced by the increase in productivity.

Following these adjustments, actual farm yields of affected

commodities may change by more or less than 25%. Farm

yields of commodities where productivity is held constant

may also change since prices of those commodities are also

affected. The purpose of this analysis is to determine the relative

impacts of increasing productivity on one commodity group

vs. another.

Table 3 summarizes results from the simulation model

on the multi-dimension impacts of increasing agricultural

productivity in seven commodity groups listed in Table 2. The

columns show the impacts of commodity productivity on total

income, the population at risk of hunger, GHG emissions from

agriculture, land use and water use in the target area. For

comparison, reference scenario values (projections in 2030 of

income, population at risk of hunger, land use, etc., assuming

no productivity growth) are provided in Appendix Table A1.

For comparative purposes, Table 3 includes the current

value of production and poverty-weighted value of production

from the parity model as reported in Fuglie et al. (2022b)6.

6 Current gross value of production in Table 3 is the annual average

quantity harvested in 2017–2019 in billions of metric tons multiplied
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TABLE 4 Agricultural productivity and nutritional change in target countries.

Simulations of impacts on human dietary nutritional adequacy from 25% yield gain in commodity group

Zinc adequacy (Zinc)* Iron adequacy* Protein adequacy*∧

Commodity

scenario

Change in pop

at risk (mil.)

RNI ratio Change in RNI

ratio (%)

RNI ratio Change in RNI

ratio (%)

RNI ratio Change in RNI

ratio (%)

Reference scenario

(no yield change)

1.04 0.83 2.24

Cereals −39.89 1.08 3.63 0.87 3.89 2.32 3.24

Roots and tubers −9.20 1.05 0.69 0.84 0.83 2.25 0.50

Oilcrops −9.49 1.05 0.77 0.84 0.71 2.25 0.59

Pulses −10.27 1.05 0.84 0.84 0.83 2.26 0.73

Fruit and vegetables −6.56 1.05 0.61 0.84 0.81 2.26 0.61

Cash Crops −3.93 1.05 0.35 0.84 0.46 2.25 0.26

Livestock −1.29 1.04 0.19 0.83 −0.07 2.25 0.24

*For nutrients other than zinc, the relationship between dietary nutrient availability and population at risk from dietary inadequacy is not well established. For many nutrients, dietary

adequacy of a particular nutrient may be dependent on other factors, such as access to sanitation, clean water and availability of complementary nutrients in the diet.

The RNI ratio provides a measure of overall nutrient availability in the diets of a population. It is the ratio between average per capita nutrient availability in diets and the recommended

nutrient intake (RNI). An RNI ratio of 1.00 implies that on average per capita nutrient availability just equals the recommended daily intake of that nutrient. For a population with an RNI

ratio of 1.00, it is likely that half the population (those consuming below the mean) will have inadequate nutrient availability and half the population (those consuming above the mean)

will have adequate availability of the nutrient in their diet. As RNI rises, a larger share of the population will experience adequate nutrient availability in their diet.
∧Protein adequacy depends not only on the quantity but also the quality of protein. The simulation model only considers the quantity of protein availability in the diet.

Green-shaded cells show the highest desired outcomes; red-shaded cells indicate undesirable outcomes.

If the economic impacts of commodity research are strongly

correlated with the current economic value of the commodities,

and if the R&D costs of raising productivity are roughly similar

among commodities, then the value shares from the parity

model indicate an efficient R&D allocation rule that is likely

to maximize economic returns across the commodity R&D

portfolio. With a couple of exceptions, the value shares of

the commodity groups from the parity model are strongly

correlated with the share of projected income gains from the

simulation model. However, the simulation model indicates a

relatively greater potential value for fruits and vegetables and

less for livestock than the parity model. The higher potential

value for fruits and vegetables may arise because of the strong

growth in demand projected by the simulation model for these

commodities. For livestock, the simulation model may better

reflect the income gains from value-added activities in this

sector. Since a large share of the final value of livestock is

from crops used for animal feed, using the gross value of

livestock output (which the parity model uses) may overstate the

economic importance of this sector.

by the global average farmgate prices in 2014–2016 international

dollars per ton (FAOSTAT, 2021). Poverty-weighted values multiply each

country’s gross value of production by its $1.9/capita/year poverty rate

(World Development Indicators, 2021) and aggregates these values by

commodity across the target area and by region.

Impacts on income growth, population at
risk of hunger, and natural resources

From the simulationmodel, the largest impacts on economic

or income growth arise from an increase in the productivity

of fruits and vegetables, followed by cereal grains. Productivity

increases in fruits and vegetables are projected to make

only small improvements in the other dimensions of impact,

however. Productivity improvement in cereal grains is projected

to have much larger impacts on decreasing the population

at risk of hunger and conserving natural resources—reducing

agricultural land, water use, and GHG emissions.

For each of these impact dimensions, the “parity rule”

is applied to the simulation results to indicate how R&D

might be allocated across commodity programs in order to

maximize the impact of R&D on that objective. Figure 2

depicts the “R&D allocation parity rule” graphically for each

of the impact dimensions. For example, an R&D allocation to

maximize economic or income growth would allocate 22% of

funds to cereal grains, 44% to fruits and vegetables, and the

rest shared among the other commodities; a focus on hunger

reduction would allocate nearly 50% of R&D just to cereals and

only 12% to fruits and vegetables, while a sole emphasis on

reducing GHG emissions would allocate 34% of R&D funds to

livestock, 33% to cereal grains, and less than 1% to fruits and

vegetables. A decision-maker wishing to address several of these

objectives at once would need to balance the R&D portfolio

allocation accordingly.
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FIGURE 3

Changes in RNI ratios for protein, iron and zinc from increases in commodity productivity. The figure shows the percentage change in RNI ratios

for three nutrients resulting from productivity growth in the respective commodity groups. The figure draws from results reported in Table 3.

The bottom half of Table 3 shows the effects of raising

productivity of all commodities within a region. In these

scenarios, productivity is increased in one region at a time

and compared against the baseline scenario of no productivity

change. This allows a comparison across regions of where

agricultural productivity will have a relatively greater or lesser

impact on the outcomes of interest. Although productivity

growth is confined to one region, the resulting effects will

be worldwide due to markets (e.g., price changes) and trade.

The impacts reported in Table 3 include the total impact on

the 103 countries in the target area but exclude impacts on

the rest of the world. Note that the sum of the simulated

impacts of the commodity scenarios is not equal to the sum

of the impacts across regions. This is because the commodity

and regional scenarios have different implications for prices,

utilization and trade.

Agricultural productivity growth in South Asia has by far

the largest impact on income growth and hunger reduction

among the six regions, due to its relatively large agricultural

sector and the size of its low-income, rural population. The

South Asia scenario also resulted in a greater reduction in

agricultural GHG emissions compared. Next in importance

for food security impacts were West & Central Africa and

Southeast Asia.

Some other results from Table 3 are worth highlighting:

• Productivity gains in livestock are projected by the

simulation model to substantially reduce GHG emissions

but could increase the population at risk of hunger.

Ruminant livestock especially are a major source of

GHG emissions from enteric fermentation, manure, and

fertilizers used on feed crops. Productivity improvement in

livestock lowers the prices of animal products while raising

the prices for feed and food crops. Overall, the productivity

gains reduce the number of animals needed to meet market

demand, resulting in significantly fewer GHG emissions.

The higher prices for crops, however, make these staples

less affordable.

• Productivity growth in smallholder cash crops like coffee,

cocoa and cotton is more important for income generation

than hunger reduction. Since these crops are principally for

export, they have little or no effect on domestic prices of

food staples. Thus, beneficiaries of the income gains are

primarily local producers rather than local consumers.

• The most significant reductions in agricultural land use

come from productivity gains in crops that are grown

over wide areas: namely, oilcrops, cereal grains, and pulses.

Productivity gains in livestock, however, are projected to

increase cropland in order to produce more feed.

• The most significant savings in water use come from

productivity gains in crops that dominate irrigated areas:

cereal grains, fruits and vegetables, and pulses. Productivity

gains in oilcrops are projected to increase water use: higher

productivity leads to less area in oilcrops which are then

replaced by more water-intensive crops in irrigated areas.

The relative size of the impacts of agricultural productivity

on income, hunger reduction and natural resource use is likely

to vary by region and country (see the Appendix Tables A2–A7

for the regional breakdown of the impacts from the commodity
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FIGURE 4

Sources of calories in the average consumer diet under commodity productivity scenarios. Scenario: commodity demand is based on

population and income projections for 2030. The reference scenario (REF) holds commodity yields at 2010 levels. The other scenarios increase

the yield of each commodity group by 25% over the 2010 yield level while holding yields of other commodities unchanged. Consumers adjust

food consumption in response to relative price changes among commodities.

productivity scenarios). These table allocate the impacts of the

commodity scenarios among the six regions. Some highlights

from the regional results include:

• Although improving agricultural productivity saves natural

resources overall in the 103 countries, in some regions and

for some crops, productivity gains increase emissions, land

use, or water use;

• Productivity gains in fruits and vegetables are projected

to be particularly important sources of income growth in

South Asia, SE Asia, and CWANA;

• For West & Central Africa, improving the productivity of

root and tuber crops ranks first for income growth and

second for hunger reduction, behind cereal grains.

• For the Latin American countries included in the target

area, raising the productivity of cash crops (primarily

smallholder coffee) is more important than cereals as a

source of income growth and for saving land.

Impacts on nutrient availability

Besides caloric intake (used to measure the population at

risk of hunger), the simulation model assessed the impact of

agricultural productivity on dietary intake of zinc, iron and

protein across the commodity productivity scenarios. Zinc and

iron are micronutrients, while protein along with carbohydrates

and fat is classified by nutritionists as a macronutrient.

Significant numbers of people in the target countries suffer

adverse health consequences from inadequate dietary intake of

all three nutrients (Global Nutrition Report, 2021). For protein,

not only quantity but also quality (i.e., content of essential amino

acids) is important for dietary health. However, this analysis only

considers the quantity of protein in the diet.

The primary measure we use to assess the impact of

productivity on nutrition is the change in its RNI ratio: the ratio

between per capita daily availability of a nutrient in average

diets and its Recommended Nutrient Intake (RNI). An RNI

ratio of 1.00 implies that the per capita nutrient availability in

the average diet just equals its RNI. For a population with an

RNI ratio of 1.00, it is likely that half the population (those

consuming less than average quantities of food per capita) will

have inadequate nutrient availability and half the population

(those consuming above average quantities of food) will have

at least adequate availability of the nutrient in their diet. As

RNI rises, a smaller share of the population will experience

inadequate nutrient availability in their diet. For some nutrients,

consuming significantly above the RNI may have harmful effects
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on health. For other nutrients, excess nutrients are either stored

in the body or passed out as body waste.

For all three of these nutrients, increasing the productivity

of cereal grains has by far the largest impact on raising dietary

adequacy in the target area (Table 4). A 25% increase in cereals

productivity increased the RNI ratio by more than 3% in the

target countries, compared with less than 1% for productivity

gains in the other commodities (Figure 3). For zinc, changes

in dietary intake were also translated into changes in the

population at risk from dietary inadequacy of this nutrient.

Increasing the productivity of cereal grains was projected to

reduce the population at risk from inadequate zinc by 40 million

persons, about four times higher than the next best alternative,

pulses, which would reduce the population at risk by just over 10

million people.

One reason for the relatively large impact of cereals on

nutrition is because these crops are a major source of not

only carbohydrates but also protein and many micronutrients

in diets. Another reason is that cereal grains typically account

for share of expenditures by low-income households. Raising

the productivity of staple foods lowers their price, making

these foods more affordable and thus increasing real household

purchasing power. This enables households to diversify their

diets away from food staples to more income-elastic products

like meat, dairy, fruits, and processed foods. For food staples

with a high household expenditure share, a given percent decline

in its price will have a larger effect on household purchasing

power compared with other foods purchased by the household

and allow for more dietary diversification.

How commodity productivity affects dietary composition

is illustrated in Figure 4. The reference case (REF) shows the

contribution of each food group to total calories consumed in

an average diet in the target area assuming no productivity

gains by 2030. The other bars show how diets change when

the productivity of each commodity group is increased by 25%

above the reference case. This estimate is derived by using

empirical evidence on how consumers are likely to respond to

changes in the relative prices of foods.

In all scenarios, cereal grains contribute about 51% of

total calories, which rises to 52.4% (or 1,242 kcal/capita/day

from cereals) when cereals productivity alone is increased.

Note that raising productivity in one food group increases the

consumption of all food groups. Raising cereals productivity,

for example, increases the caloric contribution of fruits and

vegetables from 176 kcal/capita/day to 178 kcal/capita/day.

Raising fruit and vegetable productivity has an even

larger effect on that food group, raising its contribution to

186 kcal/capita/day. This is because the fruit and vegetable

productivity gain lowers the relative price of these foods

compared with other food groups. But because the expenditure

share of fruits and vegetables is less than that of cereals, it has a

smaller effect on the consumption of other food groups. Overall,

productivity growth in fruits and vegetables results in a smaller

increase in the RNI ratios of carbohydrates, protein, zinc and

iron compared with the cereals scenario. Similarly, the livestock

productivity scenario raises the number of calories from

livestock products more than the other scenarios, but with a

reduction in total calories compared with the reference scenario.

Simulated impacts of agricultural productivity on average

dietary composition were also estimated for each region. In all

regions, raising the productivity of cereal grains had the largest

impact on total calories, protein, zinc, and iron consumed.

Because results were similar across regions, results for individual

regions are not included in the paper.

Essentially, the largest impacts on reducing macro and

micronutrient inadequacy in diets occur when the average price

of food declines the most. Since cereal grains make up the largest

component of overall food price (and household expenditure

share), raising productivity in cereals generates the largest gains

in nutritional adequacy.

For middle- and upper-income countries, overconsumption

of calorie-rich foods is contributing to rising rates of obesity

and related health problems. These foods are often highly

processed and designed for their convenience and taste. Food

and nutrition policies and regulations can encourage the

consumption of nutrient dense foods (defined as foods that

have high nutrient content per calorie). For low and lower-

middle income countries, underconsumption of macro and

micronutrients affects a large share of the population and is the

major driver of food insecurity and malnutrition. Agricultural

R&D funding to lower the cost of the foods with the largest

household budget share can significantly improve dietary

adequacy and quality.

Discussion

Quantitative economic analysis provides a powerful set of

tools for informing decisions about agricultural R&D priorities

and funding allocation. While investment in international

agricultural R&D has been shown to generate high returns

on average, impacts are multidimensional and vary depending

on the focus of the research undertaken. The analysis

in this paper shows there are significant differences in

potential impacts of productivity growth (and R&D investment)

across agricultural commodities and regions in the Global

South. Some commodities offer greater potential to increase

economic or income growth, while productivity improvement

in other commodities might have relatively greater effects

on food security, nutrition or natural resource conservation.

Which commodities offer the greater potential to advance

objectives also depends on the region for which the research

is undertaken.

Simulations of projected impacts from increasing

productivity in different commodity groups in the target area

(103 low- and middle-income countries spanning six regions
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covering Africa and parts of Asia and Latin America) reveal

potential tradeoffs among research objectives of maximizing

income growth, reducing hunger, improving nutrition, and

conserving natural resources:

• Productivity increases in Fruits and Vegetables offer the

highest contribution to income growth, closely followed by

Cereal Grains.

• Productivity increases in Cereal Grains generate the largest

reduction in the population at risk of hunger.

• Productivity increases in Cereal Grains result in the largest

increase in per capita nutrient availability for protein, zinc,

and iron (the only nutrients other than calories analyzed in

the simulations).

• Productivity increases in Cereal Grains and Livestock offer

the largest potential for reducing agricultural greenhouse

gas emissions.

• Productivity increases in crop commodities are land

sparing, with the largest land savings obtained by raising

productivity of area-extensive crops (i.e., Cereal Grains,

Oilcrops and Pulses).

• Comparing the R&D allocations suggested by the parity

rule, productivity increases in Fruits and Vegetables,

Livestock and smallholder Cash Crops have relatively

greater potential to generate income growth than to reduce

hunger: their parity percentages are higher under the

“income” outcome than under the “population at risk of

hunger” outcome.

• In the Latin American countries included in the analysis,

Cash Crops (especially coffee) offer greater potential to

generate income growth than cereal staples.

• In West & Central Africa, productivity increases in

Roots and Tubers offer the highest potential among

commodity groups to generate income gains while

increasing productivity in Cereal Grains offers the greatest

potential to reduce hunger.

Besides informing R&D allocation across programs and

projects, the results in this report also shed light on important

strategic questions currently facing international agricultural

research. For example, one question is whether shifting R&D

investment away from crop staples to fruits and vegetables

would increase the dietary availability of key micronutrients.

The quantitative models used in this study suggest that

while demand for fruits and vegetables is growing rapidly

and higher productivity of these crops offers significant

potential to raise incomes of smallholder producers, investing

in the productivity of cereal staples offers significantly greater

opportunities to increase nutrient availability of protein,

iron, and zinc (and possibly other micronutrients as well)

in the diets of low-income consumers, as well as reduce

the population at risk from hunger due to inadequate

caloric intake.

A second concern facing funders of international

agricultural R&D is whether investing in ruminant livestock

productivity would exacerbate greenhouse gas (GHG) emissions

from agriculture. While raising livestock productivity would

likely reduce emissions per unit of meat and milk produced, it

would also lower prices and thus stimulate more total demand

for these products. Our quantitative analysis indicates that

the net effects of raising productivity in ruminant livestock

could significantly lower GHG emissions from agriculture. In

fact, increasing the productivity of cereal grains and ruminant

livestock would likely have the largest impact on reducing GHG

emissions from agriculture in the target countries compared

with productivity improvement in other commodities.

A third strategic question for international agricultural

research is whether investing in small holder cash crops might

offer significantly greater opportunities than food crops in

raising incomes and reducing poverty and hunger. Our findings

suggest that for comparable rates of productivity growth,

smallholder cash crops like cocoa, cotton, and coffee generally

offer less potential impact on income, nutrition, and natural

resource conservation than productivity growth in staple food

crops. However, in Central America and the Andes region of

Latin America, raising the productivity of cash crops (especially

coffee) may have as much or greater potential impact on income

as raising the productivity of maize, a major food staple of

the region.

The “answers” to these strategic questions are of course

conditional on (and limited by) the quality of data and

modeling assumptions used in the analysis. Results can be

always challenged—and improved upon—with the development

of better data and models. A key strength of these models,

however, is that they consider how increases in agricultural

productivity are likely to affect commodity prices, and how these

price changes, in turn, may affect what producers choose to

produce and what consumers choose to consume, while assuring

that market supply equals market demand. Decision makers also

need to consider that R&D investment is not the only policy

instrument to address these multiple objectives. If other policies

can more effectively address specific environmental concerns

(e.g., land and water policies) or nutritional needs of vulnerable

populations (such as food assistance policies), then reallocating

R&D spending toward these ends may not be the most efficient

policy choice, especially if it entails a significant reduction in

economic growth (Alston et al., 2016).

One limitation of this analysis is that we only consider

commodity-oriented research that raises productivity. We do

not consider potential impacts of other kinds of food and

agricultural research, including research on policies, food and

nutrient, forestry and fisheries. Reardon et al. (2018) argue that

rapid transformation of agri-food systems needs to take into

account research and innovations in the entire agri-food value

chain. However, there are good reasons for our focus on R&D

to raise commodity productivity. For one, this is an area where
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public support is especially needed to develop locally adapted

technologies. Innovations in food processing generally have

stronger private sector incentives to develop and are easier to

transfer across food systems and countries. Second, commodity-

oriented international research has repeatedly demonstrated

high returns, while evidence on returns to non-commodity

agricultural research is considerably thinner (Renkow and

Byerlee, 2010).

Another limitation of the approach used in this study

to R&D prioritization is its singular focus on demand-

side considerations. We have ignored potentially significant

differences across commodities and regions in the R&D and

extension costs to develop and disseminate new technologies

to farmers. Fuglie et al. (2019) outline a number of features

of an “enabling environment” that may constrain adoption

of farm technologies, including adverse price policies, poor

rural infrastructure, insecure land tenure, limited access to

financial and insurance services, and low levels of education

and extension services. However, these constraints are likely to

be highly contextual and location-specific; taking into account

these factors in R&D prioritization may be better addressed

in the project selection stage of commodity research rather

than at the programmatic stage of international R&D resource

allocation (see Footnote 2).

A final point on optimizing resource allocation in

international agricultural research is that it depends on

having a transparent and consistent accounting system

to track R&D investments. The CGIAR system, lacks a

system for categorizing its research expenditures and it

is hard to determine how much is being allocated to any

commodity or other problem area (Thorton et al., 2022).

Ideally, a research allocation accounting system should

classify research expenditure and science-years across

several criteria, including by commodity or resource, by

problem area or activity, and by field of science, as well as

by institution and location where the research is conducted.

This would be an invaluable tool for evidence-based decision-

making in the planning and management of international

agricultural research.
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Urban and peri-urban agriculture (UPA) is widely distributed throughout

the Global South. Despite urban population growth and diversifying food

habits, UPA delivers an important part of urban food supply, as well as

other types of services to cities, such as employment and waste reuse.

Nevertheless, the extent and importance of UPA varies between di�erent

urban areas, while challenges like limited recognition, land conversion, and

water pollution and competition threaten the potential of UPA to contribute

to urban resilience. Key investment priorities for research and innovation

for overcoming current challenges include incentivized peri-urban zoning,

urban allocation of productive lands, and increasing capacities for controlled

environment agriculture (CEA). Innovative repositioning of food marketing can

help to strengthen supply of healthy food from UPA production, increase

decent employment, and turn food markets into nutrition hubs. Priority

innovations for contributing to the circular bioeconomy of cities include

scaling the safe use of wastewater for irrigation through investments in

the adoption of multiple risk-barrier approaches and scaling UPA-based

ecosystem services for valorising solid waste and environmental management.

Innovations in urban governance are required to support these processes by

bringing food systems into urban planning through food mapping and the

multisectoral platforms for dialogue and policy formulation across city regions

and with vertical levels of government.

KEYWORDS

urban agriculture, food systems, controlled environment agriculture, informal

markets, circular bioeconomy, resource recovery, city-region, food governance
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Introduction

Ensuring sustainable and secure supplies of appropriate

quality food for urban populations that do not exacerbate

the climate crisis is a major global challenge. Eighty percent

of global food production now ends up in cities, but only

around 63% is consumed. The rest, about 931 million tons,

becomes food waste (UNEP, 2021). The challenge of feeding

cities is most acute in the Global South where most food loss

occurs during harvest, storage, and transportation, while poor

(food) waste management poses a public and environmental

health problem for cities. A double burden of malnutrition

afflicts low-income countries, with perhaps 300 million urban

residents going hungry, while an epidemic of obesity and non-

communicable diseases (NCDs) increasingly affects the poor in

the Global South, primarily driven by increasing consumption

of sugars, fat, and salt in processed foods (Popkin et al., 2012;

Vilar-Compte et al., 2021). These nutritional challenges are

being accelerated by urbanization processes and climate change.

By 2050, two-thirds of the Global South population will be

urban, while urban expansion is currently occurring mostly

through slum and informal settlement growth (UN-Habitat,

2020). Informal employment, especially of women and men in

food and other retail services, accounts for up to 80% of the

total in some cities in the Global South (ILO, 2018). Inadequate

and precarious incomes and congested housing conditions affect

both economic and physical access to healthy food.

Large, “core” cities as well as small and medium “secondary”

cities (Cardoso, 2022) have largely underappreciated

opportunities to alleviate some of these stresses on urban

food access and climate change by developing the actual

and potential food supply within urban areas and from the

surrounding urban foodsheds (Schreiber et al., 2021), which

include peri-urban and nearby rural areas, i.e., from within city

regions (Dubbeling et al., 2016, 2017; Blay-Palmer et al., 2018;

Acharya et al., 2020). Up to 70% of the world’s population is

already living in these areas (Berdegué et al., 2014), food for

about 30% of this population is produced there (Kriewald et al.,

2019), and it is where most food marketing occurs. Accordingly,

these are the spaces with the greatest opportunities to build the

urban circular bioeconomy through recovering the vast volumes

of solid and liquid urban waste and reusing them in nearby

agricultural processes, as well as contributing to associated

ecosystem services like flood reduction (Dubbeling et al.,

2016; Evans et al., 2022). Moreover, where political instability,

epidemics, or economic crisis accelerate challenges related to

urban food supply, farming within or close to cities—urban and

peri-urban agriculture or UPA—can help build urban resilience

and is an increasing focus of attention (Malec et al., 2022; Yan

et al., 2022).

For cities to take up these opportunities, investment

is needed in innovations that will enable these different

components to contribute more effectively to resilient cities

and city regions (Prain, 2022). This paper suggests priorities

for investment in research and innovation in UPA, based on

two recent non-systematic reviews of recent literature (Halliday

et al., 2021; Prain, 2022) and the extensive personal experience

of the authors. Sections Protecting productive land, boosting

productivity, Repositioning informal food markets, and

Recovering water and waste for the urban circular bioeconomy

highlight innovations needed in agricultural production, food

marketing, and in the productive reuse of otherwise wasted

natural resources, like organic waste, characteristics of the

circular bioeconomy (Carus and Dammer, 2018). However,

this also requires innovations in the governance and planning

environment. Production, marketing, and resource recovery

and reuse often occur across spatial and sectoral boundaries and

involve different levels of government. Section Innovating food

systems planning and governance to support UPA considers

some of the institutional innovations needed to facilitate

effective and sustainable agri-food systems.

Protecting productive land, boosting
productivity

Most agriculture within urban areas is practiced on small

areas of land, often for subsistence, with surpluses exchanged

or sold within the community (Prain, 2022). Where urban and

especially peri-urban agriculture is practiced at a larger scale,

outputs can be locally important as an urban food source.

Furthermore, producing close to the place of consumption can

shorten food supply chains and enhance trust between producers

and consumers, as well as reduce transportation costs, emissions,

and the risk of food loss due to poor infrastructure (Vittersø

et al., 2019).

However, lack of secure land tenure is a significant barrier,

especially in the context of rapid urbanization and land-use

tensions arising between agriculture, business, and formal and

informal residential settlements (Mougeot, 2000). People who

grow crops on public land often face harassment and eviction by

law enforcement agencies (Foeken, 2004; Prain, 2010; Cabannes

and Marocchino, 2018).

Some local governments (for example Quito in Ecuador and

Rosario in Argentina) have established programmes for urban

residents to grow food on government-owned land to boost

household food security and generate income through the sale of

surplus (Prain, 2022). Examples of other innovative mechanisms

with potential to secure land access in the face of urbanization

pressures and political change include the following:

• Designation of urban agriculture zones in urban

development plans, as provided for in the Nairobi

Urban Agriculture Promotion and Regulation Act 2015 in

Kenya (IPES-Food, 2017).
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• Creation of a municipal land bank, a mechanism for

registering and allocating the right to use public spaces that

are suitable for growing food, as done in Rosario (Halliday

et al., 2019).

• Shared governance, such as community land trusts in

the United Kingdom that ensure joint stewardship of

land and resources by local organizations and municipal

governments (Community Land Trust Network, 2022).

• Failure to embed such programs within policy frameworks,

can make them vulnerable to electoral change.

Increasing UPA productivity sustainably is an important

area of innovation (Taylor, 2020). Some forms of controlled

environment agriculture (CEA) can deliver high yields on very

small areas of land (Artemis, 2020). Hydroponic and aquaponic

systems that maximize natural energy sources (such as natural

sunlight or gravity-fed watering) and local materials (such as

coco coir, coco peat, perlite, or other by-products of local

industry), practiced in greenhouses and polytunnels, are suitable

for food growing in cities in the Global South, where land is

expensive and may be contaminated, and at larger scales in

peri-urban areas (von Kaufmann, 2018; Halliday et al., 2021).

Although there is potential for some forms of CEA to

complement rural systems’ ability to provide urban communities

with fresh produce, CEA is not a silver bullet for urban food

security or sustainable development in the Global South. Start-

up and running costs are high, as is the risk of failure, especially

where no local training or tailored extension services are

available (Halliday et al., 2021). As such, CEA entrepreneurship

depends heavily on access to funds and education and training.

Practitioners of CEA often seek to recoup start-up costs by

charging a premium or focusing on specialty crops for high-

income consumers that command a higher price than varieties

that are traditionally grown in the area and form part of local

diets. Some pledge to reduce their prices or to switch to local

varieties once they are technically and economically feasible,

but there is no firm indication of when that may happen.

Until—or unless—it does, the contribution of CEA to food and

nutrition security will be minimal (Pinstrup-Andersen, 2018;

Halliday et al., 2021). For the potential of CEA to be realized

in the Global South, there is a need for significant investment in

several areas:

• Removal of entry barriers associated with investment

costs through innovative approaches to accessing start-

up funding through public and private sector actions

(Cabannes, 2015);

• Improved operational viability through tailored training

and extension services;

• Research into CEA cultivation of local crops that are

traditionally grown and consumed locally, especially

throughout the year to reduce price fluctuations (Jensen,

2002; Mytton-Mills, 2018);

• Research into CEA techniques to minimize energy use,

reduce environmentally harmful practices, and optimize

efficiency within specific local contexts (Halliday et al.,

2021);

• Adaptation of technologies used in high income countries

to suit the specific needs and challenges in lower income

contexts, incentivized through trade and development

programmes (Halliday et al., 2021).

Repositioning informal food markets

With 55% of global food consumers now living in urban

areas and almost 80% of global food production destined for

urban consumption (FAO, 2019), there is increasing pressure on

urban market systems to provide stable physical and economic

access to food. Although informal food vendors make a major

contribution to urban food systems (Giroux et al., 2021), the

evidence from many cities in the Global South suggests that

urban physical markets are struggling to respond to needs

(Davies et al., 2021). A study covering 171 urban food systems

in Asia suggests that informal food markets and street food

are simultaneously “the most valuable and problematic parts”

of those systems (Acharya et al., 2020, p. 94). Physical access

is frequently difficult for sellers, market support workers, and

buyers. Especially in the case of retail markets, infrastructure

is often limited, including lack of adequate lighting, toilet

facilities, and clean water (Marocchino, 2009). These affect food

safety (Grace, 2015) as well as gender equity, with women’s

participation as both vendors and customers mademore difficult

(Siebert and Mbise, 2018).

Yet these informal markets are where most low-income

urban consumers get their fresh food (Crush et al., 2011; Davies

et al., 2021) and they are also major sources of employment for

the urban poor (Prain, 2022). They have the chance to contribute

to urban food system transformation through providing better

and more equitable access to safe food and decent employment,

as well as reducing carbon emissions though short food supply

chains (Crippa et al., 2021). As the main sources of fresh food for

the poor, these markets can help reduce obesity and associated

NCDs brought on through consumption of processed food high

in sugar, fat, and salt, often obtained through fast food outlets

and supermarkets (Popkin et al., 2012; Hawkes et al., 2017;

Global Nutrition Report, 2020).

To achieve this, there is need to invest in innovative food

market repositioning, in terms of functions, infrastructure,

spatial locations, and role in public health. Functional

diversification of food markets highlights opportunities to

innovate in the multiple ways that food moves from producers

to consumers and emphasizes how diversity in trade as well

as in production and consumption can contribute to food

system resilience (Hertel et al., 2021). Diversification through

repositioning institutional food markets is one opportunity.
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These markets account for a significant proportion of total

food consumed in cities in the Global South, through schools,

hospitals, and via social support programmes (Swensson

et al., 2021). Current food procurement policies can be non-

transparent and result in long supply chains (Freudenberg,

2016). Understanding and testing innovative policies for

targeting procurement from urban and peri-urban suppliers

could potentially reduce emissions, improve food safety and

quality, and provide increased stimulus to UPA (Kelly and

Swensson, 2017).

Another kind of diversification is to strengthen short

supply chains between UPA producers and consumers through

alternative food sourcing by urban wholesale and retail markets,

by drawing on the model of farmers’ markets (Hanson et al.,

2022). Increased sourcing of food from local producers is now

a goal of the World Union of Wholesale Markets (WUWM,

2021) and innovations in retail markets can provide greater

access to local food. This can help increase food safety and

quality through promoting, for example, ecologically grown, and

potentially more trusted products (Arce et al., 2007; Boossabong,

2018; Santandreu, 2018). Low or no packaging combines with

reduced transport to contribute to lower emissions.

Market upgrading and decentralization include the urgent

need for investment in research-led innovations to improve

hygiene and hence food safety through human-centered design

approaches (HCD) to sanitary facilities, water provision, and

sales points (Lestikow et al., 2017; Sharpe et al., 2019). Such

upgrading also needs to involve innovative and mutually

acceptable ways to deal with market waste, reduce health risks,

and recover an urban resource e.g., for compost (see section

Recovering water and waste for the urban circular bioeconomy).

A crucial emerging research and investment priority relates to

improving phytosanitary conditions in wet markets to avoid

cross-species viral infections, such as may have triggered the

COVID-19 pandemic from Wuhan’s wet market (Open Access

Government, 2022).

Sometimes, upgrading may include innovative processes

of decentralization, especially where access becomes a major

constraint. A primary consideration for market upgrading

and decentralization is the need for participatory consultation

with stakeholders, to avoid actions that do not appropriately

take account of user needs, cultural practices, and capacities

(Marocchino, 2009; Song and Taylor, 2018; Acharya et al.,

2020).

To confront the urban crisis of unhealthy eating and obesity,

multiple approaches have been attempted, including efforts to

change the market environment through laws and incentives,

and efforts to increase informed choice (Brambila-Macias et al.,

2011; Hawkes et al., 2017). Policy changes to favor consumption

of healthier foods have been limited, especially in low-income

countries and greater policy research and action is required

in this area (Hawkes et al., 2017; Farrell et al., 2021). To

what extent can changes in retail food markets contribute

to improved diets through informed choice or other means?

As indicated, in low-income urban settings most fresh food

is obtained from these markets. Choice of food purchases is

complex and though price is a major driver (Smit, 2020), a range

of strategies are involved in the often personalized way that

preferred food is obtained from sellers, including via the “casero”

system in Latin America (Alfaro, 2019, 2022). Farmers’ markets,

sometimes in combination with social and nutrition programs

have taken advantage of such personalized buyer-seller relations

to strengthen informed choice about healthy foods through

nutrition information campaigns. Documentation of these

activities mostly comes from the Global North (e.g., Dannefer

et al., 2015; Hanson et al., 2022), but through personal

experience of the authors they have also been observed in

farmers’ markets in the Global South. Direct interventions to

improve the nutrition of vulnerable groups have also been

undertaken through farmers’ markets in the North through

voucher systems, incentivising those groups to purchase healthy

fresh food (Dannefer et al., 2015; Hanson et al., 2022). Voucher

schemes have been used to stimulate consumption of healthy

foods among vulnerable groups in the Global South by linking

health facilities with agricultural producers (Cole et al., 2016)

but not so far as we are aware through markets. It is suggested

that drawing on the farmers’ market experiences with nutrition

education and voucher schemes in the North and on the health

system-agriculture voucher schemes in the Global South, there is

an investment need for research innovation on the role of retail

food markets to contribute to increased nutrition knowledge

and to be a partner in social programs to incentivize increased

consumption of healthy food.

Recovering water and waste for the
urban circular bioeconomy

By 2050, 80% of all food will be consumed on the 1–3% of

global land area covered by towns and cities (Liu et al., 2014;

Ellen MacArthur Foundation, 2019). The generation of large

volumes of organic waste and wastewater within these hotspots

poses a significant challenge, involving waste minimization and

resource recovery and reuse to benefit the circular bioeconomy.

Urban and peri-urban agriculture systems can absorb and

benefit from food waste, either as feed for livestock or as

organic fertilizer, and can create value from wastewater through

irrigation. Of particular interest is the nutrient and energy rich

fecal matter from on-site sanitation systems (septage) which

are serving over 3 billion people globally (WHO and UNICEF,

2019). The opportunities are large, since less than 2% of the

nutrients in the food entering urban areas are recovered from

urban waste streams (Ellen MacArthur Foundation, 2019).

However, wherever waste becomes an agricultural input, food

safety is a key concern. For example, the farmland under planned

irrigation with treated wastewater is globally at least 30 times
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smaller than the irrigated area exposed to untreated wastewater,

indicating a significant hazard for public health (Drechsel et al.,

2022). Based on a decade of research on the circular bioeconomy

(Sally and Merrey, 2019), research investment priorities have to

bridge between the perspectives of farmers in need of inputs, and

the city with abundant waste, which might however not be safe

for reuse.

From a (peri)urban farmer perspective, organic waste—

mostly food waste in cities—offers a low-cost feed for livestock

and an organic soil input for crops after waste composting.

Both options have a long tradition and there is usually high

demand, although this varies depending on quality (FAO, 2013).

Municipal waste compost is often poor in nutrients and seldom

a priority for farmers where manure or chemical fertilizer are

available (Gaur and Singh, 1993). Farmers specialized in urban

cash crops, such as leafy vegetables, depend on regular irrigation

even in the rainy season. Unless there are enforced restrictions,

crop and fish farmers accept any water source, including reliable

(and often nutrient rich) wastewater, treated or not (WHO, 2006;

Drechsel and Keraita, 2014; Amoah et al., 2021).

From a city perspective, waste collection, mostly over 50%

organic in low- andmiddle-income countries, is a major expense

(Kaza et al., 2018) and options like composting and feed use

would reduce food waste and could also generate revenues

from resource recovery (Otoo and Drechsel, 2018; Senanayake

et al., 2021). However, use of food waste as feed can also be a

biosafety risk, e.g., meat residuals transmitting foot and mouth

disease unless the waste is well-processed (Salemdeeb et al.,

2017). To improve the quality of municipal compost, an option

is co-composting, e.g., with the proven safe use of nutrient-

rich septage from onsite sanitation systems which can improve

poor economic returns and enable scaling (Nikiema et al., 2014).

Absence of cross-sectoral partnerships between public waste

management and private fertilizer companies is another scaling

barrier, resulting in poor marketing (Hoornweg et al., 1999). As

a result, the often-postulated win–win situation where farmers

in dire need of crop nutrients seize on urban waste compost

remains so far, an exception (Drechsel, 2022). The opposite

happens with respect to wastewater, which is usually a free

resource, and its use is spreading quickly but in an unsafe

manner, putting both farmers and consumers at risk. There have

been significant efforts after the publication of WHO (2006) to

develop multiple risk barriers from farm to fork (Amoah et al.,

2011) but their adoption remains very low (Drechsel et al., 2022).

This situation calls for investments in research and

innovation with respect to:

• Improved source segregation (separation of organic

from non-organic waste) in households to benefit

livestock farmers, business models to enhance the

formal arrangements between food waste supply and

demand by farmers, and improved farmer capacity in safe

waste-processing to enhance biosafety (Jayathilake et al.,

2022);

• The transformation into compost of food waste (not used

as feedstock) for urban crop farmers, including location-

specific financial and institutional business models and a

supportive regulatory and financial environment to exploit

research-based quality improvements and increase the

viability and scale of municipal compost use (Lazurko et al.,

2018);

• Research on innovative behavior change techniques, such

as nudging (Barker et al., 2021), along the farm-to-fork

contamination pathway, especially where risk awareness is

low, to facilitate adaptation and scaling of research-based

safety practices where the use of untreated wastewater in

irrigation and aquaculture is common (Drechsel et al.,

2022).

Innovating food systems planning
and governance to support UPA

Where urban governments do actually address agriculture, it

is commonly in terms of counterproductive modernist planning

perspectives that deem urban food production inappropriate

so that it is zoned out and often expressly prohibited. By

contrast, where encouraged, as in Dar es Salaam and Kampala,

urban food production systems are diverse and important, often

including large-scale commercial operations using a range of

technologies. They are by no means solely small-scale and

subsistence-oriented (Lwasa et al., 2014, 2015). They also form

important elements of urban green–blue infrastructure systems

(Simon et al., 2021).

Effective, transparent governance is essential for

coordinating and integrating the various activities and

stakeholders involved in UPA as part of equitable and

sustainable food systems. Land in and around cities used for

growing food often traverses the boundaries of different local

authorities with different priorities, powers, and resources.

Collaboration is also required across multiple institutions in

the public, private, and non-governmental sectors, with diverse

sectoral jurisdictions, roles, resources, and powers, that seldom

collaborate and often undervalue UPA. The need for governance

innovations is underscored by the urgency of climate change

and sustainability challenges, for which current boundaries and

systems are often inappropriate, and, by extension, to promote

achievement of Sustainable Development Goals 1, 2, 11, and 13

(United Nations, 2022).

Many countries lack appropriate national or regional

legislation to support UPA and promote the circular agri-food

economy. Local governments can, nevertheless, take important

steps through integrated cross-sectoral planning and action on

food production, marketing, and waste management, including

resource recovery through municipal composting and feedstock
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use. Nevertheless, jurisdictional and spatial mismatches, along

with inadequate political support, are common constraints

worldwide (Simon, 2021; Treutwein and Langen, 2021).

Investing in institutional innovations for
city-region food governance

The most appropriate scale for coherent planning,

governance, and financing of urban food supply and security is

now increasingly identified as the functional urban area or city

region (Blay-Palmer et al., 2018; Cabannes and Marocchino,

2018; Acharya et al., 2020; Simon, 2021; Jayathilake et al.,

2022; Prain, 2022). The city-region scale is most appropriate

for addressing such disjunctures by providing an appropriate

functional regional framing for integrated, multi-stakeholder

agri-food policy and planning for a sustainable and resilient

food system (Dubbeling et al., 2016, 2017; Blay-Palmer et al.,

2018; Acharya et al., 2020).

In some contexts, such as China, city regions now have

specific boundaries and dedicated governance systems (Wu,

2016) but more often they are functional and relational,

focused—for purposes of this paper—on the food system (FAO

RUAF Foundation, 2015; Karg et al., 2016; but see also Battersby

and Watson, 2018). This does not imply that all foods can or

must be produced locally; some mid-to long-distance transport

of produce requiring larger areas for cultivation or different

agro-ecological conditions will probably remain necessary. The

delimitation of such regions might vary seasonally or for

particular agro-commodity groups. This introduces governance

challenges and requires institutional innovation to protect and

boost production, enabling equitable, low emissions marketing,

and promoting waste reuse. Investment is required to design

and establish contextually appropriate institutional guidelines—

including supportive “infrastructure” (Palmer et al., 2020),

particularly as many stakeholders will not have experience

of working together across the various types of boundary

that may be encompassed by a city region. These guidelines

should be co-produced through transdisciplinary, multisectoral

participation based onmutual respect for diverse experience and

expertise. The required research and investment would include

inclusive procedures and rules, with appropriate facilitation to

act as “honest broker” and to mediate the inevitably unequal

power relations that often permeate such processes even when

participants agree to appropriate principles of engagement (see

Hemström et al., 2021; Simon, 2021; Prain, 2022, p. 55–56).

A crucial element of each specific context is the interface

between such innovative horizontal governance processes and

the vertical engagement by local governments with the strategic

city region and higher levels of provincial and national

government. For example, having an appropriate, urban-

oriented national food system strategy can stimulate local action,

as has happened in Kenya (Prain, 2022). For national policies

to influence urban food systems, appropriate policy frameworks

and multistakeholder cooperation needs to be in place at local

level (Halliday et al., 2019).

Investing in geospatial innovations on
urban food production and food deficits

Promoting sustainable and equitable urban food supply and

security faces two challenges. First, urban and city-region food

systems are diverse and fragmented, embracing formal, semi-

formal, and informal components of different scales. Second,

the systems are highly dynamic and subject to rapid change as

a result of ongoing urban (re)development and land-use change.

Low-income and informal producers on vestigial land pockets

or using temporarily vacant land are particularly vulnerable.

For these reasons and because many elements of the system

may be deliberately concealed, investment in geospatial research

is required to make these widely visible in order to gain a

comprehensive and strategic overview and GIS database that

can be updated regularly is a critical planning tool (Prain, 2022,

p. 57–58).

In mapping the geographies of food production and

consumption, identifying areas of food deficit and food deserts

are important on equity grounds. This requires investment in

secondary and primary data sourcing and analysis, including

from social welfare programmes. For food production, the

land use, irrigation, and harvest records require collation,

but remotely sensed data will be essential, requiring both

equipment—including use of drones and other innovative

technologies—and capacity strengthening. Making food systems

visible in this way could become a key step to making themmore

equitable and more sustainable, whilst taking steps to reduce the

risk that this becomes ameans of increasing control and taxation

of hitherto unrecorded production.

Conclusions and recommendations

Growing populations, economic change, and climate change

are putting great pressure on the natural, physical, and

social resources of cities of the Global South and the

ability of their food systems to feed urban populations

appropriately. Furthermore, food waste management is a

major concern of municipalities, and linear solutions are

increasingly unsustainable. Circular waste flows could offer win–

win opportunities for UPA and boost urban resilience. Building

governance and planning structures for a greater recognition

and integration of the food system within urban, peri-urban,

and nearby rural spaces—the city-region food system—can help

respond to many of these challenges.

The perspective articulated here is that opportunities exist

for investing in innovations in different parts of the city-region

food system that build onUPA research over recent decades (Yan

et al., 2022) and can be adapted and scaled for greater urban
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TABLE 1 Selected UPA research and innovation investment priorities.

Investment

area

Research innovation

needs

Policy, institutional,

and financial

innovation

Controlled

Environment

Agriculture

(CEA)

CEA productivity and

adaptation options especially

in low-income contexts

Improved regulatory,

financing, and incentives

environment for protecting

productive land and enabling

CEA investments

Informal food

markets

Mutually acceptable food

safety and quality protocols

(water, waste, hygiene, health)

Diversification of market

functions, upgrading, and

decentralization

Circular

bioeconomy

Locally feasible safety

protocols for waste reuse and

incentive systems for their

adoption

The enabling environment for

the safe use of waste derived

resources

Multi-

stakeholder

planning and

governance

Visualizing the relevance of

urban food systems

Horizontal and vertical

linkages between stakeholders

and sectors applying a

city-region perspective

Source: Authors.

resilience, especially in the Global South. Table 1 summarizes

key recommendations for investments in innovative research as

well as policies and implementation options.

Boosting sustainable intensification of food production

even on limited urban spaces is possible, e.g., through CEA,

contributing to reduced resource use and urban emissions.

For this and other UPA production systems, enabling policies

and innovative start-up financing will be needed, as well as

protecting peri-urban agricultural spaces through zoning and

incentives policies, and designating and protecting urban public

land areas for food production (Mougeot, 2000; Cabannes,

2015).

Informal food marketing is an essential but fragile

component of the food system in the Global South. Innovative

research and investment to reposition markets via participatory

upgrading can increase food safety (including prevention

of phytosanitary risks), equity, and efficiency. Market

diversification to expand green marketing and reorient

institutional markets toward local food procurement can

generate nutrition, health, and climate change benefits.

Investing in innovative partnerships between public health

policy-making, nutrition services, and local food markets

can also strengthen their contribution to healthier diets, food

preparation, and hygiene.

A food systems perspective on organic waste can help

cities become more resilient through moving toward circular

bioeconomies. Urban and peri-urban agriculture can recover

and reuse organic wastes in animal feed and composting and

wastewater as a source of irrigation. Investments are needed

in applied research to improve the quality and safety of the

resources derived from waste and achieve the required behavior

changes as well as effective public–private partnerships linking

waste management and agriculture for scaling.

For city-region food systems to provide healthier food,

decent employment, and reduced emissions, investment is

needed in new types of food planning and governance. Food

systems do not respect administrative boundaries, so more agile

partnerships will be needed. These must be both horizontal—

across the different multisectoral jurisdictions and interests

of the city region where food production, distribution, and

consumption occur—and vertical, to link with and influence

national initiatives and strengthen cross-learning. Given that

elements of the food system are often informal, invisible,

and inequitable, mapping the geographies of production,

distribution, and consumption can help make inequalities more

visible and reduce vulnerabilities. A key investment should

support cross-regional learning as there are high-potential

examples that lend themselves to appropriate adaptation.
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Introduction: The Indian food system faces a nexus of challenges in supply,

demand and market linkages in the face of environmental and human

development needs. The current agri-food system demands large-scale

sustainable innovations, facilitated by an action-oriented approach by the

rising number of actors in the agricultural space. These actors include public,

private, non-profit and research institutions. They increase the scope for

innovations to emerge and scale up through refocused investments and novel

collaborations. Such successes in India, furthermore, can provide models of

promising innovation pathways for many other countries in the Global South.

Yet few case studies are available on successful innovations that have gone

beyond the longstanding technology-led approach.

Methods (case study methods): This article presents two cases of other

pathways. The first is an example of a di�erentiated new product category: the

"pesticide-free" food product category and dedicated value chain established

by Safe Harvest Private Limited. The second is an example of self-regulation

through a certification standard: the Trustea code created within the Indian

domestic tea industry.

Results: Both are driving sustainability at scale in Indian agri-food systems in

two very di�erent contexts, with the private sector leading the way.

Discussion: They o�er insights on the roles of end users, trust, informal

and formal links and actions, government endorsement, innovation bundling,

and partnership.

KEYWORDS

scaling, innovation, product di�erentiation, certification, standards, pesticide-free,

value-chain development, India

Introduction

Since the Green Revolution hit India, productivity-raising agricultural innovations

have transformed agri-food systems, and 92% of these have been technological solutions

such as high-yielding crop varieties and chemical fertilizers. The focus of the Green

Revolution was on increasing production and commodity specialization, supported by

government policies. Currently, however, India is experiencing productivity stagnation;

the technological approaches of the past face challenges in improving productivity

further while also accounting for environmental and social needs (Singh, 2004). The
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small and marginal farmers who make up the largest share of

country’s agrarian economy are facing serious livelihood risks,

exacerbated by rising income inequalities and a steep increase in

their seasonal vulnerability due to the impacts of climate change.

Input-intensive production that focuses on monocultures is not

proving resilient to either socioeconomic or climatic shocks.

The opportunities for innovation in India’s agri-food systems

lie in the nexus of these challenges. Change is coming,

and farmers need more support to move from high-input

conventional cropping to innovative sustainable practices. The

report Sustainable Agriculture in India 2021 (Gupta et al.,

2021) shows that there is a dearth of transitional support to

farmers as they shift from conventional practices to low-input

sustainable practices—and farmers require such support to cope

with the initial income loss risks and develop new capacities.

There are limited incentives from the market such as price

premiums, and implements are not widely available to reduce

the labor costs of weeding and residue management. Farmers

who already engage in sustainable practices do not have access

and connections to appropriate markets. To make matters

worse, the public incentive structure actively discourages the

transition to sustainable agriculture. The government allocated

half of the Ministry of Agriculture’s INR 142,000 crore (USD

19.2 billion1) budget to subsidize chemical fertilizers in 2021,

while allocating just 0.8% to the flagship National Mission for

Sustainable Agriculture (Gupta et al., 2021). Furthermore, half a

century of focus on irrigated regions has limited investment and

innovation in the other 55% of India’s net sown area.

All of the above has maintained the prevalence of

practices—such as indiscriminate use of pesticides—that do not

necessarily improve productivity, but have severe repercussions

on profitability, the environment and human health (Bhardwaj

and Sharma, 2013; Shetty et al., 2014; Sharma and Singhvi,

2017). The uptake of sustainable agri-food practices and systems

remains low. Of the 16 sustainable practices and systems

studied by Gupta et al. (2021), only six had been scaled

up beyond 5% of the net sown area and/or 4% of the

farmers in India. In descending scale these are crop rotation,

agroforestry, rainwater harvesting, mulching, precision farming,

and integrated pest management.

Nevertheless, a patchwork of interesting experiments and

initiatives are appearing around India to enable the introduction

and scaling of more sustainable innovations. An encouraging

rise in the number of actors in the agricultural space—from

among public, private, non-profit, and research institutions—

is multiplying the possibilities to broker innovation networks

(World Bank, 2012; Moschitz et al., 2015; Saravanan and

Suchiradipta, 2017). There has always been strong potential for

innovation in these systems, but its feasibility at scale is only

emerging with the increasing number and diversity of actors.

Repurposing investments can further build and expand the

1 Approximate exchange rate: USD 1 = INR 73.81 in 2021.

scope of this innovation—spurring transitions to more socio-

ecologically resilient pathways.

Recognizing this, the Commission on Sustainable

Agriculture Intensification (CoSAI) initiated a series of

country studies with India, Brazil and Kenya, for documenting

notable innovation pathways in sustainable agri-food systems

(Chiodi Bachion et al., 2022; Khandelwal et al., 2022; Mati

et al., 2022). The studies used a shared analytical framework

to generate lessons on factors leading to successful innovation

pathways, aiming to guide future investment. Successes in India

can thus provide models of promising pathways for many other

countries to follow in the Global South.

In the past there have been few case studies generated on

successful innovations that have driven sustainability at scale

in Indian agri-food systems. The available ones generally fall

short of providing transferrable insights to innovationmanagers,

investors, and other stakeholders around the world seeking

to instigate large-scale innovation. Among others, models are

lacking that fulfill the promises of product differentiation

through new product categories, and of industry-led standards

and certification in domestic markets of the Global South. This

study presents two such cases that are driving sustainability in

agri-food systems in two very different contexts, with the private

sector leading the way. It focuses on the scaling up of non-

pesticide management pursued by Safe Harvest Private Limited

through its “pesticide-free” product category; and the Trustea

standard and certification effort in Indian tea production.

Materials and methods

The innovation pathway studies undertaken across India

(Khandelwal et al., 2022), Brazil (Chiodi Bachion et al., 2022),

and Kenya (Mati et al., 2022) used a common investigative

approach and analytical framework co-developed by CoSAI and

the country partners. In India, we created a list of potential cases

based on web searches, and complemented this with additional

suggestions sourced from partner organizations of the Council

on Energy, Environment and Water working on the topic of

sustainable agri-food systems. We considered the following

definition of innovation while identifying these cases:

• An innovation is an intervention or a bundle of

interventions that have created a long-lasting, measurable,

and transformative change.

• The change should be reflected as a positive impact on

social, economic, and/or environmental dimensions.

• The intervention(s) may be in areas inclusive of, but not

limited to, technology, finance, institutional structures,

governance, policy, and business.

• Innovation is not necessarily a novel idea; it can also refer

to an old idea that has been applied in a new way.
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• A successful innovation is the one that has scaled up

significantly in the given context.

Themaster list was screened for sufficient availability of data,

scale achieved, evidence of transformational change, financial

sustainability, and representation of a variety of farms and

farmers in diverse agro-ecological zones. We selected three cases

for analysis. While the first of these was the case of Andhra

Pradesh Community Managed Natural Farming (detailed in

Khandelwal et al., 2022), we devote this paper to the two private-

sector-driven cases of Safe Harvest Private Limited and Trustea.

The objective of the case study process was to capture the

key takeaways from each of the cases: practical, evidence-based

lessons on factors that influence success in innovation pathways

for sustainable agri-food systems. The analytical approach

was based on developing and analyzing a theory of change

(considering factors inside and outside the scope of influence

of innovation actors, that affect the results of an intervention)

for each case (Figure 1), based on relevant literature on the

selected cases and detailed interviews with key informants.

The literature consisted of documents available from the case

websites as well as independent research papers where available.

The primary informants were identified through this literature,

and a snowball sampling method was used to identify others.

We sought out independent case experts to triangulate research

findings, and ensure presentation of unbiased analysis. Beyond

the theory of change, each case was analyzed using a question

shared across the three country studies: In your opinion, justified

by evidence, what role did the following factors play in explaining

the outcome at scale?

• The innovation processes.

• Innovation characteristics, including

business/delivery/funding models.

• Relevance to demand, needs, and priorities of users,

other stakeholders.

• Characteristics of the users or places, e.g.,

infrastructure, education.

• Context, e.g., policy enabling environment, public

sector organizations and capacity, value chain or market

system actors.

• Choice of scaling pathway and strategy.

• Specific scaling activities, e.g., evidence generation,

advocacy/marketing, community engagement, pricing, risk

mitigation, use of champions.

• Characteristics of organizations/actors leading or driving

the innovation and scaling process.

• Characteristics of partnerships and the

organizations/actors that served as partners in the

innovation and scaling process.

Due to the COVID-19 pandemic, we conducted all

interviews online or over the telephone, holding multiple

interviews with individual stakeholders to compensate for the

lack of physical interaction. Given the snowball sampling

method we adopted to conduct the key informant interviews,

interviewees were largely limited to contacts shared by the key

stakeholders or drivers of Safe Harvest and Trustea. It was not in

the scope of the study to interview end users, such as customers

of Safe Harvest or its farmers.

Results

Safe Harvest

Safe Harvest Private Limited is a triple bottom line company

based in Bengaluru that retails “pesticide-free” food, backed

up by publicly available records of its product testing for

chemical residues. Under the triple bottom line concept, it is

committed to measuring its social and environmental impact

on profit, people, and planet. It was the first business in India

to retail products in the “pesticide-free” product category, where

agricultural produce is grown under non-pesticidemanagement.

It also introduced a “zero certification” mark on its products

signals the differentiation of its offerings.

Safe Harvest directly sources non-pesticide-managed

produce including lentils, beans, whole-grain cereals and flours,

millets, spices, herbs, sugar, and other sweeteners from farmer

producer organizations (FPOs) situated across 12 states of

India. FPOs are legal entities composed of primary producers

who share in profits; it is an umbrella term for farmer producer

companies, cooperatives, and societies. Partner FPOs connect

Safe Harvest to more than 100,000 farmers. Most of these are

small and marginal farmers, and close to 2,500 are tribal farmers

(Safe Harvest interviews).

Safe Harvest understands non-pesticide management as

something economically viable and practical for small and

marginal farmers in India, as opposed to organic farming,

where farmers would also need to give up chemical fertilizers.

Most small and marginal farmers cultivate low-fertility soils

and cannot give up chemical fertilizers without a yield dip in

the transition period that comes with a complete phase-out of

chemical inputs. On the other hand, it is chemical pesticides

that have the most immediate and hazardous impacts on human

health—especially on farmers, who have direct contact—and the

ecosystem (Bhardwaj and Sharma, 2013; Sharma and Singhvi,

2017). Transitioning out of these was a more accessible path

that would not necessarily demand compromising on yields

and productivity. In fact, much of Safe Harvest’s demographic

of farmers were already farming with minimal or no chemical

pesticides, as these inputs were not affordable, accessible, and

available to them. Non-pesticide management was thus a highly

viable and scalable option for these farmers, compared with

totally organic farming practices.
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FIGURE 1

A modified version of the results chain, which additionally shows how various factors, inside or outside the scope of the influence of innovation

actors, a�ect the results of an intervention.

The partner FPOs promote and adhere to non-pesticide

management practices among their members. Safe Harvest

ensures the absence of chemical pesticide residues and

adulterants via rigorous testing during the storing, cleaning,

and value-addition processes of its consumer food products.

The company works via a farm-to-kitchen model (Figure 2),

making its products available at a price point that is only

10%−20% higher than conventional branded food products at

large retailers across India—both brick-and-mortar stores and

popular e-commerce platforms such as Flipkart and Big Basket

(interview with leadership at Safe Harvest, October 2, 2021).

This taps into that sub-segment of the middle-income consumer

market where there is awareness of and demand for “pesticide-

free” foods for health and safety.

History of Safe Harvest

Grassroots beginnings

Experimentation with the Safe Harvest business model

began in 2005, when eight NGOs who had been working with

agricultural communities and environmental sustainability at

the grassroots level founded the Non-Pesticide Management

(NPM) Network with funding from the Ford Foundation. This

initial grant was essential for the NPM Network members

to pilot their ideas for the Safe Harvest model, deepen their

understanding of non-pesticide management practices, build

their collaborative capacities, develop the capacities of their

partner FPOs, and align their long-term visions in the process.

In 2009, Safe Harvest was registered as a for-profit company to

address the goal of bridging market access for “pesticide-free”

produce for small and marginal farmers.

As Safe Harvest emerged from grassroots work with

agricultural communities, its services were rooted in the needs

and the priorities of these communities. It built on the existing

non-pesticide management practices of the farmers to build a

new product category, a well-controlled supply chain, and a

market for their products. The “pesticide-free” category solved

issues associated with organic cultivation on both ends: the costs

of transition and certification for farmers; and the affordability

of products to price-sensitive middle-income consumers, who

were excluded from the higher pricing of the organic market.

Working with farmer producer organizations

Safe Harvest also built on the rising level of farmer

collectivization in India. However, farmer collectivization is

still evolving in the country and the necessary ecosystem to

adequately support FPOs is in development. FPOs require

special support in their early years, with NABARD (2020)

reporting that the “majority of these FPOs are in the nascent

stage of their operations with shareholder membership ranging

from 100 to over 1,000 farmers and [they] require not only

technical hand-holding support but also adequate capital and

infrastructure facilities, including market linkages for sustaining

their business operations.” Still, Safe Harvest decided to

establish business relationships at the FPO level instead of

procuring produce from individual farmers. The company

understood the limits faced by small and marginal farmers and

the need for collective efforts, particularly considering issues

around pesticide cross-contamination from neighboring fields.

Additionally, each farmer’s limited marketable surplus alone

would be very difficult to bring into the organized bulk and

retail markets.

At the same time, the relationships with FPOs were

more than purely transactional. Safe Harvest had a long-term

perspective on nurturing trust. This ensured sustainability in the

relationships, encouraged buy-in by farmers and FPOs, helped

them endure through times of conflict, and enabled Safe Harvest

to support FPO development through the NPM Network. FPOs
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FIGURE 2

Timeline of key events in Safe Harvest.

were not contractually barred from selling to other buyers, and

when Safe Harvest had to pause a relationship because the

output did not pass residue testing, they could still return to

the FBO the following year. Because the company grew out of

NGO roots, it was guided by an effort to build a pan-Indian

non-pesticide management movement committed to food safety

and farmer access. It ensured training of FPOs on market

preparedness, value addition, aggregation, and storage, building

up its supply chain partners—while also explicitly building up

the bargaining power of small, marginal and tribal farmers.

Value chain and consumer base development

When Safe Harvest first came into the market, there

was no pre-existing supply chain specifically designed for

retailing “pesticide-free” products, so there were myriad risks of

cross-contamination. Furthermore, there was limited consumer

awareness—not only of its brand and products, but more

generally of non-pesticide management, and of the importance

of testing and evidencing claims on food products. Safe Harvest

had limited working capital, it lacked experience engaging with

the market, and almost all of its FPO partners were accessing

organized markets for the first time (Anil, 2019). In a highly

competitive market, maintaining relatively affordable pricing

and ensuring product availability were steep challenges. In 2012

and 2013, Safe Harvest was close to shutting down (see Figure 3).

However, post-2013, it experienced a turnaround. The

company internally restructured its board and Rangu Rao, a

founding member of the non-pesticide management movement

and Safe Harvest, stepped up as the CEO. The focus shifted

to building Safe Harvest as a commercial brand, optimizing

the financial structure in its debt-to-equity ratio, and ensuring

market differentiation for “pesticide-free” products, including

generating evidence to support the claim for differentiation. Safe

Harvest transitioned from its NGO approach to operating as a

commercial social enterprise, while retaining its mission-driven

approach—which was key in defining how it built relationships,

what processes it engaged with, how it formulated solutions, and

where it looked for funding partners.

Commercial success

In 2016, it received institutional funding in both debt

and equity. Safe Harvest has since garnered traction among

consumers for its products, with sales turnover reaching INR 26

crore (USD 3.5 million) in financial year 2019–20 (Safe Harvest

interviews). It built its early customer base in South India, where

it observed a strong initial awareness around food safety. It was

then able to build its presence as this awareness spread across

the country—especially in light of the COVID-19 pandemic

and increased consumer concern for health and food safety. In

2019–20 its sales territories were limited to Chennai, Bengaluru,
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FIGURE 3

Safe Harvest’s flow of a farm-to-kitchen model. Authors’

creation based on Safe Harvest website, inputs from interviews

and Anil (2019).

Hyderabad, Visakhapatnam, and Vijayawada, but this has since

expanded to include the National Capital Region, Mumbai,

and Pune.

Rather than investing in advertising through newspapers,

billboards, or television (which the company lacked the funds

to pursue), Safe Harvest used its on-shelf product availability,

selection, and “zero certification” mark to register its presence

in multiple product categories. According to its financial

reports, 15%−20% of its revenue is invested in marketing

and distribution. Its communication and sales teams also

work closely on social media and direct consumer outreach

(Anil, 2019). Consumers are offered discounts through brick-

and-mortar retail chains and e-commerce platforms, and the

visibility of Safe Harvest on these platforms is rising. As of 2021,

Safe Harvest was working on making the “zero certification” on

its packaging traceable.

Safe Harvest’s innovation

Launching a new product category

The core innovation at Safe Harvest was the creation of a

new product category, “pesticide-free” food, and a specialized

supply chain for it. Before this, the existing product categories

were organic and conventional foods. Organic foods can be

extremely price exclusive in India and may have gaps between

their claims and evidence of safety. Conventional foods are

prone to environmentally unfriendly means of production and

may be laden with chemical pesticides that are hazardous to

both producers and consumers. Safe Harvest actively built a

third category of products, “pesticide-free” foods, driven by

its mission of providing safe and healthy food for all while

supporting smallholder farmers.

Maintaining compliance

It keeps the promise of “pesticide-free” foods from farm

to kitchen by providing end-to-end solutions to its supplier

FPOs (which are also value chain partners) and having Safe

Harvest staff present at facilities from harvesting through to final

procurement. Its network approach enables training, grading,

and ensuring FPOs and farmers can comply with standards. Safe

Harvest procures multiple commodities from different FPOs

across India to ensure steady supply despite environmental and

other fluctuations, maintaining a diverse offering of products.

It also oversees rigorous compliance across its partners and

adherence to the maximum pesticide residue limits set by the

Food Safety and Standards Authority of India’s Jaivik Bharat

(Organic India) standards. It then publicly shares the results of

its product test reports to back up the “zero certification” label,

reinforcing its product differentiation. Pricing the products

at only 10%−20% higher than conventional products unlocks

the price-sensitive but enormous middle-income consumer

segment for these products (Safe Harvest interviews).

Raising finances

One of Safe Harvest’s key sub-innovations was its capacity

to effectively plan and raise finances. Since it was introducing a

whole new category of food products, there was a longer timeline

envisioned to establish the concept, build the market supply

chain, bring economic returns, and see a greater benefit to the
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public, especially as it worked with small and marginal farmers

who were often more remote. Even without the existence of

a supportive financial ecosystem for such an enterprise, Safe

Harvest innovated on its capacity to tap into varied sources of

finance to suit its needs throughout this journey. The initial

grant from the Ford Foundation helped establish the category

by catalyzing the NPMNetwork’s efforts to help farmers commit

to “pesticide-free” practices. It also allowed the Network to

collectivize and align on its priorities, which was key in defining

financial goals, among others.

After its 2013 restructuring, Safe Harvest raised four rounds

of equity and was able to attract key impact investors like Ashish

Kacholia, who continues to support the company in improving

its financial credibility and raising debt with his investment

expertise. The increased confidence from investors led to unique

tripartite agreements with credit institutions and increased Safe

Harvest’s and its partner FPOs’ operational capacity, as the FPOs’

creditworthiness also improved. One key agreement was with

Friends of Women’s World Banking–India and Ananya Finance

as a direct lender; here, Safe Harvest took the cost of financing

and FPOs transferred custody of aggregate commodities to Safe

Harvest. The novelty here lay in Safe Harvest’s willingness to

repay loans on behalf of the FPOs. Taking on the interest liability

of separate organizations, especially young FPOs without credit

history, is an uncommon practice, and shows the long-term

perspective of Safe Harvest. Having underwritten many such

agreements, Safe Harvest has been successful in acquiring debt

to support its operations and growth.

Encouraging buy-in

Some FPOs even invested in Safe Harvest in 2014 and

2015 to increase the scope of how the farmers and company

work together; in 2022, FPOs held 0.5% of shares. Moving

from stakeholders to shareholders also provides evidence of the

FPOs’ commitment to non-pesticide management and direct

market linkage. Together, the innovations in funding enabled

Safe Harvest to increase its volume and reach and establish the

“pesticide-free” category. By actively building this context for

itself, Safe Harvest has also built the context for other market

players to enter and retail under the “pesticide-free” category

of food.

Outcomes and impacts

Through Safe Harvest’s network, FPOs have gained skills in

market preparedness, value addition, aggregation, and storage.

Some have climbed up the value chain, allowing them to earn

a greater share of the consumer rupee: 15 FPOs now supply

clean and graded agricultural commodities to Safe Harvest; one

of these also packages more than a dozen products for the retail

market; and five others are able to supply Safe Harvest with

retail-quality products that don’t require further processing or

manual cleaning. These FPOs have also been able to increase

their collective negotiation capacity and power with different

potential buyers.

Social impacts

The social impacts begin with health. Studies evidence

the ill effects of chemical pesticides on human health, and

reducing exposure to these pesticides also reduces the scope of

hazardous exposure (Bhardwaj and Sharma, 2013; Grewal et al.,

2017; Sharma and Singhvi, 2017). Transitioning to non-pesticide

management reduces hazardous exposure and improves the

health of farmers, their families, and their communities.

Consumers of “pesticide-free” products, too, avoid pesticide

residues in their food. Safe Harvest has always advocated for

compulsory residue testing and greater transparency to the

consumer in general, and set the benchmark by being the first to

have its testing information available publicly. The Food Safety

and Standards Authority now mandates testing for pesticide

residue for all agricultural commodities.

Economic impacts

In terms of economic impact, Safe Harvest has enabled

access to a stable, profitable, transparent and organized market

for 100,000 small, marginal, and tribal farmers across 12 states

of India. Transacting directly with FPOs, it offers farmgate

prices that are comparable to those of the Agricultural Produce

Market Committees run by state governments. By collecting at

the farm gate, Safe Harvest saves farmers the fees, commissions,

and transport costs associated with the Market Committees,

which can be considerable for farmers located in remote areas

(Anil, 2019). Safe Harvest also reported a drastic reduction in

farmers’ input costs from INR 2,500 (USD 33.8) to INR 100

(USD 1.35) per hectare because of non-pesticide management

practices (Safe Harvest, n.d.). The amalgamation of reduced cost

of inputs and increased savings led to most farmers reporting a

20% or more increase in income (Anil, 2019). On the consumer

end it has brought accessibly priced products to a greater group

of consumers who are conscious of health and environmental

issues but cannot afford organic food.

FPO development also has socioeconomic benefits. Due to

assured market access and available working capital, FPOs can

invest and upgrade their capital assets (Anil, 2019). They are able

to build capacity to vertically integrate value-addition activities

like aggregation, stockage, cleaning, and grading, diversifying

their income and capturing more of the consumer rupee.

Furthermore, FPOs are able to access finance via tripartite

agreements with Safe Harvest and formal lenders, improving

their creditworthiness and allowing them to deal with larger

volumes. Safe Harvest also helps young FPOs with no credit

history access credit from institutions like NABKISAN (a

subsidiary of the National Bank for Agriculture and Rural

Development) and Friends of Women’s World Banking–India.

With such formal financial access enabled, the government’s

infusion of up to INR 10 lakh (USD 13,345) more under the
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matching equity program has helped FPOs raise equity and

proportionately higher debt. Eleven FPOs have received loan

linkage facilities via Safe Harvest from non-banking financial

companies like NABKISAN, Ananya, Avanti, and Friends

of Women’s World Banking–India on different occasions,

varying from INR three lakh (USD 3,998) to INR three crore

(USD 400,384).

Environmental impacts

Finally, Safe Harvest’s new product category has had

multiple positive environmental impacts. Non-pesticide

management training to farmers has reduced the entry

of hazardous compounds into the environment and food

chain, mitigating well-documented ill effects of pesticides on

ecosystems (Bhardwaj and Sharma, 2013; Grewal et al., 2017;

Sharma and Singhvi, 2017). The management approach is also

water smart: by focusing on limiting chemical fertilizers and

progressively increasing organic manure and biofertilizers,

in situ moisture is maintained and the need for irrigation is

reduced. FPO partners are mindful of the depth of irrigation

for crops such as monsoon-season rice, which increases the

efficiency of water cycling through the system and reduces risks

of water quality deterioration (Safe Harvest interviews). Soil-

enhancing practices are further combined with crop rotation,

mixed cropping, and intercropping to generate positive impacts

on soil health. Biodiversity is enhanced as the adoption of

non-pesticide management reduces the harm from chemical

pesticides and fertilizers.

While an immediate transition from input-intensive farming

to chemical-free farming is very risky and difficult for small and

marginal farmers, the adoption of non-pesticide management

has created an essential stepping stone toward it. Many farmers

have upgraded to further environmentally positive practices

beyond non-pesticide management over the years, including

the full transition to organic and other chemical-free farming

models (interviews with leadership of Nature Positive Farming,

Wholesome Foods Foundation and Samuha, August 17, 2021).

Success factors

A foundation in experience

The founding members and leaders in Safe Harvest came

from well-established NGOs with years of field experience

in development. They were able to leverage their experience,

knowledge, and networks to build solutions grounded in a

nuanced understanding of immediate context and farmer needs.

Just as importantly, Safe Harvest as an organization has been

well aligned to its principal value of making safe and healthy

food available to all by supporting small and marginal farmers.

The company ensured internal alignment to this value and the

need for long-term thinking and trust-building. This allowed

it to persist and invest in building itself, its supply chains, and

its partnerships through all the ups and downs that have led to

its current growth phase. Because the vision aligns closely with

that of the NPMNetwork from which Safe Harvest emerged, the

network has offered key support in training and developing the

capacity of Safe Harvest’s FPOs.

Evidence and presence

The characteristics of the “pesticide-free” product category

as an innovation are also key to its success. Notably, the

innovation is based on a foundation of sharing evidence

to build trust of the consumers in Safe Harvest’s “zero

certification” label. This includes making the results of product

verification tests publicly available, ensuring all claims are

verified and reliable. Meanwhile, procurement from multiple

states across the country not only supports the year-long on-

shelf presence of Safe Harvest’s products, building resilience

against environmental and supply variability, but also broadens

its product selection. These factors significantly increase the

potential touch points with any prospective consumer, giving

Safe Harvest a notable market presence while keeping the

organization lean. The number of commodities that Safe Harvest

deals in increased from 40 in 2018–19 to 55 in 2021–22.

Farmer ownership

As Safe Harvest brings in FPOs as partners, it enables the

FPOs’ sense of ownership. Such partnerships have allowed the

company to bridge expertise gaps and strengthen its operational

capacity. As it showed its commitment to working with FPOs

and supporting them through the process of training and

procurements, Safe Harvest was able to build good faith, with

some FPOs even displaying their ownership by becoming

shareholders. This made the process of developing supply

partners for a new market context easier, and attracted other

FPOs to seek out Safe Harvest. The number of partners that Safe

Harvest transacts with increased from 22 in 2018–19 to 30 as

of August 2021. By the latter date, Safe Harvest was working

with 10 more organizations that were in the process of forming

farmer collectives.

Investor trust

Safe Harvest also leveraged its financial and development-

world networks and built relationships with institutions and

individuals where they could mutually support Safe Harvest’s

financial needs and the partners’ goals. Here, too, building

trust was key. The partners included individual investors,

institutional investors, formal institutional lenders, non-banking

financial companies, and even FPOs that hold shares. The

diversified pool of funds, including grants, debt, and equity

from different funding partners, was put to judicious use by

capitalizing on different funding mechanisms from different

partners. Safe Harvest’s investors have focused on particularly

long time horizons and bought into Safe Harvest’s capacity for

social impact and its vision, which kept their buy-in through

challenges. India’s largest impact investor, Ashish Kacholia, was
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a determined investor with the resources to take on a high-

risk venture with a long time horizon, and he also helped Safe

Harvest strategize through its restructuring. Another investor,

Friends of Women’s World Banking–India, was able to provide

financing even when Safe Harvest was a new entity that was

incurring losses, didn’t have an established supply chain, and

was working with “higher-risk” farmers, because of the trust and

vision Safe Harvest has built and evidenced in its institutional

design and collaborative capacity.

Future challenges

Building a category, getting shelf space, selling the products,

and reaching profits is a long journey that requires capital

insertion and sustained support. Financiers are needed at

different points of an enterprises’ journey to support the

unique needs in each stage, including both equity and debt.

As debt financing isn’t easily accessible from formal financial

institutions, Safe Harvest has to rely on non-banking financing

companies, which can be expensive. Along with equity investors

who are aligned on values and are open to investing in a longer

time horizon, support from formal banks to provide working

capital at early stages over a longer period would enable the

organization to grow and bring results faster. On the other hand,

Safe Harvest has been prioritizing financial sustainability over

fast results and the company seems content to scale up at its

own speed.

Finding and matching investors who can align with the

vision—where farmers are the final stakeholder and are willing

to take on long-term investments—is essential, and remains

a challenge for such enterprises. The vision requires eventual

hand-off of greater shares of ownership over the value chain to

FPOs and farmers, so that in the event of an investor wanting

to exit and sell, the institutional design and the vision will stay

intact. Safe Harvest has been actively engaging with its FPOs

to ensure their ownership of the value chain, toward the goal

of a complete hand-off where Safe Harvest only remains as

their marketing and branding partner. This is central for other

organizations within the social innovation and development

sector, as well, to ensure impact beyond their tenure while also

supporting systems resilience.

Trustea

Tea is a top consumer beverage in India, and the country

comes second only to China in tea production (Jaisimha,

2019). While historically tea was primarily cultivated for export

purposes, currently about 80% of India’s tea production is for

domestic consumption. This has changed the landscape of tea

cultivation; while tea estates primarily cater to the global market,

the supply to the domestic market comes from smallholders

(Langford, 2019). Small tea growers (STGs, defined as having up

to 25 acres or 10.12 hectares of tea cultivation) now contribute

about 50% of India’s tea production (Consultivo, 2020). While

estates process their tea on-site, smallholders transport their tea

to factories—either the estate factories or bought leaf factories

that source at least two-thirds of their tea from outside growers.

The factories then process the tea and sell it through auction

centers or directly (Langford, 2019).

Historically, STGs and bought leaf factories often lacked

knowledge on sustainable practices and the resources to adopt

them, and the working conditions in both were often poor (Asia

Monitor Resource Centre, 2010). Because the global market

sourced its tea chiefly from large estates, the Indian estates

that exported tea were governed by global private standards

such as Rainforest Alliance and Fairtrade, which ensured that

producers met certain product and process standards (Langford,

2019). Standards only governed this small fraction of India’s

tea producers, however. STGs were disconnected from global

standards, and concerns arose regarding the well-being of their

workers, the quality of their tea, and the sustainability of their

production (Langford, 2019).

History of trustea

The push for self-regulation

A confluence of actors in the global and domestic markets

has facilitated the push for self-regulation among STGs in

producer countries (Langford, 2019). While Unilever and Tetley

(owned by Tata Consumer Products) control 16% of the

global tea market (Potts et al., 2010), about 45% of India’s

domestic market is controlled by Hindustan Unilever Limited,

a subsidiary of Unilever, and Tata (Singh et al., 2021). As early

as 2007, Unilever took the lead in adopting Rainforest Alliance

certification for all their tea sold in the European Union, and

in 2010 they announced a vision to shift to 100% sustainable

sourcing by 2020 (Unilever, 2010; interview with Mr. Daleram

Gulia, Procurement Manager for Sustainability at Hindustan

Unilever, August 24, 2021). To achieve this, Unilever attempted

to introduce Rainforest Alliance certification across all their tea

sourcing regions. This proved difficult in India, as there existed

differences between Rainforest Alliance’s code of conduct and

Indian labor laws (Langford, 2019). For example, the minimum

permitted age for a tea worker under the Rainforest Alliance

code was higher than the age allowed under Indian labor laws.

In the face of differences in product and process standards

between global and domestic markets, as well as other challenges

from the fragmented smallholder tea industry in India and the

organization’s lack of outreach to STGs, Rainforest Alliance

was not successful in bringing self-regulation to STGs as per

its global standards (Langford, 2019). While creating an India-

specific Rainforest Alliance standard that aligns with Indian

labor laws could have been easier, Rainforest Alliance did not

wish to create regional variation in its certification. These factors

led to the recognition of the need for a domestic standard
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that was specific to the Indian domestic market. Based on this

context, Hindustan Unilever envisaged the establishment of

a multi-stakeholder program based on industry realities and

globally accepted sustainability principles. Unilever’s existing

Sustainable Agriculture Code—a collection of Good Practices

which aim to codify important aspects of sustainability in

farming and apply them to supply chains—would provide the

standard with a robust and credible framework (interview with

Sustainability leadership at Hindustan Unilever, August 24,

2021).

Around the same time, Indian consumers were gaining

awareness of the need for safer tea. A report by Greenpeace

(2014) found “highly hazardous” and “moderately hazardous”

pesticides in tea samples, including those collected from major

brands such as Hindustan Unilever, Tata, and Wagh Bakri,

outraging tea drinkers. To counter this, the Tea Board of India—

a quasi-autonomous government body that authorizes, registers,

and licenses industrial activities within the tea industry—came

out with a Plant Protection Code for the use of pesticides on tea.

However, the Tea Board of India didn’t have the wherewithal

to enforce the code, and Indian NGOs felt that this move

was insufficient to address the spectrum of challenges faced by

smallholder producers, such as deplorable working conditions

(Langford, 2019).

A tea standard for India

Interests and influences driving self-regulation in the Indian

tea industry were not limited to Hindustan Unilever alone.

The Dutch organization IDH–The Sustainable Trade Initiative

was also working for sustainability in the tea industry through

their Tea Improvement Program. Upon seeing IDH’s interest in

funding standards for self-regulation within domestic markets,

Hindustan Unilever approached IDH about the Indian tea

industry (Langford, 2019). Later, IDH reached out to Tata

Consumer Products, making Trustea an industry-wide initiative.

Tata also brought in a collaboration with the Ethical Tea

Partnership, which played an important role as one of the

implementation partners in Assam, West Bengal, and Kerala

(interview with Sustainability leadership at Tata, August 18 and

23, 2021).

To design a standard for tea production in India, Unilever

approached Solidaridad Asia, an NGO based in New Delhi.

Its parent NGO, Solidaridad, had previously played a key

role in designing, developing, and mainstreaming standards

within the markets of global firms for many commodities.

The organization also provided training to improve producers’

uptake of certifications. Solidaridad Asia collaborated with

Hindustan Unilever, and together they developed the initial

draft for a standard of self-regulation for Indian tea producers

that accounted for the intricacies of the domestic tea market

(Langford, 2019).

Building on this foundation, Hindustan Unilever, Tata, and

IDH came together to launch Trustea in 2013—an Indian

verification system and sustainability code for the tea sector.

After the launch, these three partners plus the Ethical Tea

Partnership and Solidaridad co-created the final form of

the code. Sector-level multi-stakeholder engagement, decision

making, and action via Trustea ensured that the further

evolution of the Trustea code and its mainstreaming would

happen in a planned and strategic manner. With early support

from a state regulatory body, the Tea Board of India, Trustea

further ensured that it would not face any administrative hurdles

with the government.

Industry engagement

The Trustea code works toward overcoming the multiple

challenges of the tea industry (Table 1). It enables producers,

buyers and others involved in the Indian tea business to obtain

tea produced according to “agreed, credible, transparent and

measurable criteria” (Trustea, 2021). Many STGs were initially

unable to adopt the practices of the sustainability code, whereas

large tea estates had the resources and infrastructure to adopt

the certification, but had to be aligned to the business case

and understand the benefits. Trustea, therefore, engaged with

factories in estates, bought leaf factories, and representatives of

grower groups for compliance and certification under the code;

these, in turn, worked with STGs. Trustea certified bought leaf

factories, and the chain of custody established here let Trustea

train STGs and build their capacity through factories. This chain

of custody also aided factories in keeping track of the quality of

tea (Trustea, 2021). The stakeholders who engage with Trustea

continue to take note of changes happening in the market,

consumer demand, and environment, in order to upgrade or

modify the Trustea code accordingly.

Trustea began operation with funds provided by IDH,

Hindustan Unilever, and Tata, later strengthened by the joining

of Wagh Bakri Group in 2017. Hindustan Unilever and Tata

have contributed equally to the Trustea code, to the tune of

INR two crore (USD 265,362) every year. IDH contributed

INR three crore (USD 398,044) a year until 2020, and Wagh

Bakri has contributed INR 50 lakh (USD 66,350) a year since

joining (interviewwith Sustainability leadership at Tata, October

18, 2021). Currently, Trustea is transitioning toward a new

business model where it will monetize the Trustea seal on retail

packs. Trustea will continue to provide free-of-cost training

and capacity-building activities to all stakeholders, and the cost

will only be borne by companies who put Trustea seals on

their packaging. Until such a time as it reaches a break-even

point, Trustea will continue to receive financial support from

its funders.

Out of an estimated 250,000 STGs and 3.5 million tea

workers in India (Rajbangshi and Nambiar, 2020), Trustea had

by 2020 engaged with 81,841 tea growers and 640,000 workers

(Figure 4). The STGs with whom Trustea has engaged are an

average of 57 years old; most have completed a primary level

of education; and 90% own an estate smaller than five hectares
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TABLE 1 Key points under the Trustea code.

Dimensions of

Trustea code

Summary of applicable control points

pertaining to the dimensions

Management system and

continuous improvement

Verified farms have an easy to maintain and

practical management system in place for

complying with the Trustea code and applicable

legislative requirements

Product traceability Verified farms and facilities develop a clear and

visually identifiable system for avoiding the

mixing of verified products with non-verified

products in its facilities

Water management Verified units ensure that they are using water

efficiently, with minimal loss and optimal use

Fertilizers Proper selection of kind and volume of fertilizers,

but also its safe application and storage

Plant Protection

Formulations (PPF)

The selection of Plant Protection Formulations

(PPF), their use and storage are mandated as per

the Plant Protection Code (PPC) of India

Food safety Adherence to the Indian Food Safety and Standard

Act, 2006 for greater control over the quality,

safety of tea and reduced rejections from national

and international buyers

Safety, health and welfare of

the workforce

Verified units analyze and strive to prevent all

potential adverse effects on the health or working

conditions of workers and have an action plan in

place to reduce and prevent the risk of accidents in

the workplace

Working conditions and

workers’ rights

The verified units must comply with national and

state legislations on relevant labor legislations that

apply to the tea industry

(Trustea, 2021). Trustea has certified 695 estates and bought leaf

factories, covering 56% of all tea produced in India (Trustea,

2020a).

Trustea’s innovation

Establishing private self-regulation

Trustea’s core innovation is its process of self-regulation

(as defined in Gupta and Lad, 1983). Its code is governed

and facilitated by a diverse and inclusive multi-stakeholder

council with buy-ins from tea brands, tea producers (large

tea estates, STGs, bought leaf factories), NGOs, civil society,

research and academia (Figure 5). The council is divided

into a funding committee (IDH, Tata, Hindustan Unilever

and Wagh Bakri) and a program committee (IDH, Tata,

Hindustan Unilever, United Planters’ Association of Southern

India, Indian Tea Association, Confederation of Indian

Small Tea Growers’ Associations, Assam Bought Leaf Tea

Manufacturers’ Association, Tea Research Association,

Gujarat Tea Processors and Packers Limited, and UN

Women). The council is collectively responsible for taking

all the decisions of Trustea in a consensual and aligned

manner. The decision to have representation from various

categories of stakeholders in the domestic tea industry is

a strategic one to ensure impact and buy-in throughout

the industry.

Building small tea grower capacity

Trustea does not stop at verification, like some other

certification efforts, but also invests in building the capacity of

STGs, bought leaf factories, tea workers, and other producers

to ensure compliance. A unique aspect of this procedure is that

Trustea engages with STGs through estate factories and bought

leaf factories. These factories share lists of STGs who provide

them with their tea, and Trustea undertakes training of these

STGs as per the requirements of the code. By establishing this

chain of custody and putting the onus on these factories, Trustea

has attempted to address the problem of chasing every STG to

ensure their compliance and adherence to the code. This process

also aids the factories and Trustea in maintaining traceability

and quality of the produce.

Trustea’s capacity-building processes are tailored for

easy comprehension by STGs and tea workers and employ

community engagement, community building, and experiential

learning. Based on observations that STGs learn well through

live demonstrations, Trustea devised a concept of model farms

wherein tea growers learn to practice sustainable methods on

farm, discuss their challenges, and seek resolution by trained

personnel and fellow growers. One of the most recent efforts,

Tracetea, is a digital platform and traceability application where

STGs can register, conduct business, discuss their problems,

suggest solutions, and interact with other STGs across the

nation. Tracetea has been successfully piloted in West Bengal,

Assam, and South India (Trustea, 2021).

Implementing with a local presence

For implementation, Trustea linked up with multiple

entities such as the Tea Research Association, Action for Food

Production, Reviving the Green Revolution (an associate of

Tata Trusts), Ambuja Cement Foundation, and the National

Skills Foundation of India. These implementation partners

were selected after evaluation of their alignment with Trustea

and their local presence, and they play an instrumental

role in providing training and hand-holding support to

stakeholders. The implementation partners employ local

personnel and execute capacity-building activities so that

there are few trust, language, or community/region-specific

barriers. Audits on the stakeholders are conducted via

third-party vendors.
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FIGURE 4

Timeline of key events in Trustea.

Outcomes and impacts

Environmental impacts

As an initiative rooted in sustainability goals, the Trustea

code has had multiple positive environmental impacts.

Tea being a water-intensive crop, Trustea encourages the

adoption of practices that improve water use efficiency and

sewage management by mandating these in the code. They

have introduced extensive training and guidance on water

management practices for verified units, but have not been

able to verify compliance, especially by STGs (interview with

leadership at Trustea, October 11, 2021). More than 50% of

STGs associated with Trustea have, at least, introduced control

mechanisms for chemical runoff and sewage (Consultivo,

2020). To enhance the soil quality of tea estates, Trustea also

mandates adherence to the Plant Protection Code and the use

of Food Safety and Standards Authority-approved chemicals

within allowed limits. Through the training and capacity

building of STGs, adherence to the Plant Protection Code has

seen noticeable improvement (Langford, 2019). Additionally,

more than 80% of certified STGs were recorded to have

adequate storage and segregation facilities in their tea gardens

(Consultivo, 2020).
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FIGURE 5

Representation of Trustea stakeholders, including bought leaf factories (BLFs) small tea growers (STGs). Authors’ creation based on Trustea

(2020b).

Food safety impacts

All verified STGs and bought leaf factories have been

introduced to food safety guidelines of the Tea Board of India

and the Food Safety and Standards Authority of India on

good hygiene and manufacturing practices through systematic

training and assessment programs. The training and knowledge

have led to increased awareness of the guidelines and facilitated

their compliance, resulting in higher production of safe tea

(Trustea, 2021).

Social impacts

From the beginning, Trustea has focused on achieving

compliance with national and sector-specific labor laws among

its target entities and STGs. The zero-tolerance approach and

training on eliminating child labor (under 14 years of age, as

per Indian law) and wage disparity have led to decreases in

both at Trustea-verified entities (Trustea interviews). Workers

are given extensive training on the handling of fertilizers using

safety equipment, and the Trustea code only allows fertilizers

and plant protection formulations that are non-hazardous and

approved by the Plant Protection Code. These practices have

reportedly resulted in reduced worker exposure to chemicals

and improvement in their health conditions [Trustea interviews

and (Consultivo, 2020)]. In 2020, Trustea further ramped up

hygiene and sanitation requirements for certified entities in

light of COVID-19, which led to the establishment of sanitizer

provisioning facilities in tea estates.

Success factors

Enabling environment

The circumstances and enabling environment in which

Trustea emerged have without a doubt been key to its success.

The Greenpeace (2014) report was instrumental in raising

awareness among Indian tea consumers and other stakeholders

about sustainability challenges in the sector. Even after the Tea

Board of India launched its Plant Protection Code, the clear

gaps in the regulation of the domestic tea industry necessitated

a self-regulation mechanism. The Tea Board of India therefore

supported Trustea from the start, chairing Trustea meetings,

sending out invitations, and gathering rapid approval from

the entire industry. This then led to easy collaboration with

other regulatory bodies like the Food Safety and Standards

Authority, enabling the development and standardization of

safety standards for tea.

Industry commitment and credibility

While regulatory endorsement created a push for the

adoption of Trustea standards, a corresponding pull came

from the strong commitment of market leaders like Hindustan

Unilever, Tata, and Wagh Bakri, who controlled more than half

of the tea market and made clear their preference for purchasing

only sustainably produced tea. Trustea worked with research

institutions like the Tea Research Association, as well, to ensure

that its practices were backed and validated by the scientific

community. Their involvement gives credibility to the code’s
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manual and guidelines, and authentication to its requirements

and benefits, leading to greater acceptability of the code in the

tea industry.

A diverse governing council

The diversity of the Trustea council ensured that Trustea

had access to domestic and international expertise, market

knowledge, and networks to enable informed strategy and

decisions. Its association with the international organization

IDH, which had expertise in driving sustainability in supply

chains of food commodities, tremendously aided in the

development and drafting of the code (Langford, 2019). The

support of domestic implementing partners like the Ethical

Tea Partnership (associated with Trustea until 2019) and

Solidaridad Asia (associated until 2018) provided an in-depth

understanding of domestic tea production and supply chains.

Their technical expertise ensured the successful development of

the field implementation chain for the code, which resulted in

higher compliance rates.

A shared understanding

The multi-stakeholder council has been able to function

effectively around a shared understanding of the need

for sustainability standards. Trustea holds multiple pre-

engagements talks with prospective council members before

inviting them in to cement their shared understanding.

The council’s consensus-based decision making and voting

procedures aid in developing trust, and it is strictly enforced

that all activities of Trustea are in a pre-competitive space;

the only objective of collaboration among stakeholders is for

achieving the common goals of the Trustea program. The shared

outlook of the council members has also transformed into

shared investment. Hindustan Unilever and IDH brought in the

first funds, and their commitment reinforced the credibility of

Trustea, motivating other stakeholders to step in. The funds

contributed each year by funding partners are allocated against

the activities that are planned for that particular year; this clarity,

flexibility, and transparency works as a catalyst for establishing

trust among the funding partners.

Interactive learning

As a business model, Trustea believes that a high compliance

rate can be achieved among financially and educationally

weaker audiences through interactive learning. Research shows

that these audiences comprehend information better via live

demonstration (Consultivo, 2020), which inspired Trustea’s

model farms and the creation of animated videos for STGs. The

trainingmanuals and educationmodules under the code are also

creative and interactive and are made available to growers in

their regional languages. In addition, Trustea-provided market

intelligence on auction centers, purchasers, and new varieties of

tea has ensured the interest and participation of STGs, bought

leaf factories, and factories in estates.

An evolving code

Although Trustea is clear in its vision and goals, the

diversity and magnitude of the Indian tea sector means

that the model also has to be flexible and responsive to

feedback from stakeholders. The initial version of the code

launched in 2013 received a great deal of this feedback

that was later re-worked into the current code, resulting

in high acceptability and compliance. Further, in order to

enhance the credibility of the Trustea code and accredit it

with the globally accepted sustainability principles, Trustea

has become a community member of the ISEAL Alliance, a

global organization working toward tackling sustainability issues

through a collaborative approach.

Future challenges

Tea is sensitive to the environment in which it is grown,

and any change in conditions can affect production in terms

of quality and quantity. Climate change is already being

witnessed in tea-producing areas of India in the form of erratic

rainfall, new pest infestations, and changes in temperature

(Nowogrodzki, 2019). However, the Trustea code is yet to

introduce guidelines on adapting to climate change for its

verified units.

Another challenge is traceability. Trustea engages with STGs

through estate factories and bought leaf factories, and both are

stringent in ensuring that STGs provide them with tea produced

to the Trustea standard. Though this chain of custody helps the

factories maintain traceability and quality of tea, certain aspects

bring down the efficiency of the process. The tea produced

by bought leaf factories and factories, apart from being sold

directly to big private players, is also sold through auction

centers. The buyers at these auction centers may or may not

care about the sustainability and quality of tea. When tea is

sold to such buyers, there arises a possibility that factories will

not be sufficiently compliant with the certification code. Though

Trustea has introduced the Tracetea traceability application to

overcome this problem, the application is still in its pilot phase

and has a long way to go.

Public procurement is also an open question. Government

institutions such as Indian Railways and the military Canteen

Stores Department are major bulk buyers of tea, and Trustea is

yet to tap into this market. This is a long procedure to traverse

in the absence of factors like a sustainability-focused policy

framework, advocacy, lobbying, and consumer demand. Though

Trustea has had the support of the Tea Board of India, given

the lack of coordination among different government ministries

and departments, that initial support will not help Trustea in

this respect.

Lastly, sustainability as a concept in tea is still nascent

in India. Though Indian consumers are slowly beginning to

recognize the importance of consuming safe and sustainably

produced tea, there is a lack of knowledge and interest
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in recognizing and rewarding tea brands working on these

parameters. Brands that have faced similar challenges in

different industries in the past have spent copious time and

money to overcome them. For example, in order to get

Indian consumers accustomed to sanitizing their hands, the

Savlon brand launched a massive campaign in India with the

hashtag #NoHandUnwashed (exchange4media, 2020). Given

this precedent, it will be interesting to witness how Trustea

as a sustainable tea brand can overcome the existing gaps in

consumers’ minds and create a space for its Trustea seal in the

Indian tea market.

Discussion

Safe Harvest was founded as an answer to farmers’ demands

for market access and product differentiation. As a case

study, it demonstrates the capacity for impact when small

and marginal farmers and their needs are centered in the

innovation process. Safe Harvest created a new market category

of “pesticide-free” products and supported FPOs to become

supply chain partners, which was crucial for smallholder farmers

who lack access to consistent market linkages and pricing

mechanisms and who have no viable path to organic farming.

Non-pesticide management and Safe Harvest’s back-end design

ensured accessibility for farmers in line with the vision for

impact. Safe Harvest has been able to do this by keeping

value-driven leadership at the helm and creating trust, long-

term engagement, and collaborative capacities as part of its

institutional design. Transparency and inclusiveness were key

characteristics of its successful partnerships with FPOs, as

opposed to top-down dynamics and transactionality. These

choices also created operational sustainability by positioning

farmers as primary stakeholders with a sense of ownership,

demonstrated in the independence of partner FPOs, which are

now engaging with other market players.

Safe Harvest has required continuous support from

financiers who share its vision, align on the innovation model,

understand the need for long time horizons, and are willing

and able to creatively support a growing organization’s changing

needs. It has been able to find this by tapping into a network

of diverse financiers in grants, debt, and equity, and the

case displays the need for an aligned investor ecosystem

for any ventures taking on similar challenges. Empowering

localized economies and contextualized financing mechanisms

can build pathways for ventures like Safe Harvest to flourish and

grow, opening up possibilities of well-supported, value-driven,

grassroots-centered social enterprises if supported by the right

investment ecosystem.

The case of Trustea, meanwhile, carries important lessons on

how self-regulated certification alongside strategically planned

bundles of interventions can create impact on an entire

value chain. Trustea has emerged as a significant player who

successfully set up a sustainability standard for the Indian tea

industry. Through its targeted focus on establishing a multi-

stakeholder council and capitalizing on the skillsets of its

members, Trustea ensured support from every key player in the

industry. One of the most notable outcomes of the council was

its ability to maximize the market hold and strength of players

like Hindustan Unilever Limited and Tata Consumer Products

and pull tea producers toward sustainability. The success of

this multi-stakeholder initiative highlights the significance of

alignment, clear goals, and well-defined operational procedures

among such collaborators.

The initial support offered by the Tea Board of India

played an instrumental role in Trustea gaining acceptability

in the tea industry, underlining the ease which comes with

the backing of a state regulatory body. The focus of Trustea

on creating tailored capacity-building activities led to high

compliance with its code, and working with varied value chain

actors created interdependency among these actors, enabled the

smooth operation of value chains, and developed accountability.

Inclusivity in collaborations worked as another important

factor for Trustea’s scaling and outreach to a diverse audience.

Continuous internal and external audits have aided Trustea in

keeping track of compliance rates and addressing gaps. While

it has achieved notable scale, it remains to be seen how the

program can adapt and maintain its growth, build its brand

image among Indian consumers, and deal with changes in

climatic conditions.

Conclusions

A number of conclusions from these case studies provide

learnings—not only for India, but also for other countries in

the Global South seeking to enable innovation pathways toward

sustainable agri-food systems.

Firstly, end users need to be placed at the center of

innovation through sustained engagement and tailored, context-

specific solutions. Even top-down programs (as both of our cases

ultimately are) can maintain such bottom-up characteristics

through a constant push by the leadership: building bottom-

up communication channels, training and sensitizing staff, and

instituting a project design that enables sustained community

engagement. Safe Harvest and Trustea ensured that they weren’t

only top-down efforts; they actively worked with farmers

and ensured information flowed both ways. The creation of

Safe Harvest itself was driven by the need expressed by end

users, and the needs of smallholder and tribal farmers were

centered throughout the creation of FPOs, supporting access

to finance, and the focus on pesticide-free as opposed to

organic production. In both of our cases, we note that engaging

and understanding end users and their context not only led

to high uptake but also built trust and credibility among

end users.
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Trust is a transcendental element that is central to the

sustainability of all stakeholder relationships, and thus of the

innovation itself. It goes beyond trust with end users to trust

between partners and the trust of funders. It’s also inextricable

from the values with which these private actors approach each

relationship—and particularly relationships with farmers, where

any extractive impulses must be countered. Alignment in long-

term vision is key; Trustea, in its case, was able to work through

a dynamic and diverse council because of its strong focus on

establishing alignment within the stakeholders through multiple

pre-engagement talks before formally collaborating with them.

Trust is also established through evidence generation. Safe

Harvest generates relevant evidence for its end users (both

farmers and consumers) through its “zero certification” mark

and the publicly available data from the verification tests behind

it, while Trustea has been able to increase the acceptability of

its code among stakeholders by engaging research and academic

institutions to validate the code.

Our third conclusion is that leveraging formal and informal

networks and organizations in the producer ecosystem can

be an efficient and effective way to engage with a broader

base. This was particularly observed with Safe Harvest, where

existing FPOs were a route to scaling the farmer base of

the program; outreach to smallholder farmers succeeded by

leveraging the existing formal and informal social networks

in the community, with a multiplier effect in scaling farmer

engagement. In the case of Trustea, a private company invested

in the preliminary development of a sector-wide standard

and reached out informally to other players to set up a

multi-stakeholder initiative that later became a formalized

certification system. This reinforces the need to create room for

informal interactions and actions where experimental ideas can

be validated.

The fourth conclusion from these private-sector-led

innovations is that government support may not be essential—

but its endorsement certainly helps. This is in fact a key aspect

of the enabling environment for even fully industry-based

initiatives like self-regulated standards. In the case of Trustea,

endorsement given by the Tea Board of India was invaluable

in building credibility and trust in Trustea’s vision with

numerous stakeholders.

Fifth, a strategically crafted but continuously evolving

bundle of interventions is essential for long-term success and

scale. Bundling means implementing interventions in different

areas simultaneously, such as market creation, business, policy,

technology, or value chain development. Some of these areas

may be within the zone of influence of the initiator, as with

Trustea, where the development and promotion of the domestic

standards was bundled with extensive capacity building of tea

producers and awareness generation on sustainability. Other

areas of intervention are outside the zone of influence of the

initiator, and partnerships can enable the required bundling.

For example, almost all of Safe Harvest’s partner civil society

organizations had highly trained agricultural professionals who

enabled the development of rigorous internal systems to

help farmers strictly adhere to non-pesticide management as

envisioned by Safe Harvest.

Finally, partnerships drive success when they are crafted

based on the needs of the innovation program, are managed

rigorously, and evolve with the changing context. Staff and

partners also must have a shared vision and be aligned

on innovation goals. The Safe Harvest case shows that

alignment to a long-term vision—including with financiers and

suppliers—imparted resilience through tough times. Trustea

conducted cautious pre-engagements before accepting new

members into its council to ensure that all members,

who might have competing interests, were well aligned

with a long-term vision of sustainability in the Indian

tea sector. Furthermore, the council’s clear processes for

decision making aided in developing transparency, trust,

and communication.

It is no coincidence that partnership is so central to both

of these cases. Given the many public, private, non-profit, and

research entities now operating in India’s agricultural landscape,

partnerships seem certain to play a part in any innovation

efforts—or, more likely, innovation networks—that will reach

scale in the years ahead. The financial landscape will need to

keep pace. Repurposed investments can power this innovation,

but will also play a role in determining its direction; therefore,

investors as much as all other partners have to be aligned on

a vision of transitioning to more sustainable agri-food systems

for India.
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Financial support is a critical enabling factor for healthy agri-food innovation

systems, particularly within resource-limited settings, though additional

forms of support are also necessary. This motivated a critical comparative

review of evidence in peer-reviewed and gray literature on the range of

instruments that support innovation in agri-food systems in the Global South,

toward achieving sustainable agriculture intensification. The main aim is to

provide recommendations to innovation managers on the choice of di�erent

instruments for supporting innovation. The key guiding questions for the

comparative analysis werewhether the instrument fosters uptake of innovation

and whether it promotes inclusive development. A review of the literature was

supplemented with a scan of websites for sources of peer-reviewed and gray

literature documenting the application of the 12 selected instruments. The

study revealed three categories of instruments: (Type A) those that support

entrepreneurship; (Type B) those that primarily finance innovation; and (Type

C) those that support innovation in real-life contexts. Our analysis indicates that

innovation managers and funders need to select instruments that are likely to

fit the specific context aswell as to address themandates of their organizations,

and in so doing, they must consider how to ensure the sustainability of their

investments and meet the needs of their beneficiaries. This review represents

one of a handful that have compared the use of multiple instruments across

multiple continents in the Global South, and can serve as an important

decision-making tool for investors and funders looking to invest in agri-food

innovation systems.
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Introduction

The human population in the Global South is expected

to increase by 2.4 billion by 2050, coupled with a 60%

increase in food demand (Fróna et al., 2019). Since smallholder

farms (i.e., <5 ha in size) account for 53% of food calories

produced globally (Samberg et al., 2016), it is critical that

research and innovation processes lead to the development

and uptake of new technical and non-technical solutions

that are appropriate for these smallholder farmers. However,

financial and other forms of support are critical enabling factors

for creating healthy agri-food innovation systems, particularly

within limited resource settings characteristic of the Global

South. The need to further understand the relevance of different

instruments, and related factors for their success, motivated

this critical comparative review of peer-reviewed and gray

literature on the range of instruments that have been used to

support innovation in Global South agri-food systems, where an

innovation is a new or improved solution to a need or problem

(Cooke et al., 2021).

The traditional linear technology transfer model has

limitations in terms of its effectiveness in promoting the

uptake of technologies and innovations. Linear approaches

fail to account for complexity within the agri-food system, do

not deliver on outcomes, or result in unsustainable project

interventions (Hellin, 2012). Furthermore, they often exclude

users from the innovation process and do not address their

priorities adequately (Glover et al., 2019). There is, therefore,

a need for a more user-centered approach in the form of

alternative instruments that support innovation processes

based on user needs, resources and priorities. The potential

for adopting instruments that include co-development

processes involving different development partners is also

important in addressing the problem (Kaimowitz, 1990; Kavoi

et al., 2014). These processes require the participation of

stakeholders to ensure ownership and learning from experience,

and should draw on multiple sources of knowledge so that

interventions are designed appropriately for a particular

context (Butler et al., 2017; Brookfield Institute, 2018;

Devaux et al., 2018).

The aim of this study is to provide recommendations

to innovation managers about alternative instruments and

their effectiveness in ensuring the uptake of innovations,

as well as in supporting inclusive development where

structural factors such as gender, race, ethnicity and

other social categories do not exclude certain groups

(van Gent, 2017). We used two key guiding questions for

the comparative analysis (relative to the traditional linear

transfer model):

• Does the instrument foster the uptake of innovations?

• Does the instrument promote inclusive development?

Methodology

Starting with an extensive list of documented mechanisms

that have been used to support innovation in the broad field

of agriculture, we eliminated those we perceived to be tools or

approaches—tools being means to fulfill a task, and approaches

being paradigms that inform the way that development or

research is done (de Koning et al., 2021)—leaving a list of

12 instruments. We developed a data collection framework

prior to reviewing literature and gathering information. In

gathering data we used amixed-methods approach that included

quantitative and qualitative strategies.

The examination of peer-reviewed material, which focused

on agricultural innovation rather than on research and

development (to identify innovative approaches), relied largely

on searches of various databases of prominent scientific journals

for the period 2010 to 2020 using the search engine EBSCOhost

and the following search string:

agricultur∗ AND innovat∗ AND challenge fund OR

farmer innovation fund OR innovationgrant OR prize OR

award OR insurance OR innovation platform OR innovation

hub OR farmer research network OR living lab OR farmer

field school OR incubator OR accelerator OR results-based

contract OR broker OR intermediar∗

This search was supplemented with searches on

SAePublications, Sage, JSTOR and Academia.edu and the

original search string was also modified to include the

term research. The team also made use of forward and

backward linkages from literature to expand the body of

articles reviewed. It should be highlighted that the selection

of sources/information for review was purposive in terms

of focusing on the list of pre-selected instruments and

thus also included literature as far back as 2003 for some

older instruments.

The EBSCOhost search returned 2,105 items, of which

721 were found to relate to innovation support and involved

the use of the instruments identified during the inception

phase. Additional online articles, gray literature (such as project

reports), and peer-reviewed articles were also screened. A total

of 115 items comprising peer-reviewed and gray literature were

finally included in the review and the project database.

The nature of instruments that
support innovation

The review of literature showed that the instruments

are very diverse and some had been used across different

sectors outside of agriculture, such as water and sanitation

services (Trémolet, 2015; McNicholl et al., 2020). To facilitate
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a comparative evaluation of the 12 identified instruments and

assist with decision-making by potential users, those with

similar characteristics and functions were grouped into three

types. Type A are instruments that support entrepreneurship;

Type B are instruments that primarily finance innovation

(this excluded conventional financing instruments such as

loans); and Type C are instruments that support innovation

in real-life contexts (where users are operating). There are

differences within and across instrument types in terms of

the extent to which they support inclusive innovation and

outscaling of innovations. There are also differences among

the types of instruments in terms of where in the agricultural

sector and along the innovation continuum they are most

relevant, as shown in Figure 1. The innovation continuum

is based on the definitions of Organisation for Economic

Cooperation Development/Statistical Office of the European

Communities (OECD/Eurostat) (2005). Brief descriptions of the

12 instruments, as well as some examples of where they have

been used, are provided below to support the discussion.

Instruments that support
entrepreneurship (type A)

Incubators create, nurture and develop new enterprises,

thereby improving their chances of success (OECD European

Commission, 2019). They can also bring new technologies,

products and business models to the market by linking

universities, research, enterprises and the market (Hjortsø et al.,

2017). Two such programs in Africa include BioInnovate

Africa and UniBRAIN (Universities, Business and Research

in Agricultural Innovation), while the Villgro Incubator is an

example from India (InfoDev, 2011). Accelerators, such as

the Grow Impact Accelerator in Singapore, are instruments

that provide short-duration support to early-stage ventures to

speed up their growth (Cohen S. et al., 2019). Innovation

hubs, such as the Campos dos Goytacazes Innovation Hub in

Brazil (UNESCO, 2019), are generally recognized as physical

co-working spaces for entrepreneurs working with technology

at an early stage of development (Jiménez and Zheng,

2021), although most aim to create sustainable enterprises

(Beesabathuni et al., 2021).

Instruments that primarily finance
innovation (type B)

A challenge fund is a mechanism by which a funder can

work with non-profit and business organizations to deliver

solutions for difficult social problems (Tjornbo and Westley,

2012). The funder defines the challenge, while the private

sector conceptualizes and designs the solution, provides co-

finance, and implements the solution (UNDP, 2016). One such

fund was Innovation Against Poverty (IAP), a pilot challenge

fund launched by the Swedish International Development

Cooperation Agency (Sida) in 2011 (Andersson et al., 2014).

There are also different forms of innovation funds and grants,

including competitive research grants and matching grants. One

example is the Groupe Speciale Mobile Association (GSMA)

Innovation Fund for Digitization of Agricultural Value Chains.

These are increasingly used to stimulate the private sector

and farmer engagement in activities related to technology

generation, technology dissemination and overall innovation

processes. Next, there are several forms of innovation funds

for smallholder farmers (IFSFs). These instruments give farmers

direct access to resources so that formal research and extension

actors do not have complete control over the research agenda

(Friis-Hansen and Egelyng, 2007; Triomphe et al., 2012). Some

initiatives use prizes and awards to incentivize participants to

solve societal challenges that may lead to major breakthroughs

(Tambo, 2018). The AgResults Program, supported by various

multilateral and bilateral donors and foundations, uses pay-

for-results prizes to incentivize the private sector to invest

in agricultural innovations. Another instrument that offers

opportunities for supporting innovation is the results-based

contract, which is sometimes called a pay-for-success project.

However, the risky nature of agricultural research raises

concerns as contractors may not be willing to take the risk unless

the risk is priced into the contract (Deloitt, 2015).

Instruments that support innovation in
real-life contexts (type C)

An innovation platform is a network of different actors that

set themselves up to collaboratively achieve a joint objective,

which may be related to a particular commodity (Boogard

et al., 2013; Homann-Kee Tui et al., 2013). Several organizations

and programs have promoted innovation platforms, including

the Forum for Agricultural Research in Africa (FARA) and

the Platform for African–European Partnership in Agricultural

Research for Development (PAEPARD) (Fatunbi et al., 2016).

Living labs can be described as facilities or spaces (e.g., a selected

village or group of households) that are user- or citizen-centered

and allow for user co-creation. The users are involved in this

process from an early stage, which allows for a socio-economic

assessment of the innovations (Robles et al., 2015; Cunningham

and Cunningham, 2016). An example from Kenya is the Nakura

Living Lab, established through the REFOOTURE project (Food

Futures Eastern Africa), which will also establish living labs in

Ethiopia and Uganda (WUR, 2021). Several different farmer

research structures exist, including farmer research networks

(FRNs), as used by the McKnight Foundation (Navarette et al.,
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FIGURE 1

Position of innovation instruments within the agricultural sector and along the innovation continuum (Type A in blue, Type B in brown and Type

C in gray).

2020; Richardson et al., 2021); and local agricultural research

committees (CIALs), a farmer-run research service accountable

to the local community (Polar et al., 2012). Finally, farmer field

schools (FFSs) are a form of adult education, widely used in

Africa and Asia, that aims to empower farmers and improve

agricultural outcomes through agricultural knowledge exchange

(Waddington and White, 2014; SSMP, 2016; Mariyono, 2019).

The International Fund for Agricultural Development (IFAD)

adapted the approach and introduced Livestock FFSs in East

and Southern Africa—integrating active experimentation and

learning by doing (Jordans, 2021). These instruments all involve

users (and could be designed to be more user-driven), with

the user generally being a farmer or community member. Most

require that innovators have access to financial resources that

can support innovation activities because their focus is on

strengthening social and human capital.

Comparison of di�erent instruments

The extent to which instruments were found to have

contributed to inclusive development and fostered the uptake of

research outputs or innovations is documented here. These are

key factors that can contribute to supporting the strengthening

and sustainability of agri-food systems.

Contribution to inclusive development

If addressed in the design, then many of the instruments

can ensure inclusive or equitable development, specifically

giving agency to marginalized actors (Mungai et al., 2019).

For example, considering language and regional characteristics

such as livelihood activities and access to natural resources and

technology when designing innovation platforms (Masi, 2016).

However, they need to be facilitated to prevent domination

by certain groups of actors who wish to dictate the research

agenda (Boogard et al., 2013). Some accelerators, innovation

hubs, challenge funds, living labs and innovation funds and

grants have specifically targeted women and youth, for example

with their eligibility criteria (Tjornbo and Westley, 2012;

Adekunle and Fatunbi, 2013; Pompa, 2013; Musikoyo et al.,

2017; Cohen S. L. et al., 2019; IFAD, 2020). Additionally,

there are incubators that monitor their portfolio to ensure

that women-founded ventures are represented (InfoDev, 2011).

However, open application processes and the costing models

adopted by some facilities may still exclude the marginalized

(Friederici, 2018). Innovation grants that enable proof-of-

concept work by smaller companies (including startups) that

would otherwise not be able to garner finance is another

way of ensuring inclusive development (Howell, 2017). An
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alternative to financing innovation by marginalized groups is

to finance innovation or outcomes that benefit marginalized

groups—for example, gender-responsive innovation (Tambo,

2018) and results-based contracts that pay for addressing equity

issues (Janus and Holzapfel, 2016). A key element that is

promoted by a number of programs is to design the instruments

to ensure that users are seen as equal to other participants

(Nyström et al., 2014).

Several instruments center inclusiveness as a key intention,

in particular IFSFs, FFSs and farmer research structures. A

number of authors have confirmed that IFSFs can provide

resources that allow the rural poor and vulnerable households

to pilot their innovations and even patent them (Ashby et al.,

2000; Friis-Hansen and Egelyng, 2007; Triomphe et al., 2012).

FFSs and farmer research structures are also designed to allow

for the participation of smallholder farmers, but may need to

be designed to actively target marginalized groups, such as

those with low literacy levels (Davis et al., 2010). Sometimes

FRNs provide access to production assets that enable them

to participate in innovation processes, but approaches such as

iterative learning cycles are also important as they build farmers’

capacities to engage effectively (Descheemaeker et al., 2021;

Richardson et al., 2021).

Contribution to accelerating uptake of
innovations and research outputs

Accelerating innovation uptake (i.e., achieving adoption of

technologies/innovations) is mentioned in the literature as a

key element of a number of instruments, namely incubators,

accelerators, innovation hubs, IFSFs, innovation platforms and

farmer research structures. Incubators and accelerators create

links between innovators/entrepreneurs and companies that

may wish to invest in or purchase the innovations (InfoDev,

2014; Hjortsø et al., 2017). Some facilities are linked to

educational/research organizations and focus specifically on

commercializing research and development outputs (InfoDev,

2011). It is expected that since potential users are involved

in vetting applications submitted to IFSFs, they are likely to

be addressing real needs, which will foster uptake (Ashby

et al., 2000)—even more so if linkages are brokered with the

private sector (Friis-Hansen and Egelyng, 2007; Triomphe et al.,

2012). The co-development of innovations through innovation

platforms generates a sense of ownership of the developed

innovations, which has been found to foster research uptake.

This can be further supported by non-research actors that

disseminate the innovations (Agboton et al., 2018). Besides

creating a sense of ownership, field visits, mini-workshops

and focus group discussions on the program of a farmer

research structure enable continuous evaluation and adaptation

of technologies (Descheemaeker et al., 2021), while additional

channels such as community radio and farmer-to-farmer

exchanges can be used to disseminate results (and planting

material) to other producers (CIAT, 2003; Kanoute et al., 2019).

While there is an expectation that challenge fund outcomes

will be commercially viable with additional social and/or

economic benefits (UNDP, 2016), there may be factors that

prevent immediate uptake, and they may require third-party

(such as government) intervention to make them affordable

(Tjornbo and Westley, 2012). Sometimes, instruments are

designed to improve communication between actors in order

to foster uptake, as has been the case with certain innovation

funds and grants (Rajalahti and Larson, 2011). Similarly, some

programs thatmake use of prizes and awards (such as AgResults)

include a cost-share element to create market stability and

reduce costs for the end user, thereby accelerating uptake

(Hammond et al., 2021). An important finding from programs

using FFSs is that dissemination of information and technologies

beyond the participating farmers is not always effective because

uptake is strongly linked to experiential learning [ICIMOD

(SMMP), 2008; Waddington and White, 2014; Goldstein, 2020].

Furthermore, it should be recognized that while uptake is the

intention, technologies often cannot be shared as standardized

practices because they may not be appropriate for all farmers,

even within the same locality (Bakker et al., 2021).

There was little literature about the contribution of

results-based contracts and living labs toward accelerating

uptake. However, with living labs, market participation

and business development that create linkages between

companies and users may allow them to access markets

(Masi, 2016; Musikoyo et al., 2017).

Recommendations for selection and
use

The choice of instrument must consider the context in

which it is to be used—which may or may not be that in

which it has previously been used—followed by systematically

considering the purpose and desired scale of investment and

impact. It is recommended that this process be guided by the

following considerations to ensure this and promote inclusive

development and sustainability.

Matching the mandate of the program or
organization

Some instruments specifically aim to support innovation

by entrepreneurs (Type A), while others aim to contribute

to broader human wellbeing. For example, challenge funds

generally focus on global or societal issues related to human

or environmental wellbeing, while some innovation hubs and
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incubators focus on translating research outputs into socio-

economic impacts.

Positioning within the agricultural sector

An innovation manager may be mandated to target a

specific part of the agricultural sector (primary production or

processing) or type of farmer. Instruments differ in terms of

their application to different parts of the sector. For example,

prizes have been awarded to local innovators in rural contexts,

small-scale commercial farmers, startup enterprises, large-scale

commercial farmers, and even large agribusinesses, whereas

FFSs generally focus on small-scale commercial farmers.

Ensuring sustainability

To achieve sustainability, instruments need to be

institutionalized within government departments or other

organizations’ work programs or policies, because their use is

often limited to project timeframes—especially projects funded

by external donors (Anchala et al., 2005; Seifu et al., 2020). This

situation demands changes in terms of organizational mandates

and job descriptions. Alternatively, a strong business model

is required that considers the capacity of the participants to

pay for services, thereby ensuring continuity of these types

of instruments.

Understanding the needs of smallholder
farmers

The heterogeneity of smallholder farmers must be

recognized so that efforts are made to include less literate and

poorer segments of the community. It must also be noted that

technologies developed with farmers in one locality may not

necessarily be appropriate for those in another area, and they

may also require new institutional arrangements.

Establishing the right stakeholder mix

With instruments that bring stakeholders together or broker

linkages, it is important to have the correct mix of actors. This

includes a strong facilitator who can manage power dynamics,

and consideration for how the benefits will be felt by all to

ensure participation.

Concluding discussion and final
remarks

This study represents one of a handful that have

recently compared the use of multiple instruments across

multiple continents in the Global South, and can thus

serve to provide comparative evidence to investors and

funders to guide their decision making around, and

awareness of, the potential challenges that need to be

considered when selecting and designing instruments for

use in specific contexts. However, a transition within the

research and innovation landscape toward mainstreaming

these instruments requires policy changes (e.g., to put

funds directly in hands of farmers) and capacity building

efforts within relevant organizations (e.g., developing

facilitation skills).

While the comparative approach adopted in this study

is valuable in terms of surfacing lessons to guide innovation

managers and funders, it is extremely challenging because of

the high levels of variability with which instruments have

been designed, applied and evaluated. There is, therefore,

a need for more structured and consistent monitoring and

evaluation of the various costs associated with using the

different instruments against the benefits that are derived, in

order to provide evidence that these instruments are more

effective than conventional research and extension instruments

in achieving effective uptake and scaling of new innovations.

Despite the limitations of this study and evident gaps in

the body of literature reviewed, there clearly exists a range

of instruments that can support innovation for inclusive

development as well as fostering uptake. These simply require

substantial thought regarding their design if they are to have the

intended impacts.
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Agricultural scientists are pursuing sustainable intensification strategies to

increase global food availability, but integration from research to impact at

the local-level requires knowledge of demographic and human-environment

to enhance the adaptive capacity of farmers cultivating <10 ha. Enhancing

close collaboration among transdisciplinary teams and these smallholders

is critical to co-elaborate policy solutions to ongoing food security crises

that are likely to be attuned with local conditions. Human and socio-cultural

aspects need to be considered to facilitate both adoption and dissemination

of adapted management practices. Despite this well-known need to co-

produce knowledge in human systems, we demonstrate the inequality of

current agricultural research in smallholder farming systems with heavy focus

on a few domains of the sustainable intensification agricultural framework

(SIAF), ultimately reducing the overall impact of interventions due to the lack

compatibility with prevailing social contexts. Here we propose to integrate

agriculture and agronomic models with social and demographic modeling

approaches to increase agricultural productivity and food system resilience,

while addressing persistent issues in food security. Researchers should

consider the scale of interventions, ensure attention is paid to equality and

political processes, explore local change interactions, and improve connection

of agriculture with nutrition and health outcomes, via nutrition-sensitive

agricultural investments.

KEYWORDS

integrated modeling, demography, sustainable agriculture, framework, agronomy

1. Introduction

Globally, agricultural production occurs at vastly different scales, from massive

corporate or government owned industrial agricultural farms to small-scale farmers

working to produce sufficient food for their families. These small-scale farmers

cultivating <10 ha (referred to hereafter as smallholders), often have access to the fewest

technologies and financial safety-nets but still produce close to 30% of the world’s food
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(Ricciardi et al., 2018). Here we propose an enhanced,

quantitative engagement of agronomists and agricultural

development experts with health and social science

communities to consider the needs, desires, and behaviors

of individuals alongside strategies to increase yields and

reduce human labor inputs to quantify context and barriers to

agricultural adoption. By incentivizing researchers to extend

agricultural technical and conceptual approaches (hereafter

ag-approaches) developed in agriculture science to the impacts

experienced by households and individuals, we can accelerate

the transformation of the global food system (Pretty, 1997).

Farmers employ countless management strategies to

hedge some of the risk inherent in areas dependent on

variable rainfall or other weather hazards (Bhatta and

Aggarwal, 2016; Sibhatu and Qaim, 2017). These strategies

are often based on tradition or experience which may, or

may not, align with existing scientific knowledge on how

to adapt to rapidly changing conditions. Unanticipated and

unmitigated climate risk is a primary driver of both short-

and long-term food insecurity, as it reduces uptake of new

agricultural technologies and can lead to negative livelihood

impacts well after a period of climatic stress (Hansen et al.,

2022).

There are many ways to develop specific policies that

support the transformation of climate information into multi-

layered agricultural programs, including anticipatory action

and index-based insurance which supports governments and

individuals in adopting new agricultural practices (Hansen

et al., 2022). For example, the World Food Program’s R4

Rural Resilience Initiative provides access to subsidized

drought and flood risk insurance products which are

triggered with a precipitation index. The program allows

vulnerable households to access agricultural insurance while

supporting community-led disaster risk reduction and

landscape restoration activities (Spiegel and Satterthwaite,

2013). Connecting agricultural technologies to insurance,

increased yield or other development goals requires rigorous

modeling and assessments of social, economic and productivity

outcomes. However, many of these programs offload assessment

of performance of their program to models of their choosing,

without rigorous insight into their quality, relevance, or

connection to livelihood improvements (Saltelli et al., 2020).

The failure of agricultural development programs may come

from incomplete model selection, unfounded assumptions,

lack of quality or quantity of relevant local data, or lack

of insight into the context in which the implementation

may occur.

Agronomists and agricultural development entities are

doing vital work on developing new, high yielding varieties and

agricultural management strategies to more sustainably increase

agricultural productivity. These agricultural interventions are

being developed with a focus on environmental sustainability

(Rockström et al., 2017; Pretty et al., 2018; Peng et al., 2020;

Pilling et al., 2020). Ag-approaches can be used to understand

how transformation of heterogeneous smallholder systems into

those that regularly and consistently produce marketable food

and sustainable rural livelihoods can be achieved. Increased

agricultural production through intensification needs to

be balanced with environmental and social considerations

(Hoffmann et al., 2015). Despite impressive technical

advancements made in agronomy expertise, downstream

impacts on people’s lives are difficult to consistently achieve

and document, especially in low-income settings (Di Prima

et al., 2022). Only a few examples have been documented on

communities that have been able to attain long-term behavioral

change in smallholder farm management (Cui et al., 2018;

Stevenson et al., 2019), despite decades of investment. This

is worsened by the critical lack of ground data observations

(Saltelli et al., 2020) of agroecological and socioeconomic

heterogeneity of smallholders needed to tailor farming practices,

as not all practices are universally beneficial (Stevenson et al.,

2019).

Social considerations, such as attitudes, preferences,

and behaviors of stakeholders in rural areas dominated by

smallholder agriculture livelihoods need to be examined while

researching sustainable agriculture interventions (Ban et al.,

2013). Stakeholders within agriculture settings include not

only farmers and their families, but also the community,

retailers, input providers, wholesalers and consumers

(Brown et al., 2022). Explicitly considering stakeholders

during research and planning of sustainable agriculture

interventions should allow any suggested interventions to be

more realistic and inclusive, informing complex choices by

farmers on which crops (Lemos and Morehouse, 2005), with

what inputs and with how much investment (Hirsch et al.,

2011).

Ag-approaches are integral to developing policy-relevant

scenarios to understand the impact of interventions like

climate services (Hansen et al., 2007), ag-tech tools

(Oyinbo et al., 2020), or agricultural insurance (Osgood

et al., 2018). Farm management components that include

both tactical and operational decision-making (Fountas

et al., 2006) represent key factors where interventions and

investments can be planned. Nevertheless, as Siddique et al.

(2012) points out, much of the knowledge derived from

agronomic crop science has often resulted in reductionist

approaches to agricultural management, where a single

management factor is modified which results in yield or

crop quality improvements. Multiple factors across diverse

settings are rarely managed and modified together in ways

that simulate the complexity of smallholder systems. If

farmers are to benefit from agronomic crop science focused

on sustainability, it must be integrated into an overall

crop management process, accounting for interactions

between factors and incorporation of human, social and

economic constraints.
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1.1. Modeling sustainable intensification

Integrated social and economic models focus on sustainably

increasing productivity to produce more food per unit of

land (Velten et al., 2015). Although there has been significant

effort on sustainable intensification frameworks (Zurek et al.,

2016), food security and nutrition (Fanzo et al., 2016), and

socioeconomic factors driving food provisioning in smallholder

systems (Ritzema et al., 2017), there currently isn’t an integrating

framework that brings the pieces together to address food

security across diverse agroecosystems. This gap is particularly

notable because increased yields may not actually result in

increased consumption of protein and micronutrients in low-

income populations (Firbank, 2012). Moreover, a singular

focus on yields (or nutrition alone) can result in unintended

consequences including increased environmental and/or social

impacts in these deeply integrated socio ecological systems

(Zurek et al., 2016). These issues may be intensified because

climate variability and change has the potential to transform and

degrade agricultural systems if not incorporated and planned

for through a wide range of policy, economic, and social system

levers (Hansen et al., 2022).

Musumba et al. (2017), proposed five domains (productivity,

economic, environment, human condition, and social) to

provide indicators for assessing the relative sustainability of an

agricultural innovation. To develop innovations with a balanced

approach across domains, research needs to be interdisciplinary,

yet the lack of integration is conspicuous among Ag-

innovations. Researchers working in sustainable development

need to more strongly consider non-environmental aspects

to agricultural intensification such as social issues, economics

(Zurek et al., 2016) issues of equity, poverty alleviation, and

gender empowerment (Loos et al., 2014). In the next two

sections, we present a review of the literature and the results

which provide insight as to how well the sustainable agriculture

literature has been able to engage with all five domains. We then

proceed to propose a more integrated system that may result in

improved outcomes.

2. Methods

We conducted two literature reviews focused on

representing the most influential knowledge about agricultural

interventions. We identify the most cited 50 publications

and the most relevant 50 papers of the last 5 years using the

methodology of Nagendra et al. (2018). Our objectives were

to synthesize the literature on interventions in smallholder

farming systems, and to summarize the current state of

knowledge and identify the different domains from the

Sustainable intensification Assessment Framework (SIAF)

(Musumba et al., 2017; Stewart et al., 2018).

A search was conducted on April 21st, 2022 in the

Web of Science database using the keywords “Interventions,”

“Innovations,” “Agriculture,” “Smallholders,” “Food Security,”

“Sustainable Intensification,” and “Modeling”. The results were

filtered according to the following criteria:

• Journal Citation Report from the top 50% (quartiles 1 and

2) to measure the probability that the article is influential.

• Article search results were filtered by “highly cited” as

provided by the Web of Science, and then ordered in terms

of relevance. Only the top 1,000 most highly cited papers

were kept.

• From these papers, we then created two groups (1) most

cited 50 papers most cited from the 1,000 subset, (2) last 5

years, first 50 papers by relevance from the last 5 years.

• Full-text screening of the 100 resulting papers was done

to classify each into the five domains described by the

Sustainable intensification Assessment Framework

[The Five Domains | Sustainable Intensification

Assessment Framework (SIIL) (sitoolkit.com)]. The

Supplementary material provide the complete reference

and number of citations in the Web of Science for

each article.

To analyze the papers’ contribution to interdisciplinary

research on agriculture and nutrition, we evaluated the 100

papers on whether they included mention of the five domains

of sustainable agriculture, as described below:

• Productivity, which focuses on intensification of

agriculture by increasing the output per unit input

per season or year;

• Economic, which focuses on issues directly related to

the profitability of agricultural activities and return

on investment;

• Environmental, which focuses on the natural resource base

that supports agriculture, including soil, water, natural

habitat, and the level of pollution of the surrounding

ecosystem resulting from agriculture;

• Human, which pertains to the individual or household,

including nutrition status, food security, and capacity to

learn and adapt new ways of doing agriculture; and

• Social, which focuses on social interactions including

inter-household and cross-social groups in a community

or landscape, including the ability to manage conflicts

related to agriculture and natural resource management

(Musumba et al., 2017).

3. Literature review results

Figure 1 shows the lack of connection between research

realms. There are significant connections between farming and
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FIGURE 1

In a literature review capturing the 50 most highly cited and the 50 in the past 5 years, we show (A) the number of publications of each domain

for the past 5 years (dark blue) and most cited (yellow); (B) the number of publications out of the 100 reviewed (y axis) plotted against the number

of domains represented in each paper (x axis); and (C) the five di�erent domains are plotted along a matrix, with the number of publications

capturing multiple domains represented by the size and color of the symbol (yellow for most cited, black for publications from the past 5 years).

human nutrition, and therefore human health but only a few

approaches have tried to capture this interaction (Moberg

et al., 2020; Di Prima et al., 2022). Furthermore, most of the

publications that involved human domain focused mainly on

nutrition, and especially on the calories consumed, disregarding

the true complexity of utilization and access to a balanced

diet with sufficient micronutrients and diversity (Lobell and

Gourdji, 2012; Hasegawa et al., 2018). Lastly, most of the

publications, when they included a social assessment, focused

on economic concepts of market access and supply chains

(Figure 1C; Horbach et al., 2012; Garrett et al., 2017; Ceballos

et al., 2020). While Ag-economists focus on the cost/benefit and

risk assessments associated with adopting new ag-methods, this

kind of agriculture-oriented research is not well connected to

broader social science and public health research (Griscom et al.,

2017; Meemken et al., 2019; Adegbeye et al., 2020). In summary,

research in this domain has neglected the real intricacy of

the connections between biological systems and demographic

aspects.

4. Proposed framework

Researchers in social sciences and public health are

considering the ways local food production impacts child health

with a focus on expanding social science/health research in

ways that consider the climate-food security linkage (Grace,

2017; Cooper et al., 2019). Anthropometric measurement

(especially of children—e.g., stunting or wasting) allows for a

quantitative assessment of an individual’s health at the time of

survey. From this information, researchers ascertain the level of

undernourishment in a community and can use this information

to spatially and temporally evaluate aspects of the food system

that can be connected to biophysical data or agricultural

models (Phalkey et al., 2015; Shively et al., 2015; Shively,

2017; Randell et al., 2021). Most studies that seek to connect

environmental shocks and agriculture to human health use data

(aggregated over space and time) on temperature, precipitation

and vegetation anomalies, such as drought, heat waves and

excessive rainfall (Brown et al., 2014; Randell and Gray,

2019; Sellers and Gray, 2019; Jain, 2020). Understanding how

exposure to environmental shocks combined with the timing

of exposure of individuals will help development programs to

design appropriate interventions to protect human health and

wellbeing (Grace et al., 2020; Hunter et al., 2021). This fairly

general approach has been especially relevant in the context

of climate change as scholars work to consider the linkage

between the environment, food systems and health outcomes.

However, the use of coarse environmental data fails to engage

with the complexities and advancements in agronomic sciences

and therefore misses an opportunity to advance cutting-edge

science to support climate change adaptation.

A more robust alignment between agronomists and social

science research communities is still needed to create more

effective food system investments (Yaro, 2006). Here we propose

enhanced, quantitative engagement that considers the needs,

desires, and behaviors of individuals alongside strategies to

increase yields and reduce human labor inputs to quantify

context and barriers to agricultural adoption and connect

them to food security outcomes. Therefore, we propose a new

approach in agricultural, technical and conceptual research that

links agriculture science to health, nutrition, and demographic

impacts experienced by households and individuals. This

can be achieved by encouraging researchers to Integrate
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FIGURE 2

Traditional demographic approaches integrated with agronomic models. Inputs and outputs are represented by circles; models are represented

by squares. Boxes within the models represent model components. Agronomic model components are a simplification of Keating et al. (2003).

Demographic approaches components are a simplification of Grace (2017). Red boxes of crop management, labor, resources are all modeling

inputs that are targets of direct investment by policy makers.

process-oriented crop models with demographic and health

models that can enable exploration of the impacts of specific

interventions through attention to the biophysical and field

management aspects affecting food production (Figure 2).

5. Integrated frameworks

An integrated quantitative modeling framework that allows

the use of information across all five domains in sustainable

intensification will enable the identification of barriers, develop

new insights and scenarios that could test the likely results of

policy changes and intervention investments on food security

and nutrition. Figure 2 shows how the community could

use interdisciplinary engagement to accelerate planning for

investments, highlighted in the models with red coloration.

Primary outputs of crop models are estimates of crop yield

and biomass at a certain site and year (Holzworth et al.,

2018; Hoogenboom et al., 2019). From these, crop models

can derive other outputs of interest to the food security

community, including total calories, nutrient content, cost, and

complexity of the agriculture system (Valin et al., 2014; Grafton

et al., 2015). In this context, crop growth models arise as an

effective tool to summarize how the biophysical environment

affects a community, and focuses these results on human

health information such as nutrition and health outcomes.

By broadening the focus beyond process-based agronomic

interventions, a more holistic approach can be promoted.

Integrated frameworks andmodels hold the promise to plan,

implement and measure outcomes across a variety of contexts.

Management factors in process-oriented Ag-Approaches are

integral to developing policy-relevant scenarios to understand

the impact of interventions and include crop and varietal choice,

planting date, fertilizer and manure usage, weeding practices,

field preparation, seeding rate, and sowing techniques (Cooper

et al., 2009). For example, the impoverished women farming

peanuts on undeveloped plots in urban Ouagadougou, Burkina

Faso do not use the modern peanut varieties developed by

local agronomists—rather, they rely on known and trusted

approaches to grow peanuts as quickly and cheaply as possible to

sell peanut butter in the market to meet their household budget

(Juana et al., 2013). Ag-Approaches can be used to determine

if an improved legume introduced to these women farmers

will grow well under variable rainfall, high temperature or

other weather scenarios, while acknowledging that the woman

farmer will not always be able to plant on the idealized

planting window. We could also determine if the new legume

variety will still perform when the woman farmer loses access

to other inputs due to macro considerations such as fuel

prices, inflation or drastic changes in the input supply chain,

or how it might be affected by changes in labor availability

caused by a catastrophic health concern. The woman farmer’s

decision-making regarding legume choice involves productivity

and flexibility simultaneously, among other concerns. If the

crop model answers the first well, then investment might help

with the second. Models could also show how productivity

investments alone without simultaneous health and input

investments will doom our woman farmer’s cash crop.

6. Conclusion

Coupling agricultural process models with social and

demographic models would enable improved exploration of

how to transform low-input subsistence agricultural systems

to achieve food security without replicating the unsustainable

systems seen elsewhere (Schaller, 1993). This transition requires

careful attention to the equity and political processes in

the affected communities, the scope and potential of policy

interventions, and the practices that result in nutrition and

health outcomes. Amore integrated modeling framework would

allow for the use of modeling scenarios to evaluate potential
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outcomes and identify the unexpected outcomes that might

emerge from biophysical or policy interventions.
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Innovation capacity, food system
development, and the size of the
agricultural research system

Alejandro Nin-Pratt and Gert-Jan Stads*

Environment and Production Technology Division, International Food Policy Research Institute,

Washington, DC, United States

Introduction: This article contributes to a better understanding of the context

in which agricultural R&D investment takes place in low- and middle-income

countries, and how innovation capacity, the development of the food system, and

the size of the research system a�ect R&D investment.

Methods: A three-step methodology is proposed where the first step consists

of creating an index of the development of a food system using indicators of

the technological transformation of the food supply chain and the changes in

diets on the demand side. The second step involves developing a measure of

innovation capacity at the country level, while the final step consists of systematic

comparisons of countries with large and small agricultural research systems to

find the relationship between the size of a country’s research system, the level of

development of its food system, and its overall capacity to innovate.

Results: The results reveal that there is a high and positive correlation between

innovation capacity and the development of the food system and a negative

correlation between these two indicators and the size of the agricultural research

system in low- and middle-income countries. The lower overall quality and level

of development of the education and scientific research systems in countries with

small agricultural research systems are important factors contributing to reduced

innovation capacity. In addition, countries with small agricultural research systems

are challenged with a comparatively poor innovation environment, poor market

development, a weak private sector, a lack of competition in domestic markets,

and a largely rural population with poor links to markets.

Discussion: The results of the analysis stress the need to increase the e�ciency

and productivity of agricultural research by implementing policies that get the

most out of available resources while minimizing the negative e�ect of small-

scale research operations. Increased coordination and integration of agricultural

research at the regional and global level can help avoid duplication, enhance the

e�ciency of small-scale organizations, and make research more cost-e�ective

and impactful.

KEYWORDS

agriculture, food system, innovation, research system, R&D investment

1. Introduction

As the world’s population moves toward 10 billion by 2050, unprecedented increases in

global food production—of at least 60% over 2007 levels—will be needed to meet growing

demand. Innovation is essential to address challenges associated with population growth

and those caused by increased pressure on natural resources and climate change. Innovation

will be needed in agricultural technologies to increase and diversify production in ways

that make more efficient use of resources, but it will also be needed in the infrastructure,

institutions, and services that support food systems to make them more inclusive, resilient,

and sustainable (Stads et al., 2022).
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There is considerable evidence that investing in agricultural

research is a highly effective pathway for both reducing poverty

and hunger and addressing climate change impacts on food

systems (Rosegrant et al., 2017; Mason-D’Croz et al., 2019;

Agricultural Science and Technology Indicators, 2022). Regardless

of the mode of investments, timeframe, and specific targets

for adaptation chosen, studies have consistently shown that

spending on agricultural research has had a greater impact on

agricultural productivity than other types of public expenditures.

Agricultural research spending has also performed best or second-

best in reducing poverty, whether the comparison is with other

investments, such as irrigation, soil conservation, and farm

subsidies, or with investments in other rural areas, such as health,

education, and roads (Diaz-Bonilla et al., 2014; Mogues, 2015).

Given the widespread evidence of the positive impact of

agricultural R&D investment on agricultural productivity and

poverty reduction, it is no surprise that global agricultural

research spending grew by 50% (in inflation-adjusted terms)

during 2000–2016. This global growth, however, was mostly

driven by China and other large middle-income countries, while

growth in high-income countries (HICs) has largely stalled

(Beintema et al., 2020). Coinciding with the observed fast

growth in R&D spending in low-and middle-income countries

(LMICs), the global gap in agricultural research investment—

that is actual agricultural research investment as a percentage

of attainable investment levels—dropped from 45% in 1996 to

39% in 2016 (see Nin-Pratt, 2021 for more information on

investment gaps).

Accelerated growth in agricultural R&D investment in LMICs

could be construed as very good news given the vast amount

of literature going back decades showing that the returns to

agricultural R&D investment average around 40–60% (Alston

et al., 2000; Evenson, 2001), and that there has been substantial

underinvestment in public agricultural R&D (Roseboom, 2003).

Yet, a closer look at R&D investment data reveals that the

investment gap in LMICs other than China and India as a group

has widened since 2008 after contracting significantly in the early

2000’s (Nin-Pratt, 2021).

A recent study by Rao et al. (2019), which used a newly

updated and expanded global database of estimated returns to

agricultural R&D and a robust statistical methodology, finds

that today’s returns to agricultural R&D investments are as

high as ever. Yet, most LMICs continue to underinvest. James

et al. (2008) point to three distinct features of LMICs that can

help explain the underinvestment challenge: incomplete markets,

appropriability problems, and price distortions. First, LMICs face

a comparatively high incidence of incomplete markets, resulting

from high transaction costs and inadequate property rights, which

in turn may be attributable to inadequate infrastructure and

defective institutions. These are likely to reduce adoption rates of

new inventions, decreasing the expected returns, and increasing

the risk of R&D investments. Second, appropriability problems

are more pronounced for the types of technological innovations

best suited to much of LMIC agriculture, such as improved crop

varieties and farm management practices—innovations that have

been comparatively neglected by the private sector. Third, in

many developing countries, poor policies and distorted prices

have diminished incentives and opportunities for farmers to adopt

new technologies.

James et al. (2008) also point to additional features that

contribute to underinvestment in the public sector. Budget

constraints due to low government revenues together with

underinvestment in several other essential public goods, including

transportation and communications infrastructure, schools, and

hospitals, can result in high social rates of return on these

investments and high opportunity costs for investment in

agricultural research. Adding to this, agriculture in less developed

LMICs represents a much greater share of the total economic

activity and per capita incomes are much lower relative to higher-

income countries. Under such circumstances, investment in public

agricultural research can impose a much higher cost on individual

citizens, especially when this burden is felt now and the payoff may

take years or decades to come, thereby diminishing the political

appeal of supporting agricultural R&D. Finally, one of the factors

determining the extent of underinvestment in agricultural R&D,

which is particularly relevant for this study, is that of economies

of scale in knowledge accumulation and dissemination. In most

cases, LMICs attempting to conduct most of their own research

may be too small to achieve an efficient scale in many, if any, of

their R&D priority areas. If technological spillovers are available

and accessible, it might not make sense for small, poor, agrarian

nations to spend their scarce intellectual and other capital resources

on agricultural science.

This article revisits the agricultural R&D underinvestment

problem in LMICs with the aim of contributing to a better

understanding of the context in which public R&D investment

takes place, and how innovation capacity, the development of

the food system, and the size of the research system affect

R&D investment. This is achieved by using the analytical

framework of the food system developed by Reardon et al. (2019)

together with elements of the agricultural information system

(AIS) approach by (Spielman and Birner, 2008). The hypothesis

motivating the analysis is that research systems are endogenous

to the development process. In other words, countries with more

developed food systems are better positioned to get the most

out of their agricultural R&D investment as they have more

developed value chains, better integrated national output and

input markets, and better infrastructure. This implies a positive

correlation between the development of the food system and a

country’s capacity to innovate, which is a function of several factors,

including the quality of human capital and research capacity,

the innovation environment, innovation policies, and institutions.

If this is the case, LMICs face the chicken-and-egg dilemma

of not being able to increase agricultural research efficiently to

promote innovation and development, precisely because they

are underdeveloped and lack the capacity to innovate. On the

other hand, it is not clear a priori why R&D investment is

growing faster in LMICs with large agricultural R&D systems.

Is the better investment performance of large LMIC economies

explained mostly by economies of scale in research, or are there

also important differences in innovation capacity and food system

development in these countries?

To answer these questions, we look at the evolution of

global agricultural R&D investment, breaking down the analysis
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by countries’ income levels and the size of their R&D systems.

This is followed by the conceptual framework, methodology, and

data used to build indices of food system development and of

innovation capacity. The subsequent section presents the results

of an analysis of the productivity, costs, and scale of agricultural

research systems in the context of food system development and

agricultural innovation capacity, while the concluding section

discusses the main findings and suggests policy implications.

2. Long-term trends in agricultural
R&D investment

In inflation-adjusted terms, global public agricultural research

investment doubled between 1981 and 2016 (Figure 1). While

HICs still accounted for the bulk of research spending around

the turn of the millennium, rapid increases in spending by

large middle-income countries, coupled with stagnating spending

growth in HICs, have shifted the global balance. By 2016, LMICs

accounted for nearly 60% of global agricultural research spending.

China, India, and Brazil alone accounted for more than half of

LMIC spending, while sub-Saharan Africa’s (SSA’s) share in global

public agricultural R&D spending has stagnated at about 5%

(Agricultural Science and Technology Indicators, 2022). Private

sector involvement in agricultural research also shifted the balance

in investment. Private spending tripled from $5.1 to $15.6 billion

globally between 1990 and 2014, outpacing growth in public

spending. Though most private R&D expenditures originate in

HICs, more than a quarter of these expenditures directly target

commodities or research areas relevant to LMIC farmers (Fuglie,

2016).

Figure 2 groups the 98 countries included in the analysis based

on the size of their research system (measured by average annual

investment in 2011 PPP dollars at the beginning and end of

the 1996–2016 period). During 1996–2000 (Figure 2A), the seven

countries investing more than 1,000 million PPP dollars (in 2011

constant prices) were Germany, Indonesia, France, India, Brazil,

Japan, and the United States. The group of countries investing

between 400 and 1,000 million PPP dollars during 1996–2000

included seven HICs as well as 5 LMICs, namely: Egypt, Argentina,

Mexico, Malaysia, and China. The group investing between 100

and 400 million PPP dollars includes Kenya, Morocco, Nigeria,

and South Africa in SSA, Bangladesh, Philippines, Pakistan, and

Thailand in the Asia-Pacific region, and Chile and Colombia

in the Latin America and Caribbean (LAC) region. The largest

research systems among countries investing 100 million PPP

dollars or less include Vietnam, Côte d’Ivoire, Algeria, Ghana, and

Sri Lanka. The average size of investment for the 98 countries

combined was more than 60 million PPP dollars during 1996–

2000.

Figure 2B shows the distribution of countries by their level of

R&D investment during 2011–2016. Sixty-one of the 98 countries

are still in the same investment group as they were during 1996–

2000; 28 countries moved to a higher investment group, while

nine countries moved to a lower investment group. The main

difference can be observed in the group investing <10 million

PPP dollars. The number of countries in this group decreased

from 13 to 8. Details of the distribution of countries by R&D

spending levels at the beginning and end of the period summarized

in Figure 2 can be found in the Supplementary material to this

article.

To study the differences in investment and performance

between countries with large and small agricultural research

systems, countries’ agricultural research systems were classified as

small, medium, or large, based on average R&D investment

levels during 1996–2000, the beginning of the period of

analysis. R&D investment and other indicators for the period

2000–2016 from the groups of small, medium, and large

countries are then used to compare investment performance

and other characteristics of the three groups.1 The group

of countries with large agricultural research systems (Large)

includes those LMICs in the highest 20% of the distribution

shown in Figure 2A, i.e., those with average annual R&D

investment of more than 400 million PPP dollars during

1996–2000. The LMICs in this group include China, Brazil,

India, Argentina, Indonesia, Mexico, Egypt, and Malaysia.

On the other extreme, countries spending <100 million PPP

dollars in agricultural R&D during 1996–2000 are included in

the group of countries with small research systems (Small).

This group is very heterogeneous, with annual investments

ranging from 1 to 100 million PPP dollars. Between these

two groups, countries with medium-size research systems

(Medium), are those with an average annual agricultural

R&D investment ranging from 100 to 400 million PPP

dollars.2

As Figure 3 shows, annual investment levels by large

agricultural research systems are considerably higher than those

by medium-sized and small systems, both in absolute and relative

per-capita terms. Moreover, large systems’ long-term growth in

agricultural research investment has far exceeded investment

growth in other LMICs as well as HICs. Large LMICs have also

been the main driver behind global growth in agricultural R&D

investment. China alone was responsible for about half of this

increase in global investment.

Increasing the productivity of agricultural production—that

is, getting more output from the same amount of resources—

is critical for improving food security. TFP is an indicator

of how efficiently agricultural land, labor, capital, and other

inputs (seed, fertilizer, and so on) are used to produce a

1 For example, to look at di�erences in the number of publications in

agricultural and biological science by group, the groups of countries with

large, medium, and small research systems are defined by the average

R&D investment of each country at the beginning of the period (1996–

2000). The number of publications of these three groups presented in the

results represents articles published between 2000 and 2016 by countries in

each group.

2 The purpose of defining a Medium group is to clearly separate the two

extreme groups: Large and Small. A di�erent group classification could be

to include countries above median R&D investment in the Medium group.

Nonetheless, the conclusions of the analysis would remain the same. If

the Medium group is merged with the Large group, di�erences between

Small and Large would still be large and significant. If the Medium group

is expanded to include some of the larger countries from the small group,

di�erences between Small and Large would increase.
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FIGURE 1

Long-term trends in agricultural research spending. (A) Public spending by income group, 1981–2016. (B) Public and private spending by income

group, 1990–2014. Sources: Fuglie (2016) and Agricultural Science and Technology Indicators (2022).

FIGURE 2

Size distribution of national agricultural research systems based on average annual investment levels. (A) 1996–2000. (B) 2011–2016. Source:

Elaborated by authors based on Agricultural Science and Technology Indicators (2022).

country’s agricultural outputs (crops and livestock). TFP is

calculated as the ratio of total agricultural outputs to total

production inputs, so when more output is produced from a

constant amount of resources, TFP increases. R&D activities

producing new technologies and innovations are a crucial

factor driving TFP, but technological spillovers from abroad,

higher numbers of skilled workers, investments that favor the

development of input and output markets (such as in roads

and communications), and government policies and institutions

that promote market development and competition, are major

drivers as well. During 1996–2016, global TFP increased steadily

(United States Department of Agriculture, Economic Research

Service, 2022). Large LMICs, which were the main drivers of global

growth in agricultural R&D spending, were also the main drivers

of global growth in TFP. Over this period, TFP growth in large

LMICs was nearly twice as high as in smaller LMICs and HICs

(Figure 4).

Table 1 reveals that there are important structural

differences between LMICs with large, medium, and small

national agricultural research systems. With almost 1

billion people living in countries with small agricultural

research systems, these countries account for 15% of the

global population and 12% of global agricultural GDP

(AgGDP). Yet, they generate only 5% of global GDP,

and their average GDP per capita is about half of that in

Large countries. Agricultural R&D investment by LMICs

averaged around 22 billion PPP dollars during 2013–2016,

equivalent to 56% of global agricultural R&D spending.
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FIGURE 3

Trends in public agricultural R&D investment in HICs and LMICs grouped by the size of their research system, 1996–2016. Sources: Elaborated by

authors based on Agricultural Science and Technology Indicators (2022) and United States Department of Agriculture, Economic Research Service

(2022). The size of the national agricultural research system is determined based on average annual agricultural R&D investment (in 2011 PPP$) for

the 1996–2000 period. Large: >400 million PPP$; Medium: 100–400 million PPP$; and Small: <100 million PPP$.

FIGURE 4

TFP growth in HICs and LMICs with large, medium, and small agricultural research system, 1996–2016. Sources: Elaborated by authors based on

Agricultural Science and Technology Indicators (2022) and United States Department of Agriculture, Economic Research Service (2022). The size of

the national agricultural research system is determined based on average annual agricultural R&D investment (in 2011 PPP$) for the 1996–2000

period. Large: >400 million PPP$; Medium: 100–400 million PPP$; and Small: <100 million PPP$.

However, countries with small research systems contributed

only 6% of R&D spending, similar to their contribution to

global GDP.

These figures provide a simple and intuitive explanation of

why the share of agricultural R&D investment in AgGDP is not

a good measure of a country’s effort in R&D investment. Table 1

shows that this share in HICs is 2.8%, much higher than the

0.4% recorded in LMICs. However, if GDP is used instead of

AgGDP, the difference in R&D investment “intensity” between

HICs and LMICs disappears. In fact, the share of agricultural R&D

investment in GDP is actually higher in LMICs (0.047%) than in

HICs (0.040%), with Small countries showing the highest share

(0.052%) among the four groups of countries. In other words,

Small countries are investing more in agricultural R&D relative to

the size of their economy than HICs. These country differences

are, perhaps, not too surprising. With a much smaller share of

agriculture in GDP and higher GDP per capita, HICs are in a

position to invest more relative to AgGDP than LMICs, and there
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TABLE 1 Macroeconomic and agricultural R&D investment indicators for HICs and LMICs grouped by the size of the research system.

Low- and middle-income

HIC Total LMIC Large Medium Small

Totals

Population (million) 1,049 5,344 3,436 972 936

Share of total global population (%) 16 84 54 15 15

GDP (billions 2011 PPP$) 43,045 46,729 34,559 7,704 4,466

Share of total global GDP (%) 48 52 38 9 5

AgGDP (billions 2011 PPP$) 612 5,038 3,483 900 655

Share of total global AgGDP 11 89 62 16 12

Share of agriculture in GDP (%) 1.4 10.8 10.1 11.7 14.7

GDP per capita (2011 dollars) 41,033 8,744 10,059 7,923 4,771

Public agricultural R&D spending (million 2011 dollars), 2013–2016 averages 17,160 22,022 15,838 3,881 2,302

Share of total global agricultural R&D investment 43.8 56.2 40.4 9.9 5.9

Public agricultural R&D spending/AgGDP (%) 2.8 0.4 0.5 0.4 0.4

Public agricultural R&D spending/GDP (%) 0.040 0.047 0.046 0.050 0.052

Public agricultural R&D spending, annual growth rate 1991–2016 (%) 0.6 4.5 5.5 2.6 2.5

Country averages

Number of countries 26 72 8 11 53

Population (million) 40 74 429 88 18

GDP (billions 2011 PPP$) 1,656 649 4,320 700 84

AgGDP (billions 2011 PPP$) 24 70 435 82 12

Public agricultural R&D spending (million 2011 dollars), 2013–2016 averages 660 306 1,980 353 43

Sources: Elaborated by authors based on Agricultural Science and Technology Indicators (2022) and World Bank (2022).

Size of the national agricultural research system is defined based on average annual R&D investment (in 2011 PPP$) for the period 1996–2000. Large: >400 million PPP$; Medium: ≥100 and

≤400 million PPP$; and Small: ≤100 million PPP$.

are a number of political economy factors explaining the reasons

for this, which will be discussed later.

The bottom rows in Table 1 summarize the important size

differences that exist across country groups in terms of population,

GDP, AgGDP, and agricultural R&D spending. For example, the

average Small country spends more than eight times less in

agricultural R&D than the averageMedium country and nearly fifty

times less than the average Large country.

3. Conceptual framework

New developments in the dialogue about the transformation

of the food system and how knowledge is transformed

into innovations have clear implications for the analysis of

public agricultural R&D investment and the factors behind

underinvestment in LMICs. This complexity seems to be at odds

with a mechanistic view of policy research and investment that

assumes that the production of new knowledge by the National

Agricultural Research System (NARS) is in practical terms,

exogenous to the economic and social conditions of the country

and the structural variables that determine them. This might well

be the assumption behind the across-the-board recommendation

to governments in LMICs to increase investment in agricultural

research without distinction of the country’s level of development,

research capacity, research institutions, and opportunity costs

of alternative investments. The point here is not to deny the

importance of agricultural R&D investment but rather approach

research as part of a knowledge value chain in the food system,

and as such, subject to the same complexities and constraints as

the other value chains in the food system. For this reason, there is

a need to refine the conceptual and analytical tools to identify how

policies and investments can best promote innovative behavior and

practices in the agricultural sector.

3.1. The innovation system

Spielman and Birner (2008) argue that the agricultural

innovation system (AIS) framework offers an interesting

perspective for guiding investment and policy interventions

in this area. The World Bank (2006) defines an innovation system

as “. . . a network of organizations, enterprises, and individuals

focused on bringing new products, new processes, and new forms

of organization into economic use, together with the institutions

and policies that affect their behavior and performance.” This

approach to the analysis of innovations includes not only the

science suppliers, but it extends beyond the creation of knowledge
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to encompass the factors affecting demand for and use of

knowledge (World Bank, 2006).

Spielman and Birner (2008) propose a conceptual framework

of the AIS that captures its essential elements, the linkages between

these elements, and the institutions and policies that constitute

the enabling environment for innovation. According to this

framework, essential elements of an innovation system include (a)

a knowledge and education domain composed of the agricultural

research and education systems; (b) a business and enterprise

domain that includes the set of value chain actors and activities

that both use outputs from the knowledge and education domain

and innovate independently; (c) bridging institutions that link the

two domains, including extension services, political channels, and

stakeholder platforms—that facilitate the transfer of knowledge

and information between the domains; and (d) the context

conditions that foster or impede innovation, including public

policies on innovation and agriculture; and informal institutions

that condition how individuals and organizations within each

domain act and interact. Influencing factors that are not part of

the system include the linkages to other sectors of the economy

(manufacturing and services); general science and technology

policy; international sources of knowledge and markets; and the

political system.

3.2. The food system

According to Reardon et al. (2019), a food system is a cluster of

value chains that includes farmers producing agricultural output;

inputs that are supplied to farmers and the post-farmgate segments

of the system; rural and urban wholesalers; transporters who bring

outputs and inputs to markets, to the processing industry, and

retailers; and financial services offered to each segment and every

chain in the system. The R&D supply chain is closely linked with the

other components of the system to deliver technology and product

innovations. It comprises the NARS, private players investing in

R&D, the International Agricultural Research Centers (IARCs), and

universities. A broad set of public assets such as infrastructure,

police protection, court systems for contract enforcement, and

innovation policies act as the “lubricant” between the different

value chains, facilitating linkages within the system, and with other

systems in the economy (Reardon et al., 2019).

Urbanization, income growth, and population growth play

crucial roles in the structural transformation of food systems.

Urbanization fuels the spatial expansion of supply chains as cities

need larger catchment areas to feed themselves. At the initial stages

of development, supply chains in the food system are mostly local,

with most of the value added occurring at the farm level and

limited involvement by off-farm players in the supply chain. As the

chain grows longer and economies of specialization emerge in the

midstream and downstream segments of the chain, the role of post-

farmgate segments grows while the farmers’ share in the total value

added of the chain drops (Reardon et al., 2019).

Longer value chains and the specialization in the chain’s

downstream segments result in product differentiation and the rise

of trade in perishables, triggering institutional changes along the

chain. One of these changes is the emergence of quality and safety

standards, formulated by supermarket chains, large processors, and

fast-food chains to reduce losses in processing, increase shelf life,

control quality, and consistency, and assure safety. Governments

also institute public food safety regulations for retail and food

service (Reardon et al., 2019).

Finance arrangements also evolve as the food system develops.

In traditional systems, farmers receive money or input from traders

in advance to be paid back with the harvest. As food systems evolve,

and competition among traders and farmers increases, off-farm

cash sources become more common, as does increased vertical

integration in some value chains where contracts are used when

food industry firms must rely on small farmers to complete their

supply and farmers face market failures for credit and inputs

(Reardon et al., 2019).

Increased urbanization and income growth also prompt shifts

in diets. As citizens can afford to spend a higher proportion of

their budget on non-staple foods, the supply chains of vegetables

and fruit, meat and fish, dairy, and edible oils become more

sophisticated. Pro-market policies tend to favor these changes

as they increase the participation of the private sector (large

input firms, processors, supermarkets, and fast-food chains)

encouraged by the expanding urban markets. Finally, investments

in infrastructure facilitate the development of the food supply chain

from rural areas to cities and towns by reducing transaction costs

and strengthening linkages between supply chains (Reardon et al.,

2019).

With urbanization and rising labor participation in industry

and services, labor in agriculture becomes increasingly scarce.

The limited supply of labor increases labor costs and the use

of capital inputs and investments per worker to enhance labor

productivity. Responding to the increased demand for capital

inputs, countries increase supply by industrializing production

or increasing imports. This drives down the cost of capital

inputs. With labor scarcity increasing, technical change and capital

intensification among farmers are induced. The use of capital

inputs is also powered by research and the production of high-

yield crop varieties and improved livestock breeds adapted to

local conditions that produce more output per unit of input. As

urban demand rises and production specializes, the importance of

breeding for traits of quality and the ability to store and process

agricultural commodities increases relative to breeding for yield

(Reardon et al., 2019).

As with farm technologies, a gradual increase in wages,

combined with a decrease in physical capital prices (from

local industrialization and imports), induces midstream and

downstream capital intensification and upgrading. On the other

hand, demand-side factors such as the demand for new products,

improved quality, and safety attributes, and greater and more

storable volumes also induce technological change. Much of the

initial innovation occurred earlier, inHICs, andwas transferred and

adapted to LMICs. These technological advances include among

others, innovations in logistics, processing, freezing, packaging,

traceability, inventory, and safety monitoring technologies.
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FIGURE 5

The food system and the innovation context. Sources: Elaborated by authors based on Porter and Stern (2001), Spielman and Birner (2008), and

Reardon et al. (2019).

3.3. Links between innovation and food
systems

Innovation and food systems overlap to a certain extent. This

is because several of the factors that contribute to a country’s

capacity to innovate are precisely the factors that determine the

level of development of a food system. Figure 5 attempts to

capture this relationship by laying out the different food system

components in the form of a Porter Diamond representing a

country’s environment for innovation (Porter and Stern, 2001).

The four vertexes of the diamond display the attributes affecting

innovation in the food system as well as its overall competitiveness.

The first of these attributes is what Porter calls the factor conditions.

The presence of high-quality human capital is one of these factor

conditions. It determines the capacity of the agricultural research

system, and at the same time, it is the product of the quality and

scope of the education system and the development of scientific

research in the country.

The second attribute is the development and strength of the

private sector, reflected by the firms that take part in the food

system directly and those that provide services and inputs to them.

Developed output and input markets, the length and breadth of

the value chains, the development of industrial clusters, vertical

integration, or tighter links between upstream and low-stream

segments of the chain indicate a more developed food chain.

The third attribute is food demand, which is associated with

income growth, shifts in diets, urbanization, and increased labor

participation in industry and services. Food demand acts as a pull

factor in the development of the value chain in that it influences the

types and quality of products produced. It also has the potential to

determine technology changes at the farm level and investment in

the off-farm segments of the chain.

Finally, the “environment” in which firms in the private sector

operate is the fourth attribute of the diamond. It includes a

country’s innovation environment, which is the product of the

level of local competition, the capacity to attract and retain talent,

affordability of credit, the presence of venture capital, and other

factors. This environment is shaped and affected by innovation

policies, infrastructure (especially in communications and IT), and

by the quality of institutions.

3.4. Indices to quantify innovation capacity
and food system development

To gain a better understanding of the factors behind public

R&D investment, and how innovation capacity and structural

country characteristics affect investment at different stages of

development of the food system, a three-step methodology is

proposed based on the conceptual framework summarized in

Figure 5. The first step is the construction of an index that quantifies

the development of a food system using indicators that capture

the technological transformation of the food supply chain and the

changes in diets that act as demand-side pull factors. Two sub-

indices measure the technological transformation of the supply side

of the food system. The first sub-index is a measure of intensity

in the use of capital inputs—irrigation equipment, seeds, fertilizer,

insecticides, herbicides, tractors and combines, and sprayers—

measured as total capital inputs per worker. The second sub-

index quantifies post-farm innovations reflected in the “length” and
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FIGURE 6

Food system development vs. innovation capacity. (A) By size of the research system. (B) By geographic region. Sources: Elaborated by authors

based on Schwab (2018), Schwab (2019), Agricultural Science and Technology Indicators (2022), FAO (2022), SCImago (2022), United States

Department of Agriculture, Economic Research Service (2022), and World Bank (2022).

reach of the value chain. As mentioned above, an index measuring

changes in diets is included to capture changes on the demand side

of the system.

The second step is to develop a measure of innovation

capacity at the country level. Factors associated with innovation

capacity include education and human capital; research investment

and research quality; innovation policy and environment; and

the quality of political and innovation institutions. The final

step consists of systematic comparisons of countries with large

and small agricultural research systems to find the relationship

between the size of a country’s research system, the level of

development of its food system, and its overall capacity to innovate.

Detailed information on the indicators used to build the food

system development index (FSDI) and the index of innovation

capacity (IIC) and on the approach used is included in the

Supplementary material to this article.

4. Results

The average values of the FSDI and IIC indices for HICs and

LMICs are presented in Figure 6. The median values of the two

indices divide Figures 6A, B in quadrants of low-low, low-high,

high-high, and high-low food system development and capacity

to innovate, respectively. As expected, Figure 6A demonstrates a

high and positive correlation between the development of a food

system and a country’s capacity to innovate. About 80% of the

points representing countries in the figure are displayed along a

fitted line with a positive slope, with half of these points in the

low-low quadrant and the other half in the high-high quadrant.

The remaining 20% of countries are distributed equally between

the low-high and high-low quadrants. What is most revealing

about Figure 6A is that two-thirds of the countries with small

national agricultural research systems (35 out of 53) are in the

low-low quadrant, while only one out of 8 large-sized systems

and two out of 11 medium-sized systems find themselves in this

quadrant. This means that countries in the Large group are not

only investing more in agricultural R&D, but they are also doing

so in a more favorable environment, with higher prospects of

transforming research outputs into innovations.

Figure 6B repeats the same scatterplot, but this time the

countries are depicted by geographic region instead of the size of

their research systems. The figure reveals that more than 60% of the

countries in the low-low quadrant (24 out of 38) are SSA countries.

It also shows that all East and Southeast Asian (ESEA) countries

except one (Myanmar) are on or above the fitted line, while most

LAC countries are below this line. For example, among countries

with a FSDI greater than the medium value in Figure 6B, there are

four ESEA countries and 14 LAC countries. While all four ESEA

countries are above the fitted line, only two of the 14 LAC countries

are. This indicates that at the same level of development of the food

system, ESEA countries have a higher capacity to innovate than

LAC countries.

Of interest is the group of countries in the low-high quadrant

in Figure 6B. These nine countries show a high capacity to

innovate, despite a relatively low level of development of their food

systems. Four of these countries—Botswana, Kenya, Namibia, and

Rwanda—are in SSA. Other low-high countries include Indonesia,

India, Morocco, the Philippines, and Sri Lanka.

4.1. Development of the food system and
innovation capacity

Table 2 presents more detailed results of the FSDI and its

components for countries grouped by the size of their research

system, revealing systematic differences in the demand and supply

components of the FSDI between countries in the Large and

Small groups. On average, countries in the Small group consume

less animal protein, suggesting that income growth, urbanization,

and the diet changes associated with them occurred earlier or

are taking place faster in Large countries. Important supply-side

differences between the Large and Small groups were observed as

well. The capital intensity in agriculture, measured as the use of

capital inputs per worker, is almost 30% lower in the group of

Small countries compared to the group of Large countries. Note,
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TABLE 2 The Food System Development Index and its components for HICs and LMICs grouped by the size of their agricultural research systems,

average values for 2011–2016.

Low- and middle-income

High-income Large Medium Small Di�. small-large (%) p-value(a)

FSDI 0.82 0.59 0.51 0.43 −44.2 0.004 ∗ ∗ ∗

Diet 0.79 0.46 0.35 0.28 −65.4 0.047 ∗∗

Diet diversity 0.83 0.52 0.45 0.42 −24.9 0.256 –

Animal protein 0.78 0.44 0.28 0.21 −108.7 0.040 ∗∗

Supply index 0.79 0.62 0.57 0.44 −33.5 0.000 ∗ ∗ ∗

Capital intensity in agriculture 0.85 0.66 0.59 0.47 −29.1 0.000 ∗ ∗ ∗

Labor productivity 0.37 0.09 0.04 0.03 −195.4 0.172 -

Fertilizer/worker 0.23 0.05 0.02 0.01 −380.5 0.062 ∗

Pesticide/worker 0.21 0.12 0.02 0.03 −272.2 0.275 -

Herbicide/worker 0.14 0.06 0.01 0.02 −271.4 0.203 -

Feed/worker 0.23 0.02 0.01 0.01 −123.8 0.259 -

Machinery/worker 0.40 0.02 0.02 0.01 −173.4 0.254 -

Irrigated area/worker 0.22 0.05 0.04 0.02 −125.3 0.239 -

Value chain development 0.81 0.73 0.7 0.54 −37.8 0.000 ∗ ∗ ∗

Quality of local supply 0.85 0.72 0.74 0.64 −14.4 0.019 ∗∗

Cluster development 0.78 0.76 0.72 0.6 −28.8 0.002 ∗ ∗ ∗

Breadth of the value chain 0.75 0.65 0.61 0.54 −21.9 0.006 ∗ ∗ ∗

Product sophistication 0.79 0.63 0.59 0.49 −30.9 0.000 ∗ ∗ ∗

Extent of marketing 0.83 0.72 0.7 0.58 −26.8 0.002 ∗ ∗ ∗

Formal grocery sector 0.89 0.89 0.86 0.42 −125.5 0.002 ∗ ∗ ∗

Sources: Elaborated by authors based on Schwab (2019), Agricultural Science and Technology Indicators (2022), FAO (2022), and United States Department of Agriculture, Economic Research

Service (2022).
(a)Differences could be significant at the 10 (∗), 5 (∗∗), or 1% level (∗∗∗).

The bold values in the first row refer to the total index.

The total index is built by aggregating different sub-indices (in italics).

however, that there is great variability and no significant differences

between groups of countries in the use of individual inputs per

worker except fertilizer, which is used more intensively in Large

countries. In contrast, significant differences between the Large

and Small groups of countries were observed in all indicators that

quantify the development of the value chain. This suggests that the

development of longer value chains and the specialization in the

chain’s downstream segments is more prominent in Large countries

than in Small countries.

Table 3 shows the IIC index and its subindices measuring

a country’s capacity to innovate. The results show large

variations between countries with large and small research

systems that are particularly significant when it comes

to human capital and research capacity. Countries with

small research systems have lower enrollment at all levels

of education, especially in tertiary education where the

value of the sub-index in countries with small research

systems is less than half (0.156) than the value in the Large

group (0.322).

Research capacity and its subindices in Table 3 gauge a

country’s overall performance in science including the number of

publications in engineering, computer science and biochemistry,

genetics, and molecular biology, as well as the H-index—a metric

for evaluating the performance and impact of scholarly output,

which measures the quantity and quality of publications in each

of these areas. The H-index for biochemistry, genetics, molecular

biology, computer science, and engineering in countries with large

research systems is six times larger than the same index in countries

with small research systems. The value of the index measuring

the number of scientific publications per person in the population

aged 15–64 is nearly 20 times higher in Large countries (0.039)

than in Small countries (0.002). This indicates a much stronger

development of science and of the scientific community in Large

countries, which is expected to have positive spillovers to R&D in

agriculture. Nonetheless, the gap in research output between large

LMICs and HICs remains large, with HICs producing more than

10 times more publications on a per capita basis than Large LMICs.

Table 3 also illustrates significant differences of about 60% in

the innovation environment between countries with small and

large systems. This means that countries in the group of small

systems demonstrate lower competition in local markets, more

expensive financial services, sparser access to credit, and lower
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TABLE 3 The index of innovation capacity (IIC) and its components for HICs and LMICs grouped by the size of their agricultural research systems,

average values for 2011–2016.

LMICs

HICs Large Medium Small Di�. small-large (%) p-value(b)

Index of innovation capacity 0.555 0.392 0.340 0.270 −45.3 0.009 ∗ ∗ ∗

Human capital 0.735 0.506 0.408 0.358 −41.5 0.001 ∗ ∗ ∗

Primary enrolment 0.932 0.917 0.694 0.712 −28.7 0.000 ∗ ∗ ∗

Secondary enrolment 0.697 0.491 0.394 0.278 −76.6 0.000 ∗ ∗ ∗

Tertiary enrolment 0.685 0.322 0.251 0.156 −106.5 0.026 ∗∗

Years of schooling 0.825 0.534 0.468 0.385 −38.5 0.011 ∗∗

Quality of education 0.645 0.426 0.384 0.335 −27.3 0.284 -

University-industry collaboration 0.674 0.512 0.419 0.289 −76.9 0.008 ∗ ∗ ∗

Research capacity 0.403 0.229 0.148 0.074 −208.6 0.003 ∗ ∗ ∗

Scientific papers/population(a) 0.404 0.039 0.012 0.002 −1,524.0 0.058 ∗

H-index Biochemistry, genetics, and molecular biology 0.336 0.181 0.101 0.031 −480.2 0.004 ∗ ∗ ∗

H-index Computer science 0.273 0.176 0.087 0.019 −812.7 0.008 ∗ ∗ ∗

H-index Engineering 0.328 0.235 0.121 0.028 −735.1 0.006 ∗ ∗ ∗

Innovation environment 0.613 0.486 0.431 0.305 −59.2 0.033 ∗∗

Innovation policy 0.572 0.447 0.451 0.367 −21.7 0.087 ∗

Quality of institutions 0.454 0.292 0.262 0.249 −17.4 0.259 -

Sources: Elaborated by authors based on Schwab (2019), Agricultural Science and Technology Indicators (2022), SCImago (2022), and World Bank (2022).
(a)Refers to published scientific papers in engineering, computer science and biochemistry, genetics, and molecular biology.
(b)Differences could be significant at the 10 (∗), 5 (∗∗), or 1% level (∗∗∗).

The bold values in the first row refer to the total index.

The total index is built by aggregating different sub-indices (in italics).

R&D investment and staff training, all of which are factors that are

congruent with a less developed and less competitive private sector.

4.2. Productivity, costs, and scale of
agricultural research

Table 4 compares the agricultural research indicators of the

average country with large, medium, and small R&D systems,

providing descriptive statistics on agricultural R&D investment, the

total number of agricultural researchers, and enrollment in tertiary

education. The table shows that countries with small systems

spend on average 43 million PPP dollars per year on agricultural

R&D and employ 293 full-time equivalents (FTE) researchers. This

compares to 353 million dollars and 1.3 thousand researchers

in countries with medium-size research systems, and close to

2.0 billion dollars and 13,000 researchers in countries with large

agricultural research systems.

The number of published articles in agricultural and biological

science is used in Table 4 as an indicator of the scientific production

of research systems. Publications are only one type of research

output, others being new crop varieties, improved livestock breeds,

new inputs, and intangibles like new processes and more efficient

ways to allocate resources and manage the production process.

Data on these other research outputs are not available for country

comparisons at this level, but it is assumed that scientific outputs

like published articles are a by-product of research on new

technologies and reflect the productivity and quality of the research

being conducted in the country. In that respect, they are a useful

indicator for this analysis. The number of published articles in

agricultural and biological science per million dollars spent on

agricultural R&D totaled nearly 8.0 in HICs, 3.6 in both Large

and Medium LMICs, and 2.8 in Small LMICs. Researchers in

countries with large research systems published on average four

times more articles per year than their colleagues in countries with

small research systems.

These differences in productivity and the cost of research

outputs cannot solely be attributed to differences in the size of the

research system. This is evident from the comparison of the number

of articles per million PPP dollars spent on agricultural research

between HICs and LMICs. The agricultural research system is

larger in the average LMIC than in the average HIC, but R&D

spending per publication in HICs is only half the LMIC (and

one-third of the average Small LMIC).

One of the explanations for the differences in productivity

and research costs between HICs and LMICs beyond size is the

quality and development of the national scientific research system.

Note that the average HIC employs almost 90,000 FTE researchers

across all disciplines for every million people enrolled in tertiary

education, compared to 30,000 in the average LMIC and 18,000 in

the average Small LMIC. This can be an indication that agricultural
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TABLE 4 Agricultural R&D input and output indicators of HICs and LMICs grouped by the size of their research systems, 2011–2016.

Low- and middle-income

HICs LMICs Large Medium Small

Public agricultural R&D spending (millions of 2011 PPP dollars) 660 792 1,980 353 43

Number of researchers, all disciplines (FTEs) 161,438 94,398 252,397 27,986 3,812

Number of agricultural researchers (FTEs) n.a. 4,881 13,045 1,306 293

Published articles in agricultural and biological science 5,229 2,865 7,211 1,263 121

H-index in agricultural and biological science 300 134 202 142 59

Quality-adjusted articles published 5,229 1,283 4,855 597 24

Published articles per million dollars in ag R&D 7.9 3.6 3.6 3.6 2.8

Quality-adjusted articles per million dollars in ag R&D 7.9 1.6 2.5 1.7 0.6

Articles per agricultural researcher n.a. 0.59 0.55 0.97 0.41

Quality-adjusted articles per agricultural researcher n.a. 0.26 0.37 0.46 0.08

Enrollment in tertiary education (%) n.a. 24 32 25 16

Researchers all disciplines/million people enrolled in tertiary education 89,811 30,018 32,527 18,447 18,011

Researchers in agriculture as a percentage of total researchers n.a. 5.2 5.2 4.8 7.7

Number of countries 26 72 8 11 53

Sources: Elaborated by authors based on United Nations Educational, Scientific and Cultural Organization (2018), Agricultural Science and Technology Indicators (2022), SCImago (2022), and

World Bank (2022).

research in HICs benefits from a higher overall level of science

development, a greater critical mass, and better and more effective

research networks. Evidence of these differences is the impact and

quality of research measured by the H-index for agricultural and

biological science. The value of the index is 300 in the average

HIC, 134 in the average LMIC, 202 in the average Large LMIC,

and only 59 in the average Small LMIC. Adjusting the number of

publications proportionally by “quality” using the H-index further

enlarges the research productivity gap measured by publications

per researcher or per dollar spent between HICs and Large LMICs.

In quality-adjusted terms, the average LMIC publishes 1.6 articles

per million dollars spent on agricultural R&D compared to 7.9

articles in HICs and just 0.6 articles in the average Small LMIC.

Results so far have shown that low research productivity is

prevalent among countries with small agricultural research systems.

Two main factors are associated with low productivity in research:

the presence of economies of scale in the production of knowledge

and the quality of research and human capital at the national

level. In what follows, we look in more detail at these two

factors and examine the structural nature of low productivity and

underinvestment in agricultural research in countries with small

research systems.

Figure 7 plots the number of published articles in agricultural

and biological science against agricultural R&D investment.

Outputs increase exponentially when countries invest more than

100 million PPP dollars per year, and differences between countries

investing more than 100 million dollars per year and those

investing less are highly significant. The average spending per

published article in countries investing<100 million PPP dollars in

agricultural R&D was 514,000 dollars. The equivalent for countries

spending more than 400 million PPP dollars was 308,000 dollars

and only 123,000 dollars in HICs. Although these numbers only

refer to published articles, there is evidence that they also apply to

other research outputs. For example, Jin et al. (2005) found strong

economies of scale for both wheat and maize research institutes

in China. Their results show that if the number of new varieties

produced increases by 10%, research costs increase by no more

than 3.2%.

Despite the limited resources that Small LMICs allocate to

agricultural research, they still need to spread these resources across

a similar number of research areas and activities as countries with

larger research systems, limiting the breadth and quality of research

and resulting in low critical mass in specialty areas. Figure 8 shows

that the number of researchers in countries with small research

systems is only a fraction of that in countries with large research

systems. For example, while the average Large LMIC allocates more

than a thousand researchers to livestock and 600 researchers to

cash crops, those numbers in Small LMICs average only 69 and

32, respectively.

At present, agricultural research in LMICs must respond to an

ever-increasing demand that includes increased productivity and

output quality; the development of new technologies that make

sustainable use of natural resources; adaptation to and mitigation

of climate change; responding to shifting consumer demands

in terms of diets and food safety; and satisfying the demand

for new product characteristics demanded by food processing

industries, transportation and distribution systems, retailers, or

by consumers in export markets. In addition, donors and other

stakeholders are demanding that R&D contributes to poverty and

inequality reduction and nutritional goals; and even that R&D

strategies aimed at poverty reduction must take a broad variety of

smallholders with very different resources, livelihoods, and needs

into account (see Hazell, 2019 and the discussion in Tomich et al.,

2019a).

These ever-increasing demands on research systems do not take

into consideration the challenges that LMICs are facing to increase
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FIGURE 7

Size of the agricultural research system measured in dollars of R&D spending vs. the number of scientific publications in agricultural and biological

science. (A) All countries. (B) Countries investing less than 600 million. PPP$ in agricultural research. Sources: Elaborated by authors based on

Agricultural Science and Technology Indicators (2022) and SCImago (2022).

R&D investment. Any attempt to increase R&D investment in

countries with small research systems is faced with structural

constraints that can contribute to increased research costs and

inefficiencies. Agricultural research represents only a part—in

many countries a small one—of the national scientific research

system, which in turn is highly dependent on the extent and

quality of the education system. Low years of schooling, low

enrollment rates, and low quality of education affect the quality

of research by constraining the overall supply of researchers in

all areas, including agriculture, and could result in increased
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FIGURE 8

Average number of FTE researchers allocated to di�erent research

activities in LMICs with large, medium, and small agricultural

research system, 2011–2016. Source: Elaborated by authors based

on Agricultural Science and Technology Indicators (2022).

salary costs rather than improved research capacity (Goolsbee,

1998).

To get a better sense of the structural constraints faced

by LMICs when it comes to increasing agricultural R&D, we

regress agricultural R&D against different structural variables

based on the following three assumptions. First, R&D spending

on agriculture should be proportional to the total number of

researchers across all disciplines. This is trivial given that the

number of researchers in agriculture is a fraction of researchers

in all disciplines, and that the salary costs of researchers are

a major component of agricultural R&D spending. Second,

the number of researchers in all R&D disciplines should be

proportional to the number of people enrolled in tertiary

education, as qualified scientists are an important output of

the education system. Finally, the number of people enrolled

in tertiary education is, by definition, a proportion of the

number of people aged 18–24. What is important here is

that the size of this proportion depends on the extent and

development of the education system and the number of years

of schooling, which in turn depend on a country’s income

level and other factors correlated with economic development.

Based on these assumptions, the top half of Table 5 shows

the results of regressing the number of researchers in all

R&D disciplines against enrollment in tertiary education and

related variables, while the bottom half presents coefficients

from regressing spending in agricultural R&D against the total

number of researchers across all R&D disciplines and other

structural variables related to the development of the research

system. As the log of the variables is used in the regression,

the coefficients in the table express the percentage change in

the dependent variable as the result of a 1% change in the

independent variables.

Results in Table 5 show that there is a high correlation

between the total number of researchers in all scientific research

disciplines and the number of people enrolled in tertiary education

(Model 1a). The coefficient indicates that a 1% increase in

the number of people enrolled in tertiary education results

in a 1.07% increase in the number of researchers. Model 2a

replaces the number of people enrolled in tertiary education

(NE3) with the total population aged 18–24 (P18−24) and the

percentage of people enrolled (E%), given that, by definition,

NE3 = (P18−24×E%). Unlike the number of people aged 18–

24, the proportion of people enrolled does not depend on the

size of the population, but rather on income and economic

development. Model 2a shows that when controlling for the

size of the population, a 1% increase in the rate of enrollment

in tertiary education results in almost a 1.3% increase in the

number of researchers. Given the high correlation between the

percentage of enrollment and income level, Model 3a replaces

enrollment with GDP per capita. Increasing per capita income

by 1% results in an increase in the number of researchers

by 1.4%. Models 4a and 5a include the share of agriculture

in GDP, a variable that is negatively correlated with GDP per

person. Model 5a is equivalent to Model 3a, but it includes

the share of agriculture in GDP. The estimated coefficients

of Model 5a indicate that when controlling for population

and GDP per person, a reduction of 1% in the share of

agriculture in GDP results in an increase of 0.5% in the number

of researchers.

The bottom half of Table 5 shows coefficients and R2 of

regressing agricultural R&D spending against the total number of

researchers in all scientific research disciplines. Model 1b shows

that the correlation between agricultural R&D and the total number

of researchers in all disciplines is high, with an R2 of 0.81 and

an elasticity of 0.66, meaning that a 1% increase in the number

of researchers in all disciplines is expected to be associated with

a 0.66% increase in agricultural R&D investment. Models 2b to

5b replace the number of researchers in all disciplines with the

structural variables used as independent variables in the regressions

in the top half of Table 5: the number of people aged 18–24,

GDP per capita, and the share of agriculture in GDP. The H-

index of biological, computer, and engineering sciences is also

included as a measure of the quality and development of research

in the country. Coefficients obtained with Model 5b indicate that

agricultural R&D spending is positively related to a country’s

income level and the quality and development of its scientific

research as measured by the H-index. The coefficient of the share

of agriculture in GDP is positive but it is not significantly different

from zero.

The evidence points to what appears to be three major

challenges faced by small LMICs (which represent the majority of

LMICs) to increase agricultural R&D investment notwithstanding

widespread evidence of high rates of return. The first of these

challenges is the underdevelopment of science and the small size
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TABLE 5 Coe�cients and R
2 obtained from regressing the log of the number of researchers in R&D in all disciplines and agricultural R&D spending

against the log of di�erent explanatory variables, average values 2011–2016.

Number of researchers in all disciplines

Coe�cients

Model (1a) Model (2a) Model (3a) Model (4a) Model (5a)

Persons enrolled in tertiary education 1.071 ∗ ∗ ∗ - - - -

Population aged 18–24 - 0.915 ∗ ∗ ∗ 1.026 ∗ ∗ ∗ 1.112 ∗ ∗ ∗ 1.065 ∗ ∗ ∗

Enrollment in tertiary education (%) - 1.290 ∗ ∗ ∗ - - -

GDP per capita - - 1.427 ∗ ∗ ∗ - 0.991 ∗ ∗ ∗

Share of agriculture in GDP - - - −1.402 ∗ ∗ ∗ −0.502 ∗∗

Adjusted R2 0.67 0.68 0.78 0.74 0.79

Agricultural R&D spending

Coe�cients

Model (1b) Model (2b) Model (3b) Model (4b) Model (5b)

Researchers in all disciplines 0.660 ∗ ∗ ∗ - - - - -

Population aged 18–24 - 0.930 ∗ ∗ ∗ 0.528 ∗ ∗ ∗ 0.649 ∗ ∗ ∗ 0.612 ∗ ∗ ∗

GDP per capita - 0.875 ∗ ∗ ∗ - 0.313 ∗ ∗ ∗ 0.444 ∗ ∗ ∗

H-index - - 0.787 ∗ ∗ ∗ 0.561 ∗ ∗ ∗ 0.608 ∗ ∗ ∗

Share of agriculture in GDP - - - - 0.263 -

Adjusted R2 0.81 0.84 0.89 0.90 0.90

Sources: Elaborated by authors based on United Nations Educational, Scientific and Cultural Organization (2018), Agricultural Science and Technology Indicators (2022), SCImago (2022), and

World Bank (2022).

The estimated coefficient of the independent variable in the linear regression is significantly different from 0 at the 5 percent level (∗∗) and 1 percent level (∗∗∗).

of agricultural research systems in these countries, important

factors that contribute to high average costs per unit of output

and low overall research productivity. Second, LMICs with small

agricultural research systems have a lower capacity to innovate,

not only because of their less developed research and education

systems but also because of a poor innovation environment, which

in turn is correlated with the underdevelopment of the food system.

Finally, most of the Small LMICs are SSA countries that have

made slow progress in the process of structural transformation.

They are still characterized by a high share of agriculture in

employment and GDP, lower incomes, and traditional food systems

with short value chains, poor market development, a weak private

sector, lack of competition in domestic markets, and a large

and diverse rural population that consists mostly of smallholders

with poor links to markets. Small LMICs with a weak private

sector and fragile links in the value chain face more difficulties

and uncertainties to transform agricultural R&D into innovations,

because as Reardon et al. (2019) put it, the private sector in

the food system is the centerpiece of the supply chain that

delivers innovations, determining the transformation of the entire

food system.

In this context, it is not surprising to see underinvestment

and slow growth of agricultural R&D in LMICs with small

agricultural research systems. From a political perspective, two

characteristics of agricultural research that affect public R&D

investment are worth mentioning here: the time lag between

allocating R&D funding and the realization of its outputs and

subsequent returns; and the collective-action problem in R&D

advocacy (Mogues, 2015). First, agricultural research is a long-

term and risky activity with potentially high payoffs sometime

in the future that could benefit a large and diffuse group of

producers or consumers. These potential beneficiaries of research

are unlikely to attribute benefits to research that was conducted

years ago and transfer their voting allegiances accordingly. As a

result, there is likely to be little incentive for governments to allocate

a high share of the public budget to research (Harris and Lloyd,

1990).

The collective action problem in agricultural research refers to

the costs of coordinating societal groups to advocate collectively

for certain types of public investment or public policies. As

argued by Benin et al. (2016), a small group of well-informed

and educated beneficiaries with more economic resources is in

a better position to assess which policies they should support,

and which are detrimental to the group’s economic interests,

and coordinate actions to support policymakers who allocate

public resources to the group’s preferred activities. This is the

opposite of what is observed in Small underinvesting LMICs

with a large number of dispersed farmers that are less well-

informed and educated, and who have fewer resources to

financially support policymakers. Adding to this, and because

agriculture represents a bigger share of the total economy

in Small LMICs, meaningful investment in public agricultural

research might impose a much higher cost on individual

citizens, further diminishing the political appeal of supporting
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agricultural R&D. As Harris and Lloyd (1990) put it more than 30

years ago:

“. . . private research is hampered by pervasive market

failure, while public research is a long-term and expensive

activity which is politically ‘unprofitable.’ It would be surprising

if a combination of market failure and ‘government failure’ did

not produce high rates of return.”

Note that the characteristics of agricultural research

mentioned above apply to all countries, but that the

problem is exacerbated in Small LMICs because of

weak research systems that increase the risk of research

outputs and low capacity to innovate, which reduces the

chances of transforming new knowledge into innovation

and impact.

5. Discussion

This article revisited the debate around agricultural R&D

underinvestment in LMICs with new data and methods to

provide a better understanding of the structural factors behind

agricultural R&D investment, innovation capacity, and food system

development. The results revealed that the development of the

food system is strongly correlated to a country’s research and

innovation capacity. Larger LMICs like China, India, Malaysia,

Pakistan, and Thailand in Asia; Argentina, Brazil, Chile, Colombia,

and Mexico in LAC, and South Africa in SSA, have demonstrated

a higher capacity to innovate, based on the higher quality of

their education and science and technology systems, a more

favorable innovation environment as well as more developed

food systems with longer and more integrated food value chains.

The better innovation environment in these countries reduces

risks of public investment in R&D and creates opportunities

for private investment at different segments of the value chain,

while allowing public investment to play a more strategic role

focusing on politically strategic subsectors or in areas where market

failures persist.

In contrast, the results also showed that LMICs with small

agricultural research systems, many of which are in SSA, have less

developed food systems and a low capacity to innovate. The overall

share of agriculture in these countries’ GDP and employment has

remained relatively high, while diets remain less diversified, and

value chains shorter. A higher proportion of the value added by

these chains is generated by farms, which use relatively low levels

of capital inputs and demonstrate lower levels of land and labor

productivity compared to farms in countries with more developed

food systems. Low enrollment and quality of the education system

are constraining the supply of researchers, while low levels of local

competition, poor and expensive services, and restricted access to

credit are additional factors holding back these countries with less-

developed food systems in their capacity to innovate. Adding to

this, the scarce resources of research systems in smaller LMICs

are spread very thinly over a wide range of demands increasing

the inherent risks of agricultural research and the quality of the

final research outputs. The cost of research per unit of output

is estimated to be up to four times lower in HICs than in

LMICs with small agricultural R&D systems, pointing to important

inefficiencies in the latter group.

The fact that the results show that research and innovation

capacity are highly correlated to the overall development of the

food system is hardly surprising. However, it brings us back to

the chicken-and-egg problem raised in the introduction of this

article. Why do we continue to expect small developing economies

to invest more in agricultural research if the R&D value chain

in these countries faces potentially the same or more market

and government failures than other investments that contribute

to development like investments in infrastructure, education, and

health? Or equivalently, why do we expect that an endogenous

factor that is in part an explanation of underdevelopment, should

become the solution to it? Gollin (2020) provides an answer to

this question by referring to a recent set of papers analyzing

the impacts of the Green Revolution. According to Gollin, those

papers emphasize the fact that the Green Revolution served as

an essentially exogenous productivity shock to recipient countries

because of the very specific nature of the scientific advances

involved. The presence of this exogenous shock could explain, at

least in part, the success of the Green Revolution and how NARS,

working with international centers, were able to overcome the

limited availability of resources and low productivity of research

in LMICs.

These developments of the past raise the question: Can the

Green Revolution be repeated today if only the right technological

innovations can be found? If the answer to this question is “yes,”

then the limited availability of resources and limited research

capacity in LMICs would be less of a constraint than the results

presented in the previous sections suggest. If the answer is “no,”

there is an urgent need to find new strategies for LMICs to

access the technologies they need while simultaneously revamping

agricultural research systems to increase their productivity and

facilitate investment, given structural constraints. Gollin (2020)

goes to great lengths to show that the historical experience of

the Green Revolution is not replicable. This does not mean that

new advances in biology and information technology would be

less effective than the Green Revolution in the transformation of

agriculture. On the contrary, the transformation of agriculture is

already ongoing. The problem is that in the context of this new

technological revolution in agriculture, the limited availability of

resources and limited research capacity in LMICs threatens to

widen the technological gap between poor and rich countries. This

is because the nature of the scientific advances involved is quite

different from those during the Green Revolution and also because

of the significant changes in the economies of LMICs.

For a start, today’s LMICs are more urbanized and less

dependent on agriculture than the countries that benefited most

from the early Green Revolution, while urban diets today are more

diverse and less dependent on local supplies than was true for rural

diets in Asia during the Green Revolution. Gollin (2020) argues,

for instance, that urbanization and improvements in infrastructure

have put African cities within plausible reach of food imports and

made them far less dependent on their surrounding agricultural

hinterlands. This has allowed urban consumers to rapidly shift from

consuming foods produced in rural areas to consuming processed,
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prepared, and convenience foods that are mostly imported, a

striking difference from Asia in the 1960’s when urban consumers

simply wanted larger quantities of grains. Producers, on the other

hand, are often interested in reducing labor demand to free up

time for off-farm activities rather than seeking yield increases.

This process has led to an emerging disconnect between urban

consumption and rural production, making agricultural growth

more dependent on external markets for cash crops, rather than

on domestic markets for food crops. Gollin concludes that in

this context, the Green Revolution may not be easy to replicate.

How can smaller LMICs then overcome the human capital, cost,

and low productivity challenges related to the small scale of their

agricultural research systems?

Several decades of persistent underinvestment despite

widespread evidence of high rates of return shows that there

is no simple formula to break the vicious circle of market and

government failure in agricultural research. Economies of scale

in knowledge accumulation and dissemination appear to be

significant, so in most cases, LMICs aiming to conduct most of

their research themselves may be too small to achieve an efficient

scale in many, if any, of their R&D priority areas. Slow TFP

growth of agriculture in these economies also suggests innovation

problems beyond research. For example, limited adoption of

improved crop varieties and livestock breeds, and practices

could also indicate a broken R&D value chain where available

technologies do not reach the end-user or, if they do, they are only

partially adopted.

Offering solutions to a problem of this magnitude and

complexity is well beyond the scope of this study, but results

suggest some general principles to be applied in the future by small

LMICs. First, the adoption of a food systems lens, as suggested by

Reardon et al. (2019)—rather than a much narrower agricultural

sector lens—is needed to provide new insights into the long-term

impact of agricultural research, its synergies with multiple sources

of activity within and outside agriculture, and its multiplying effects

on growth. Second, a broad perspective of innovation is also needed

given that agricultural research is one but not the only source

of knowledge feeding the innovation process. As discussed by

Harris and Kells (1997), if public and private R&D are seriously

constrained, as in the case of LMICs with small research systems,

policy actions designed to enhance the dissemination and diffusion

of knowledge (spillover effects) may be a greater policy issue than

the production of knowledge (R&D). In this respect, if large LMICs

sustain fast growth of R&D investment in the coming decades, they

can play a major role as sources of knowledge spillovers for small

LMICs, making up for the dwindling investment in HICs.

As most countries will continue to conduct public R&D in

agriculture, there is a need to increase the productivity of research

by getting the most out of available resources and minimizing

the negative effect of small-scale operations. Two complementary

approaches could contribute to increasing productivity in research

systems. The first one is to strengthen universities and government

research institutions and innovation capacity in the private sector

through policies and investments. A possible way forward is

through amore strategic definition of research priorities, narrowing

the research focus, organizing research around problems and not

commodities or thematic areas, and adapting research institutions

and governance of public research to these changes. The second

approach is to increase coordination and integration between

NARS and regional and global research organizations to overcome

resource constraints, help avoid duplication, increase productivity

of small-scale organizations, and thus make research more cost-

effective. Defining research priorities is key, and prioritization

necessarily implies the exclusion of everything that is not a priority

for the country.

The issue of increasing coordination and integration of research

organizations is not new. It has been argued before that closer

integration of agricultural R&D at the subregional and regional

level (through joint research programs and regional centers of

excellence) is indispensable, given that it allows countries with

less developed agricultural research and food systems to benefit

from the gains made in countries with similar agro-ecological

conditions and more advanced systems. However, the challenges to

implementing an institutional reform, and coordinating national,

regional, and international research organizations and other

stakeholders with multiple demands and political interests could be

a daunting task. Research integration and coordination bring a new

set of issues to the table, that go from the contradictory research

goals for regional, country, and local research, to governance,

institutional and political conflicts in the organization of research

and control and allocation of funding (see discussion in Sumberg,

2005). Implementing these institutional changes will require

much more emphasis on collaboration, partnership, and strategic

alliances with a high degree of stakeholder ownership around a

shared vision.

For research coordination to work, Clark (2002) suggests

that the interaction between partners should work like that

of well-organized and cooperative “knowledge markets,” which

are central to the conception of innovation systems. According

to Clark, formal, rulebound, and hierarchical systems where

cooperation is viewed with resentment and suspicion, are

unlikely to make a positive impact. In most cases, ineffective

collaboration results in more organizations, requiring more

overheads, chasing the same money, and fewer resources available

to fund research. To avoid problems observed in the past,

Tomich et al. (2019b) indicate that new institutions for research

collaboration will require much flatter governance structures,

linking local and global agendas, and enhancing national

government interests and research capacities through multi-

stakeholder partnerships rather than establishing new parallel and

competing arrangements.

To conclude, the sustainable transformation of food systems in

LMICs will undoubtedly need technical change and higher R&D

investment. The question facing LMICs with small research systems

is how to achieve this. Greater emphasis will need to be put on

assessing where an additional dollar has the largest impact and

what kind of institutions, networks, and mechanisms will help

to effectively align country, regional, and global research goals to

define, implement, and fund research agendas that will ultimately

produce higher research impact.

We consider this study a first step in the analysis of R&D

investment and innovation in LMICs. Based on our findings,

future research will contribute to a better understanding of the

relationships between structural factors determining agricultural
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research and the direction of causation between them through

modeling and regression analysis.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding author.

Author contributions

AN-P and G-JS contributed to the design and implementation

of the research, to the analysis of the results, and to the

creation of the tables and graphs as well as the writing of the

manuscript. Both authors contributed to the article and approved

the submitted version.

Funding

This work was supported by the CGIAR Initiative on Foresight,

the Micronutrient Action Policy Support (MAPS) project funded

by the Bill and Melinda Gates Foundation, as well as contributions

from the Inter-American Development Bank and the United

States Agency for International Development to the International

Food Policy Research Institute’s (IFPRI’s) Agricultural Science and

Technology Indicators (ASTI) Program.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fsufs.2023.

1051356/full#supplementary-material

References

Agricultural Science and Technology Indicators (2022). ASTI Database.
Washington, DC: IFPRI.

Alston, J. M., Marra, M. C., Pardey, P. G., and Wyatt, T. J. (2000). Research returns
redux: Ameta-analysis of the returns to agricultural R&D.Austral. J. Agri. Resour. Econ.
44, 185–215. doi: 10.1111/1467-8489.00107

Beintema, N., Nin-Pratt, A., and Stads, G. J. (2020). Key Trends in Global
Agricultural Research Investment. ASTI Program Note. Washington, DC: International
Food Policy Research Institute.

Benin, S., McBride, L., and Mogues, T. (2016). “Why do African countries
underinvest in agricultural R&D?” inAgricultural Research in Africa: Investing in Future
Harvests, eds J. Lynam, N. Beintema, J. Roseboom, O. Badiane (Washington, DC:
International Food Policy Research Institute, IFPRI), 109–138.

Clark, N. (2002). Innovation systems, institutional change and the new knowledge
market: Implications for third world agricultural development. Econ. Innov. N.
Technol. 11, 353–368. doi: 10.1080/10438590200000004

Diaz-Bonilla, E., Orden, D., and Kwieciński, A. (2014). Enabling Environment for
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Recent developments have emphasized the need for agrifood systems to move

beyond a production-oriented approach to recognize agriculture as part of a broader

agrifood system that prioritizes livelihoods, social equity, diets, and climate and

environmental outcomes. At the same time, the knowledge base for agriculture is

growing exponentially. Using artificial intelligence and machine learning approaches,

we reviewed more than 1.2 million publications from the past 20 years to assess the

current landscape of agricultural research taking place in low- and middle-income

countries. The result is a clearer picture of what research has been conducted on

small-scale farming and post-production systems from 2000 to the present, and

where persistent evidence gaps exist. We found that the greatest focus of the literature

is on economic outcomes, such as productivity, yield, and incomes. There is also

some emphasis on identifying and measuring environmental outcomes. However,

noticeable data gaps exist for agricultural research focused on nutrition and diet, and

gender and inclusivity.

KEYWORDS

agrifood systems, small scale farmers, evidence gaps, low-and middle-income countries,

machine-learning, data science

1. Introduction

Decision-making is best informed by an up-to-date and comprehensive review

of evidence on a particular topic. The ability to optimize insights from existing

agricultural knowledge, and especially research that has explored agriculture’s links to

impacts on critical issues such as nutrition, climate change, and biodiversity, is key

to informing ongoing policy decisions. While data-driven decision-making is widely

promoted, especially in the context of complex development issues, the agrifood systems

community still lacks critical data and tools that make summarizing data accessible and

easily understandable.

Recent work and investment are helping to change this situation, especially for data

collection at the country level. Programs like the 50× 30 initiative1 are closing the country-level

data gap in agriculture and helpingmeasure progress toward the Sustainable Development Goals

(SDGs) by building strong nationally representative survey programs. The Food and Agriculture

1 https://www.50x2030.org/
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Organization of the United Nations (FAO), likewise, supports the

International System for Agricultural Science and Technology2 to

collect the data needed to measure SDGs (Lowder et al., 2021).

Solutions to domain-specific knowledge areas such as agriculture

and livelihoods, environment and natural resource management,

nutrition and health, and human capital and education are often

found within the scientific literature. Expert knowledge, often in

the form of scientific papers and other written analysis, is key

to developing these solutions, as decisions need to be taken by

integrating multiple information sources, incorporating accumulated

experience, and weighing uncertainty. At the same time, the amount

of available information is increasing exponentially—estimates

suggest that human knowledge is doubling every 10–15 years—

which makes it increasingly difficult to provide evidence-based

interventions while avoiding the risk of confirmation bias or cherry-

picking (Bornmann and Mutz, 2015; Bornmann et al., 2021).

Natural language processing (NLP) and machine learning can be

highly effective at uncovering insights from large and representative

datasets, helping us to make better use of the data in existing scientific

publications. NLP is a branch of artificial intelligence that deals

with the interpretation and manipulation of human language by

computers. Machine learning is the use computers to learn and

adapt without following explicit instructions by using algorithms

and statistical models to analyze and draw inferences from patterns

in data. Both machine learning and NLP approaches are designed

to handle classification tasks with speed and accuracy, especially in

datasets that lack metadata (Gil et al., 2014).

Recent work has allowed NLP to generate performing

information extraction and summarization using relevant data

from various sources. Such approaches have transformed how we

can approach text-based classification. Pre-trained transform models

such as Bidirectional Encoder Representations from Transformers

(BERT), SciBERT and named-entity recognition with BERT are

highly adept at capturing the context-dependent meaning of words

even before additional training for other tasks that require expert

input in the form of training data (Devlin et al., 2018; Beltagy et al.,

2019; Luoma and Pyysalo, 2020). This can save significant time and

money while delivering new insights.

Allowing for better understanding of the degree to which data

and analyses are capturing systematic interactions is one of the

most important features of ML and NLP approaches. This study

reports on the use of machine learning to process and analyze

1.2 million summaries of past publications from a representative

dataset of agricultural research focused on low- and middle-income

countries. Its primary aim is the summarization of data to inform a

series of open-ended questions that are difficult to answer because

the data are scattered across millions of individual studies. These

questions include:

• Who are the user groups included within studies?

• What are the most-studied interventions and outcomes

by researchers?

• What is the research output across low- and middle-

income countries?

2 https://agris.fao.org/agris-search/index.do

• Howmuch of the research is targeted at solutions for small-scale

farmers and other agricultural actors vs. laboratory studies or

other controlled environments?

2. Methods

2.1. Approach: Mapping 1.2 million studies in
agriculture

Recent work in measuring the output of overall scientific growth

across certain fields has primarily focused on the comprehensiveness

of large databases, such as Dimensions, Scopus, Web of Science

and Microsoft Research (Bornmann et al., 2021). We targeted

CABI’s CAB Abstracts in part because of CABI’s mission to identify

and aggregate research from low- and middle-income countries,

making it among the best databases in the world for our purposes.

Similar analyses to ours, focused on agriculture and regional specific

agricultural components, such as rice research in low- and middle-

income countries, indicates the suitability of CAB Abstracts for such

analyses (Rafols et al., 2020; Amarante et al., 2021).

We obtained 1.3 million citation records from data partner

CAB Abstracts using the search strategy: (de: “climate”) OR

(de:biodiversity) OR (de: farm∗) OR (de: agricultur∗) OR (de:crop)

OR [de:(“food policy” or “agricultural sector” or “food security”

or sustainabilit∗” or “environment” or “nutrition” or “product∗” or

“yield” OR “hunger” or “agricultural policy” or “development aid”)]

yr:[2000 TO 2021].

We reduced 1.3 to 1.2 million by removing duplicate citations

to produce our final dataset for analysis. No further reduction,

using more specific inclusion criteria, was initiated was this effort.

Artificial intelligence-assisted techniques were used to summarize

abstracts by the categories are shown in Figure 1. NLP for text

extraction and large-scale machine-learning language models were

used to model the data for tasks associated with the identification of

study user population, interventions, outcomes, geography, and crop

type, among other elements. A priori determination of the categories

was done in consultation with the expert-assembled Commission on

Sustainable Agriculture Intensification (CoSAI). The prioritization

on some specific tasks by the CoSAI groups enabled a more focused

approach for the machine-learning.

2.2. Machine-learning to identify agricultural
interventions, outcomes, and study design
types

Identifying interventions, outcomes, study design types and

more is normally undertaken during an evaluation of the evidence

on a specific topic, such as part of an impact assessment or a

systematic review, by domain experts looking through thousands

of underlying original research papers. A well-trained machine-

model can accelerate the labeling of many of these tasks. This study

further contributes to exploring the role of computation to accelerate

evidence and impact synthesis work in agriculture and climate change

scientific publication datasets (Porciello et al., 2020; Callaghan et al.,

2021).

Training data assembled from collaborative coding from previous

exercises, including more than 2,500 high-quality papers from across
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FIGURE 1

The various categories into which unstructured text summaries were analyzed using AI-assisted techniques.

the Ceres2030: Sustainable Solutions to End Hunger project, was

used to enhance an artificial intelligence pipeline that supports

classification and information extraction tasks (identified in Figure 1)

for agriculture and related areas in international development

(Acevedo et al., 2020; Baltenweck et al., 2020; Bizikova et al.,

2020; Liverpool-Tasie et al., 2020; Nature, 2020a; Piñeiro et al.,
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2020; Porciello et al., 2020; Ricciardi et al., 2020; Stathers et al.,

2020). In addition, the underlying models been continuously trained

on tasks supporting diverse development literature as a result of

other partnerships, including use in new domains such as water,

hygiene, and sanitation, digital agriculture, and development and

humanitarian assistance, and all of which required the identification

of outcomes and interventions (Garbaro et al., 2020; Jardine, 2021;

Porciello and Ivanina, 2021; Porciello et al., 2022).

Unlike health and medical sector, which maintains an

International Classification of Health Interventions3 through

the World Health Organization (WHO), agrifood systems lack

a similar standardized taxonomy of interventions. One most

powerful structured collections of agricultural concepts, terms,

definitions, and relationships—FAO’s AGROVOC—defines

an intervention simply as a “controlled price” (AGROVOC:

AGROVOCMultilingual Thesaurus, n.d.). This definition is a sparse

interpretation of the range of potential activities that can be used

to support policies and programs to improve agrifood systems.

Other organizations, including the OECD recommend expanding

the interpretation beyond price interventions to include more

agricultural, humanitarian and development sector activities (OECD,

2019).

We developed a proxy to inform how to approach an

unstructured text corpus to identify literature that describes

interventions but importantly, without necessarily using the term

intervention. Training of the model for interventions included

searching articles and summary data for synonyms of intervention

and enhanced using Word2vec. Word2vec was chosen because

of its more than decade-long history of performing NLP tasks

to find syntactic and semantic similarities of words. Word2vec’s

shallow language model is appropriate for small and relatively

heterogeneous datasets such as ours, and it has low computational

costs, taking <1 day to learn high-quality word vectors from a

1.6-billion-word dataset. Similar models, such as Global Vectors

(GloVe), could be used in conjunction with or instead of Word2vec

with similar results, although training time might slightly increase

(Sharma et al., 2017, p. 2). Using pre-trained Google News and

Wikipedia Word2vec models, similar concepts to interventions for

the agricultural domain were identified, including “program or

programme,” “strategy,” and “government initiative” (Porciello et al.,

2020). Next, to surface all potential and specific interventions,

we incorporated a semi-unsupervised model-based approach via

coreference resolution models to support NLP tasks by linking noun

phrases with entities in the text. A training dataset that broadly

represented how interventions were described in the literature as

technological, socioeconomic, and ecosystem service interventions

was applied. More description about these categories is provided in

the results section. Next, we sought to surface and label how more

specific interventions, such as drip-irrigation or solar-irrigation,

could be represented and labeled as part of a narrow cluster of

interventions, such as “irrigation” interventions.

Next, the model was trained to identify outcomes. Unlike

interventions, there are standardized definitions for outcomes

(Table 1 in Results). The model was trained to detect when an

outcome was mentioned and had a relationship to narrow classes

3 https://www.who.int/standards/classifications/international-

classification-of-health-interventions

from the intervention. A single example consists of a sentence, an

intervention from the ontology and/or plant, animal product from

the AGROVOC dictionary, and an outcome from the sentence.

When the model detects an outcome is connected with a particular

intervention in the context of a sentence, it labels the citation with

the appropriate outcome based on the general definition.

Both rule-based and transformer-based models were used for

this task with similar results. A rule-based support-vector machines

(SVM) was used in a semi-unsupervised approach to organize studies

according to NLP-derived intervention, outcome, and study design

type taxonomies. An SVM–k nearest neighbors–stochastic gradient

boosting approach was used for classifying specific interventions,

where all the supporting content (in this case, summary data) is

examined in a vector space. The SVM is a supervised classification

algorithm that learns by example to discriminate among two or more

given classes of data, and they work well with high-dimensional

data especially for smaller datasets. In addition, BERT-based models

are designed for sentence level and token-level tasks and are useful

for identifying relationships in small pieces of text. BERT models

including base BERT, Roberta, Albert, SciBERT, andDistillBERTwere

tested. DistilBERT Named Entity Recognition (NER) uses the BERT

architecture but performs knowledge distillation during the pre-

training, allowing for lighter, faster and cheaper transformer model,

and reduces the size of a BERT model by 40%. Due to the size of the

labeled dataset, models were trained by freezing all layers (which is

responsible for encoding the text) except the last two layers (where

classification occurs).

Finally, study design types also lack common definitions. These

were labeled using expert data and the transformer model SciBERT,

which has been pre-trained on scientific articles (Beltagy et al.,

2019). For other tasks, text extraction models, including pre-trained

spaCy, specialized dictionaries, and ontologies of AGROVOC and the

National Agricultural Library Thesaurus, were used to identify and

label geography, plants, animals, diseases, research leadership and

funding, and study populations.

3. Results

One of the most useful ways to report the findings of this

analysis is through an evidence gap map (Figure 2), a visual and

interactive tool that provides an overview of all evidence collected

on a particular issue (Vincent et al., 2022). Evidence gap maps

enable policy makers and practitioners to review findings, explore the

quality of the existing evidence, and make evidence-based decisions

in international development policy and practice. They also identify

key “gaps” where little or no research has been published (Snilstveit

et al., 2016).

The key components of an evidence gap map are interventions

and outcomes. The evidence gap map identifies the most frequently

studied interventions as determined by a threshold of at least 10,000

articles and categorizes them into one of three broad categories of

agricultural research (socioeconomic, technological, and ecosystem

services). Importantly, an evidence gap map does not prioritize

or claim there is a single intervention that is “a silver-bullet” to

support agricultural development outcomes. Rather, the intention is

to surface volumes of research and where more, and less, emphasis

has been placed.
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TABLE 1 Outcomes, descriptions and definitions.

Outcome class Description Specific outcomes Definition

Economic growth Growth across all agriculture or food systems

sectors and subsectors that improve the lives

of farmers and food systems actors and their

families through increases in income,

productivity, employment, and practice

change.

Income amount Change in income

Income diversity Change in sources of income

Productivity Change in on-farm crop, labor or livestock productivity

or value-chain productivity

Yield Change in yield from crop, livestock or foraging

Adoption Change in a user’s adoption of management or

technology related to other agricultural outcomes

Market efficiency Change in decision-making based on available, relevant

market information

Healthy people Ensuring reliable access to a sufficient

quantity of affordable, nutritious food and

food consumed is represented by different

food groups

Dietary diversity Change in dietary adequacy, including nutrient intake,

nutrient adequacy index, and food-based diet quality

index

Food access Change in an individuals’ or households’ ability to

access food

Food availability Change in availability of food

Malnutrition Change in malnutrition status

Wasting and stunting

Nutritious food availability Change in availability or access to nutritious food

Healthy planet The process of incentiving practices that

emphasize environmental and planetary

health

Environmental Sustainability Change in sustainability of natural resource

management such as water, forest or soil management

e.g., reduced soil erosion, reduced tree cover loss or

increased tree cover,

Climate mitigation Change in greenhouse gas emissions

Change in capacity to adapt to the impacts

of climate change

Adaptation and behavior change that respond

specifically to impacts of climate change

Biodiversity Change in biological resources at genetic, species or

ecosystem level (on farm or off-farm)

Gender & Inclusivity The process of improving the terms of

participation in society, particularly for

people who are disadvantaged, through

enhancing opportunities, access to resources,

voice and respect for rights. This is measured

through resulting from the support and

inclusive design of all people, but in

particular traditionally marginalized groups

such as women and people with disabilities,

as well as through increased decision-making.

Increased Knowledge Change in knowledge about agriculture or food systems

related content

Women’s empowerment Change in women’s ability to influence and make

decisions independently

Women’s access to resources Change in women’s access to resources (e.g., credit, or

inputs)

Social inclusion Change in obstacles that limit agency and

decision-making capacity

Social learning Change in knowledge and practices through group and

community engagement

Technological interventions constitute the use of practices

and technologies (both direct and indirect) to support agricultural

production and food systems (Acevedo et al., 2020; FAO, 2022a,b).

Indirect uses include underlying technology such as biotechnology

to improve seeds, whereas direct would be use of irrigation,

mechanization, and inputs such as fertilizer. Socioeconomic

interventions include market and finance interventions that

contribute to accessing markets, credit or other financial products
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FIGURE 2

An intervention and outcome evidence gap map identifying the most frequently studied interventions and associated outcomes.

or investments in value chain development, as well as interventions

that increase knowledge or awareness, transfer skills, and build

capacities such as education (Liverpool-Tasie et al., 2020). This

category also includes policy and government interventions, such as

government, funder, or other organizational programs and policies

to support farmers and agri-food system actors through incentives,

or direct support, and includes interventions to improve inclusion

of women and other marginalized groups (Barrett et al., 2020).

Ecosystem services interventions focus on improving ecosystem

services with regulating and supporting functions such as clean air,

nutrient cycling, pollination, erosion control, carbon storage and

more (Piñeiro et al., 2020). Additional analysis can be conducted to

further sub-divide the categories for additional, discrete analysis.

The evidence gap map in Figure 2 shows the frequency of

interventions per outcome, expressed as a percentage across the

literature. For instance, over 50% of plant breeding interventions
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in the literature are associated with outcomes related to economic

growth, whereas 11–20% are associated with nutrition outcomes,

21–30% with environmental outcomes, and <10% with women’s

empowerment and inclusion. Table 1 provides outcome descriptions

and definitions.

The highest reported outcome is economic, such as productivity,

yield, and incomes, in the literature. This reflects the fact that

agricultural research and innovation literature has been largely

focused on improving productivity of a small number of crops rather

than focusing on other important aspects of crop research, such as

dietary diversity (Serraj and Pingali, 2018). Some emphasis has been

placed on on identifying and measuring environmental outcomes,

including water use and health, across many of the intervention

categories, especially those focused on ecosystem services.

Where the data gaps are more noticeable are regarding

agricultural research focused on nutrition and diet, and women’s

empowerment and other inclusivity outcomes mentioned in the

literature, such as increased knowledge obtained through training

and education programs. For the latter, the gaps are widespread

across all intervention categories.

Figure 3 provides a regional level overview of the publication

trends focused on specific crops mentioned in title and abstract

data. Table 2 provides a breakdown of the specific crops included in

each category and their inclusion was determined a priori through

consultation (as referenced in the introduction). Generalized terms

such as cover crops, livestock feed crops, container plants, bee plants,

beverage crops, and oils were excluded from the mapping because

it was unclear from the summary what crops they referred to, and

because they totaled fewer than 25,000 mentions. Each study was

labeled with multiple labels, meaning that more than one relevant

label could be applied. For instance, if a study focused on wheat,

maize, and rice in Vietnam and Thailand, then the study would be

counted as “1” in all subsequent categories.

China, Brazil, and India lead the way in publishing research

outputs, but different countries and regions come into focus

depending on the target crops, as highlighted by the maps in

Figure 3. Perhaps as expected, countries that are home to a major

international research center, such as the International Maize and

Wheat Improvement Center in Mexico or the International Rice

Research Institute in the Philippines, have a higher prevalence of

research related to the specific crops being studied. Other grains that

are important for food security, such as millet and sorghum, have a

smaller cumulative total of around 10,000 articles.

The findings on study design types by research categories

(Figure 4) show research activities that report on non-human

experiments, such as field trials, laboratory, and simulation studies.

A total of six labels were created to identify study population

types: field study, experimental study, simulation/modeling study,

narrative/review study, laboratory study, and observational studies.

Each citation received only one study type. The categories along the

Y axis are CABI Codes. CABI Codes is an index of 23 major subject

areas related to the area of the citation, each with their own set of sub-

codes (https://www.cabdirect.org/help/about-cabicodes.html). CABI

codes are added by the vendor when an article is included in

CAB Abstract database. This provides an existing, manually curated

index of research topics that does not rely on machine-learning.

The subject area of agricultural economics has the largest number

of observational studies, followed by field crops, meteorology and

climate, and water resources.

Finally, a multi-label approach to capture information about

the study population communities, including when studies mention

descriptions about age, sex, affiliation with indigenous communities

or other, and agricultural workers, including farmers. Despite

a generalized, multi-labeling approach, the data collection and

reporting on user populations is very weak. Only about 25% of studies

reported any information about a population of study. Though

there may be widespread acknowledgment that women, farming

communities and others in the agricultural workforce face significant

challenges, there is a risk they will be undermined in these types

of global assessments by weak data collection practices regarding

demographics and other specific descriptions and/or underreporting

in the literature (Teeken et al., 2018).

4. Discussion

4.1. Prioritizing research gaps

The way we think about agriculture is currently undergoing

a major shift away from a focus on production and toward a

broader understanding that puts agriculture in the larger context

of an agrifood system with complex interactions between food

production, processing, consumption, nutrition, social change, and

climate change (Barrett et al., 2020; Lipper et al., 2020). This

shift implies a need to rethink the role of agricultural research

and development efforts, and push for innovations that go beyond

productivity. There is a corresponding urgency to identify priority

investments (Reardon et al., 2019; Laborde et al., 2020). To do so,

however, we must have an adequate and accessible evidence base

for understanding agricultural innovations and their potential in the

context of a transformation.

Integrated approaches across interventions are more effective

in achieving gains across the entire food system. Therefore, the

relative scarcity of research emphasizing diet, nutrition, and women’s

empowerment relative to the long-standing priorities of productivity

and yield in agricultural research should not necessarily lead us to

conclude that some areas of research only need to “catch up” to

others. Simply focusing on expanding the literature in one of the

relatively under-researched areas will not address the yawning gap of

evidence on the interactions that occur across various outcomes.

However, not all areas where there is a dearth of research can

be treated equally or with the same urgency. There are many areas

of research where we have gaps in the evidence on the impact of

interventions on specific outcomes (Figure 3) but identifying where

significant trade-offs between outcomes can arise from interventions

is key in the context of analyzing the food system and its interactions

(Fuso Nerini et al., 2018; Kroll et al., 2019). For example, the lack

of research on fruits, vegetables, and more nutritious grains such

as millet and sorghum (Figure 3), as well as accompanying post-

harvest storage to ensure safety and reduce loss, is a gap in our

understanding relevant not only to improving diets and addressing

micro-nutrient deficiencies, but to gender and inclusivity, given the

high rates of female participation in horticultural and post-harvest

activities (Kennedy et al., 2017; Nordhagen, 2021).

There is too little data being reported in agrifood systems

literature about study populations, and the impacts and uptake

of innovations across small-scale farmers and their communities.

Better identification of relevant characteristics of the people and

Frontiers in Sustainable FoodSystems 07 frontiersin.org
114

https://doi.org/10.3389/fsufs.2022.1013701
https://www.cabdirect.org/help/about-cabicodes.html
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Porciello et al. 10.3389/fsufs.2022.1013701

FIGURE 3

A country-level look at research production across specific crops.

TABLE 2 Crops per category.

Maize Rice Wheat Fruits and
vegetables

Roots, tubers, and
bananas

Livestock

Maize (all variations, e.g.,

flint maize)FAO

Cereal/Maize

Sweet Corn

Zea mays

Rice (all variations, e.g.,

wetland rice)

Cereal/Rice

Oyrza (all variations)

Wheat (all variations,

e.g., winter wheat)

Cereal/Wheat

Triticum (all

variations)

More than 100

individual fruit and

vegetable crops were

searched. The full list is

included in the

appendix.

Banana (all variations, including

cooking banana)

Cassava

Yuca

Yam

Sweet potato

Potato (all variations)

Turnip

Taro

Rutabaga

Cattle

Swine/Pigs

Poultry (e.g., chickens)

Domesticated

Buffalo

Sheep

Goat

Yak

Zebu

Horse

Camel
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FIGURE 4

Study design and research topic areas.

communities involved in agricultural activities is essential to

understanding the outcomes of interventions and the interactions

that arise across different outcomes. Part of the issue is the extremely

ambiguous descriptions of farmers and agricultural workers. These

descriptions rarely include contextual clues about the type or size of

farm they work on. Similar gaps were reported in another evidence

analysis, which found that only 2–3% of studies across a portfolio

of scoping reviews reported on the conditions and interventions of

farmers in low- and middle-income countries (Nature, 2020b). Given

that the emphasis of SDG 2 focuses on the conditions of poor farmers

in low- and middle-income countries, high-impact, applied research

to identify and report on successful programs across all outcomes in

low- and middle-income countries is urgent.

Equally important for future of research is the capture of

social equity and sociodemographic details that could underscore

how barriers are systematic for some communities and not for

others. Socioeconomic status, race, class, and gender can create

interdependent systems of discrimination that reinforce the exclusion

of some groups—particularly, but not only, women—from the

benefits of certain programs and innovations. The ability to look

at social factors as a system is essential to avoid tendencies to

overgeneralize and assign certain characteristics to entire groups,

such as elderly, youth or women (Sumberg and Hunt, 2019).

A recent scoping review focused on digital agriculture identified

that fewer than 30% of all studies reported socioeconomic and

demographic data (Porciello et al., 2022). This shortcoming is of

particular concern in the context of assessing multiple and potentially

interacting outcomes from agricultural research. In a 2020 review

of literature on factors influencing the adoption of sustainable

agriculture, farmer characteristics—including asset levels, experience

and risk preferences—were a key factor in explaining farmers’

behavior, particularly where there were potential trade-offs between

environmental and economic outcomes (Piñeiro et al., 2020). In

discussing the reasons for the lack of progress in transforming small-

scale agriculture, Woodhill et al. (2020) cite a lack of understanding

of the diversity of characteristics and contexts of small-scale farmers

is reported as a major factor. Here, again, the issue of multiple

and potentially competing outcomes from agricultural change was

important. As we look toward the future of research prioritization,

equity outcomes need to become more pronounced (Davis et al.,

2022; Laderchi et al., 2022).

In this respect agricultural and food systems studies fall well

behind other disciplines, such as medicine and health. Coordinating

bodies in health and medicine, such as Cochrane draft guidance and

minimum standards for synthesis conduct, develop methodologies

and training capacity, and commission and publish high-quality

reviews. The absence of such coordination and synthesis in

agricultural sciences has contributed to the evidence gaps mapped in

this study. These gaps should no longer be ignored. Simply focusing

on expanding the literature in one of the relatively under-researched

areas will not address the yawning gap of evidence on the interactions

that occur across various outcomes with interventions into any one

piece of the system. Assessing progress on the myriad of impacts of

what, where, when and why are often commissioned individually by
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donors with little opportunities for coordination. Moreover, despite

the existence of gaps in data collection, such as the absence of

sociodemographic data about farmers that we have highlighted above,

the lack of an organizing body means that there currently exists

no group to champion for long-term change in research practices,

methodologies for synthesis conduct, and data collection.

The aim of this study is to uncover relevant insights across

primary studies and used only summary title, abstract and other

available metadata. However, what authors choose to emphasize in

the title, abstract and other summary data is influenced by various

editorial decisions between themselves and the journals publishing

the materials. For instance, some journals may ask authors to refrain

from mentioning too many details in the abstract, such as the user

population of study, countries of focus, or specific plants. Access to

the full text is needed to evaluate the claims made in the summary

data, such as whether the interventions and outcomes recognized

in the abstract are substantially supported with high-quality data in

the study (Garbaro et al., 2020; Porciello and Ivanina, 2021; Porciello

et al., 2022).

Evidence from the Covid-19 Open Research Dataset (CORD-

19) demonstrates the value obtaining copyright and permissions

clearance from commercial publishers to support text mining and

NLP research on scientific papers. CORD-19 is an open access

collection of more than one million scientific papers published

between March 13, 2020–June 2, 2022 related to coronavirus with

the full-text available for text-mining of nearly 370K papers (Wang

et al., 2020). The opportunity to read and rapidly discover insights

from primary scientific research during Covid-19 is useful to all

scientists and policy-makers, and CORD-19 computational tools for

text-mining delivered additional, rapid insight on internationally

collaborative work, and the contributions of funders, countries,

institutions, and fields throughout the pandemic (Wagner et al.,

2022).

A demand-driven approach to obtaining access to critical

research is relevant for the agrifood community considering the

current, global food crisis (Laborde and Glover, 2022). For instance,

recent research of over 1.2 million children in 44 low-and middle-

income countries suggests that experiencing the current crisis of

food inflation increases both the risks of stunting and wasting in

children under 5, including infants, as well as decreased diet quality

for older children (Headey and Ruel, 2022). Greater visibility of

critical agrifood research, complemented with computation tools to

extract and classify “what works” and major gaps in the evidence

base is urgently needed to help policymakers implement relevant

policies that may mitigate disastrous consequences, especially for

vulnerable populations.

5. Conclusion

Using machine-learning to analyze and quantify data gaps in

agricultural research allows for greater understanding of the degree to

which data and analyses are capturing systematic interactions. These

approaches are current unavailable through other means, including

expensive subscription databases. This approach to define important

concepts like interventions can be especially useful in disciplines like

agriculture and food systems, where well-coordinated, standardized

evidence synthesis is lacking. Machine learning approaches enable

us to perform close readings of a large, representative dataset and

provide descriptive details that can be used to inform research

agendas and prioritization. Studies like this are necessarily limited

in the observations and analysis based on what we can glean from

summary data, given that full-text analysis of more than one million

papers requires extensive processing time. In this study, the capture

mentions of interventions and their outcomes presents a useful

“birds-eye view” for future interrogations of the data, but both

access and additional evaluation of the underlying studies is needed

to support whether the identified interventions and outcomes are

consistent with the findings of each study. Still, such approaches

allow opportunities to track research over time to create a global

monitoring and evaluation framework.
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Innovation pathways can be defined as a sequence of innovation, going to scale,

and implementation at sustainable scale, where innovation is a new product,

service or systems change not previously introduced in a specific context. They

can take the form of new products or services, institutions, or systems change.

Such pathways can play a lead role in transforming agri-food systems in low- and

middle-income countries. To get us to our global goals, these pathways have to

lead to impact at a scale that matches the size of the challenge. Unfortunately,

while there are many proposals in the published and gray literature for integrated,

transformative approaches to innovation pathways, few have yet either gone to

scale or been implemented sustainably at large scale. Here we assess whether

there is evidence to support these proposals about how agricultural innovation

pathways should be pursued. In this paper we identify from the literature and

case studies 10 potentially key factors for advancing scaling along the innovation

pathway: participation, inclusion, leadership, iteration, adaptation, the specific

attributes of innovation design, funding models, implementation models, systems

change, and partnerships. We test these factors against a collection of innovation

and scaling case studies from Bangladesh, Brazil, India, Kenya, Senegal, Uganda,

and Zambia.While the cases are somewhat limited in their quantitativemeasures of

successful implementation at scale, the qualitative evidence presented in the cases

confirms both the general importance of these factors in action and that their

importance varies depending on the innovation and context. While confirmation

of the importance of these factors is not surprising in itself, we also demonstrate

their specific design and implementation (or absence) in di�erent contexts, how

each element contributes to success at large scale, and actionable examples to

be applied in practice. The paper concludes that integrating these factors will

likely require changes to traditional approaches to development, innovation and

scaling in agri-food systems. Specifically advancing along an innovation pathway

to large scale will require a commitment of greater resources over longer time

horizons. In the absence of greater overall resources, this implies focusing on

fewer innovations at each phase and a greater appetite for risk and failure in

individual cases, suggesting adoption of a portfolio rather than a project approach

in evaluating success. This may lead to more unsuccessful individual e�orts, but

those will be o�set by a few transformative successes which will change the lives

of hundreds of millions, if not billions.

KEYWORDS

innovation pathways, scaling, sustainable agricultural intensification, systems change,

scaling up, case studies, agricultural innovation, bundling
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1. Introduction

Innovation pathways are composed of a sequence of activities

that start with basic innovations, continue with efforts to go

to scale, and end with sustainable impact at large scale (see

Figure 1 below).1 Innovations are a new product, service or

systems change not previously introduced in a specific context.2

In recent years, however, the agri-food systems literature has seen

mounting discussion on the poor performance of innovations

in achieving their potential impact at scale, and sustainable

agricultural intensification (SAI) in particular. This suggests that

the study of what drives success, and failure, of innovations to

advance along an innovation pathway is particularly timely.

While it is widely recognized that the innovation and

particularly scaling parts of innovation pathways are flawed, diverse

authors use different language to describe both the problem and the

solutions. They may locate the problem in the innovation process

itself, scaling, the way those two are sequenced and integrated, or

how important aspects that contribute to success are missing or

inadequate, e.g., the role of systems change or participation. Their

proposed solutions are often similar in substance but presented

in different terms: sustainable systems change at scale (Woltering

et al., 2019); adaptive scaling (Minh et al., 2021); scaling principles

(Kohl and Linn, 2021); sustainable intensification (Pretty et al.,

2011); end-to-end innovation (Koerner and Duda, 2021); scaling

science (Shilombenia et al., 2019); bundling innovations (Barrett

et al., 2020); agro-ecology; agricultural innovation systems; social-

ecological systems; or political ecology (all covered in Foran et al.,

2014).

There are three reasons why this discussion is happening

so broadly right now. First and foremost, there is a consensus

that innovation can play a lead role in transforming agri-food

systems in low- and middle-income countries (see, for example,

World Bank, 2019; Butler, 2021; Khan et al., 2021). Secondly, this

belief has been accompanied by significantly increased investments

in agri-food innovations following the food crisis of 2007–2008.

These investments has been heavily influenced by the increased

prominence of the technology sector in the global economy overall.

There has been a particular focus on technology innovations as a

way of circumventing the resource, institutional and governance

challenges that have made achieving large-scale impact in low-

resource settings challenging.

1 It is common in the literature to see innovation and scaling as

anywhere from a three to six phase process. For example, the International

Development Innovation Alliance (IDIA), a consortium of international

development funders, uses six: (i) Ideation; (ii) Research and Development;

(iii) Proof of Concept; (iv) Transition to Scale; (v) Scaling; and (vi) Sustainable

Scale. For the purposes of this article, three phases su�ce; our Innovation

phase contains IDIA phases 1–3, Going to Scale contains IDIA phases 4 and

5, and Sustainable Implementation is equivalent to the IDIA phase 6. See

International Development Innovation Alliance (IDIA) (2017).

2 This definition of innovation is also taken from the International

Development Innovation Alliance (IDIA), which defines innovation as “a

solution new to a given context with the transformative ability to increase

impact”. See International Development Innovation Alliance (IDIA).

Lastly, it is generally acknowledged that if the current rate of

progress toward the Sustainable Development Goals—particularly

those that relate to agriculture, nutrition and food security—

continues, those goals will not be met in most lower-income

countries (see FAO, 2021). The same is true for addressing and

reducing agri-food systems’ contribution to climate change and

achieving the Paris Agreement’s objectives. This has created a global

sense of urgency and recognition that existing approaches are not

working. Given that vastly increased resources are not likely to be

forthcoming to fill the gap, better approaches to innovation and

scaling are needed that achieve much greater impact with existing

resources. This implies either greater efficiency and effectiveness in

the innovation and scaling process itself, or achieving economies

of scale at scale. These are among several issues we address in

this paper.

1.1. A new consensus on scaling
innovations

The numerous reforms that authors have proposed in response

have several claims in common:

• For innovation to be meaningful it should lead to sustainable

change at large scale. Large scale needs to be defined

relative to the size of the problem or the denominator:

millions reached, while important for those people, is

irrelevant if the problem affects and SDG goals involvebillions

of people.

• This needs to occur through a combination of scaling of

technological innovations in products or services and systems

changes and institutional innovations. It is a rare case where

scaling of an innovation occurs without systems change.

At best, when scaling is defined in its narrowest sense of

getting more end users to adopt an innovation, the innovation

is likely to be limited impact in terms of sustainability

or addressing other issues besides productivity and food

security, such as nutrition, health, income inequality, gender

equity, and environmental sustainability. It may also have

unintended negative consequences, especially if complexity

is ignored.

• The need for systems changes and institutional innovations,

either as stand-alone changes, or as accompanying traditional

innovations in products and services, implies that the

traditional diffusion of innovation pathway and success

criteria, e.g., innovative adopters, early adopters, early

majority, etc. is only relevant to some types of innovations

and innovation pathways. More importantly, the diffusion of

innovation approach doesn’t take into account the need for

systems change, the role of context or differences between

scaling of tangible vs. intangible (components of) innovations

e.g., products vs. behavior change. If anything by focusing on

the number of adopters encourages neglect of both the need

for systems change and the need to put in place institutional,

individual behavioral and changes in community and social

norms. These can be invaluable for large scale impact on their

own or so as to facilitate spontaneous growth in the number
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FIGURE 1

Three phase approach to scaling.

of adopters of products and services as well as sustainability.

It also neglects necessary tradeoffs between numbers, impact,

sustainability, equity and other factors like participation (e.g.,

LaMorte, 2022).

• Rather than scale in the narrow sense of numbers of adopters,

the goal needs to be optimal scale to sustain systems change,

recognizing that there are necessary trade-offs between multi-

dimensional impact, scale, sustainability and equity.

• Last and most importantly, the innovation process itself needs

to integrate considerations of scaling, systems change and

institutional innovation. From the very start of the pathway,

innovation processes need to “treat scaling as a systemic

change process” (Minh et al., 2021).

An implication of the consensus is that the development of an

innovation needs to start with analyzing systems, clearly identifying

the problem(s) to be addressed and setting a vision and clear

goals as to what sustainable large-scale change might look like,

especially in terms of resources and implementation or delivery

capacity (Hubeau et al., 2017; Klerkx and Begemann, 2020). The

various phases of problem definition, innovation, scaling and

institutionalization need to be both adaptive and iterative and

participatory and inclusive so as to be effective in achieving impact,

responding to demand and local circumstances, and accomplishing

the necessary local buy-in and ownership (Table 1).

This requires specific kinds of leadership, well-resourced

intermediary actors who facilitate scaling—i.e., helping innovations

cross the “valley of death” between pilots and proof-of-concept

and institutionalization, champions, and some form of multi-

stakeholder consultative process. At the same time, it is necessary to

recognize that increased attention to complexity, systems change,

participation and equity can greatly increase the time, effort and

resources required to do all of this and needs to find a reasonable

balance (see Seelos, 2020; Kohl and Linn, 2021; Seelos et al., 2021;

Starr, 2021).

2. Materials and methods

Unfortunately, few proposals for an integrated broad, inclusive,

transformative systemic approach have actually been implemented

at large scale. They have certainly not been tested with multiple

types of innovations in different contexts. Even if such applied

research is under way, scaling and systems change is commonly

acknowledged to take 10–15 years. It is still too early to assess

whether (or under what circumstances) such research can shed light

on the claims and methodologies.

We have taken at least a first step in terms of assessing whether

there is evidence to support proposals about how agricultural

innovation pathways should be pursued, andwhat those hypotheses

look like beyond high-level generalizations. We started by looking

at the recent literature that proposes principles and approaches to

achieving large-scale SAI in agri-food systems. While most of these

sources propose comprehensive approaches, we disaggregated

these into individual components and drew out six testable

hypotheses (Table 2):

1. Innovation pathways must be participatory and inclusive.

2. Leaders, intermediaries and champions are key to innovation

pathways.3

3. Innovation pathways should be iterative, adaptive and flexible.

4. Innovations should have characteristics that facilitate progress

along innovation pathways and achieving large-scale SAI.

5. Innovations must be packaged with viable funding and

implementation models and bundled with systems change.4

6. Partnerships are critical for innovation, scaling and

systems change.

While some of these hypotheses are not new, this study and

the underlying case studies upon which it draws, adds value

by describing how these principles were, or were not, applied

in practice, and what the consequences were. This institutional

detail will provide the reader with some examples to follow in

implementing these principles, should they so choose.

We then looked to case studies of innovation pathways,

trajectories, scaling and other attempts at achieving large-scale SAI

(Table 3). Our first source of cases was three country studies—from

Brazil (Chiodi Bachion et al., 2022), India (Khandelwal et al., 2022)

and Kenya (Mati et al., 2022)—commissioned by the Commission

on Sustainable Agriculture Intensification (CoSAI), each of which

contained three to four individual cases. All of these cases were

3 These are defined under Hypothesis 2 in Results. Intermediaries fulfill

brokering and scaling roles where innovators might lack the skills, capacity,

resources, motivation or incentives. Champions are people in a position to

influence the behavior of others in the relevant sphere.

4 Packaging and bundling are defined under Hypothesis 5. These are used,

with overlapping meanings, in referring to elements of an innovation beyond

a single core technology or institutional characteristic. We use packaging

to refer to funding and implementation models and bundling to refer to

systems change. Other literature may use the same words for combinations

of technical innovations, which is not the intended meaning in this paper.
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TABLE 1 Changes needed in three phases of innovation pathways to improve outcomes.

Innovation process itself Going to scale Sustainable implementation at scale

• Integrate scale and systems change into the

innovation process itself

• Accompanied by systems change to allow for

sustainability and maximize impact

• Must reach LARGE scale, signifincan share of

the problem

• Start with defining large scale goals and a

scaling strategy

• Recognize that scaling is a dynamic and

emergent process

• Make trade-offis between impact, scale,

sustainability & equity i.e. optimal scale

• Leadership and champions are essential in all three phases

• Partnerships are important in all three phases, and importance increases from Phase I to II to III

• Participation, Inclusion and creating local buyin and ownership is necessary in all three phases

• Expect that scaling is a funnel, with a steadily decreasing percentage of innovations achieving Phase III. Requires greater tolerance for risk in innovation; higher

risk should yield higher returns on aggregate in terms of scale

• Analyze with systems at large scale, align

with constraints

• Follows an adaptive, iterative, participatory and

inclusive strategy

• Achieve economies of scale

• Align with known criteria that facilitate scaling

and sustainability

• Is inherently political, requires achieving buy-in

and ownership

• Sustainabiliy involves financing and other resources,

implementation capacity, and political

• Intermediaries are necessary with scaling-specific

skills and resources

• Sustainable financing implies a viable business

model or funding aligned with fiscal resources

identified by the study authors based on several criteria developed

by COSIA, perhaps which the most important that there was clear

evidence of ongoing adoption and utilization of innovations at

large scale, i.e., sustainability. These case studies have strengths

and weaknesses: they provide valuable insights and detailed stories

and examples of how these factors apply to innovation pathways.

While the study authors did attempt to assess the role of local

context and conditions, since all of these cases only occurred in

one country, this does not allow for any conclusions about cross-

country (or context) replicability of the approaches used (in one

of the Brazilian cases, the approach was scaled up to both other

sub-sectors in agriculture and to other Latin American countries).

That said, the study authors all did comment that relatively strong

public sector capacity did likely play an important role in Brazil

and India, and strength of Kenya’s agricultural market systems and

institutions, at least as compared to the rest of East Africa, were

similarly important.

At the same time, they are largely qualitative in nature. The

quantitative data they contain on issues like costs, unit costs, impact

on productivity or other outcomes, the scale reached and how that

compares with potential scale, is often missing or at best uneven.5

Even guestimates of scale reached would suggest that in terms of

direct participants, it is likely that in none of these cases did the

innovation reach a scale of more than 15% of total potential, and in

most cases probably <5%. As in traditional diffusion of innovation

frameworks “innovators” are the first 2.5% of adopters, and “early

adopters” are the next 13.5%, these innovations at the very best

all innovators and early adopters, let alone an early majority.

However such figures can be misleading; the lack of accurate

5 This is explained by the fact that these studies deliberately looked at

scaling through public or private pathways but not development projects

funded by international donors; the latter often do much more extensive

monitoring and evaluation than the public sector. Private data is often

proprietary and either completely unavailable to researchers as well as, in

many cases, require gathering it frommultiple enterprises, e.g., solar irrigation

pumps in Kenya.

data is further complicated by the fact that potential adopters

who did not themselves participate in the program may have

benefited because they learned from the example of their neighbor.6

Measuring scale is particularly challenging when an innovation has

multiple components; neighbors may have adopted some parts of

an innovation package but not others. A similar question arise for

both direct and indirect adopters regarding sustainability; for how

many years or seasons must an adopter continue to practice or

implement an innovation for it be counted as “adopted”? In the

absence of truly thorough, ongoing evaluations, we have no way

of knowing the extent of spontaneous or indirect adoption and

scaling, whether the whole package or individual components are

adopted, and for what period.7

Our second source was a set of five case studies commissioned

by the United States Agency for International Development

(USAID) Bureau of Resilience and Food Security, similarly seeking

to identify drivers of successful scaling of agricultural innovations

(Foy and Wafula, 2016; Kohl, 2016a,b,c; Foy, 2017). Because these

6 For example, theOne Land and TwoWatersmodel in Brazil was replicated

by municipal governments, but those figures were never counted in national

totals.

7 For example, Balde Cheio in Brazil assisted dairy farmers in improving

production. It contained six categories of intervention: fodder production;

production systems; farm management; genetics; agronomics; and

administration issues. Each category in turn contained multiple activities

and options. There are roughly one million dairy farms in Brazil. Balde Cheio

began in 2003 and continues to this day, working in 21 of Brazil’s 26 states. In

any given year the program was working with between 500 and over 4,000

farmers, with 3–4,000 in the peak years of 2009–2013 and 1,626 farms in

2020, the most recent year for which data is available. As the annual totals

include farms from previous and future years, there is no accurate estimate

in the study of the total number of farmers reached; a generous guestimate

would put the total number of farmers participating at a maximum of 40,000,

or four percent of the total dairy farms. However if 3–4–5 or more farms

learned from participants, the impact could have a�ected 12%−20% of dairy

farms or more.
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TABLE 2 Hypotheses considered and tested.

Hypothesis Evidence
available from
cases

Evidence
supports/
contradicts

Decision

Innovation should follow a planned, explicit, well-thought-out and deliberate process

based on identification of the problem (mission driven), a solution and a clear theory of

change

No Not Relevant Not assessed

Innovation pathways should begin with the end in mind Some Unclear Not assessed

Innovation pathways should specify what is being scaled or effecting systems change, a

vision of scale/impact, and a clear strategy and pathway to achieve them

Little Unclear Not assessed

Innovation pathways must be participatory and inclusive from the beginning, especially of

end users, in terms of co-creation of innovations and/or systems changes, and identifying a

vision and goals for large-scale change

Yes Supports Assessed (#1)

Leaders, intermediaries and champions are critical to successfully achieving sustainable

impact at large scale

Some Supports Assessed (#2)

Innovation pathways should be iterative, adaptive and flexible using rapid testing and

failing fast apply a cycle of experimentation, learning and strategic adjustments

Yes Supports Assessed (#3)

Innovations should have characteristics aligned with criteria that facilitate scalability,

especially the needs, context and constraints faced by end users

Yes Supports Assessed (#4)

Institutional and individual incentives of all stakeholders, from end users to private value

chain actors and the public sector,must be aligned with innovation and scaling goals

Some Supports Not assessed

Viable financial and/or business models and implementation mechanisms are necessary;

product and service innovations need to be packaged with financing and delivery

mechanisms.Who will play key roles of Payer and Doer (operationalizing or

implementing) needs to be specified

Yes Supports Combined into

one hypothesis (#5)

Innovations must be bundled with analysis and changes in markets, value chains and

policy enabling environment institutions and systems

Yes Supports

Analyze systems taking into account complexity and unintended consequences. Identify

systemic opportunities, constraints and risks; plan to align with them or address them

through system change along the scaling pathway

Some Supports

Partnerships are critical to innovation pathways, both for innovation, systems change and

scaling; bringing multiple perspectives to the table; mobilizing resources beyond those of

one actor; and aligning incentives and political support

Yes Supports Assessed (#6)

Social capital needs to be leveraged and/or created where necessary e.g., farmers’

organizations, women’s organizations

Yes Supports Not assessed

Diverse types of evidence are necessary for successful scaling and innovation well beyond

standard proof of concept or proof of impact

Some Mixed Not assessed

Innovation and scaling affect, and are affected, by considerations of power, equity and

other ethics. These should be considered in addition to impact on goals like productivity,

income and food security

No Not Relevant Not assessed

studies cover only one innovation or group of related innovateons

and interventions, were both of USAID projects and financed

by USAID projects, they have much greater depth. Nonetheless,

even though the initial intention was to include in these studies

estimates of scale achieved, how that compared to normal diffusion

of innovation curves, and what that implied for tipping points, they

were not able to achieve that goal. The USAID projects themselves,

despite a huge investment in monitoring and evaluation, did not

collect the necessary data to provide even rough estimates of scale

and tipping points. For the sake of brevity, for each hypothesis

tested below, we give examples from only those cases which seem

to be have the most significant evidence.

Our chosen case studies are not examples of perfect success in

taking innovation pathways to scale. While some have reached 5

or 10% of potential users, others have only scaled to much smaller

levels. Nonetheless all reached or affected thousands of people or

farms and in many cases this was in the tens or hundreds of

thousands. Indeed, an important finding of our review is that most

scaling efforts lack either a vision or measure of success,8 rather

they have tended to make it up as they go along, with reaching

“more” people in places being the operative phrase in those cases

where there were deliberate scaling efforts and strategies. While

the majority of cases had scaling strategies in some operational

sense, most were not based on any explicit set of principles, factors

or a strategic approach in advancing innovations along scaling

pathways (the Bangladesh and Senegal USAID cases did embody

such factors). Despite these considerations, we believe that the

8 In none of the CoSAI studies and only two of the five USAID studies

did the scaling e�orts have explicit vision or goals for success; the Brazilian

government did consider the three public sector cases as successes though

it is not clear what the criteria for that assessment was.
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TABLE 3 Summary of cases.

Case Innovating organization Innovation package type and
description

Balde Cheio—Full Bucket Brazil 1998– Brazil Agricultural Research Corporation (Embrapa) Innovative extension approach. Farmer-oriented

innovation program with an experimental and

incremental approach to improve dairy productivity

by training local rural extension technicians, using

farms as schools

One Land TwoWaters (P1+2) Brazil 2007– Articulation in the Semiarid Region (ASA), One

Million Cisterns (AP1MC), Ministry of Social

Development

Technology, social capital. Improved water access

through harvesting and storage for farming

Integrated Livestock, Crops and Forestry Brazil 2008– Embrapa, ILPF Network Integrated technology. An integrated approach for

livestock and crop production (ILP), in some cases

also adding forests (ILPF)

Aqua Digital Irrigation Monitoring System Brazil

2014–

Agrosmart Technology, extension. Digital monitoring irrigation

system with a platform to support farmer decisions

Andhra Pradesh Natural Farming India 2016– Rythu Sadhikara Samstha (RySS) (farmers’

empowerment association)

Integrated technology. Distributed innovation to

decrease or eliminate agrochemical use and adopt zero

budget natural farming

Safe Harvest India 2009– Safe Harvest (triple bottom line private company) Production, market links. A farm-to-kitchen model

for certified pesticide-free food, supporting farmers

Trustea India 2013– Consortium of private tea processors and sellers with

support from NGOs

Production, standards, market links. Verifiable

standards for sustainable tea production, along with

extension and capacity support for farmers

Water Harvesting Kenya 2009– External innovation promoted by NGOs and county

governments

Technology.Water storage ponds for irrigation

Solar Powered Irrigation Kenya 2005–2021 External innovation with multiple private sector

variations

Technology, finance. Solar powered pumps and

panels, sometimes combined in kits, and some

innovative financing.

Upper Tana–Nairobi Water Fund Kenya 2012–2020 Multistakeholder: county governments, private sector,

NGOs (Nature Conservancy)

Technology, finance. Partnership and coordination

mechanism between water and land users to promote

water conservation and management through blended

financing

Sahel Rice Senegal 2009–2015 AfricaRice, Projet Croissance Economique (PCE) Technology. Interventions to realize the production

potential of improved varieties of rice that were first

introduced and scaled in the 1990s

Purdue Improved Crop Storage Bags Kenya

2013–2018

Purdue University Technology. Large hermetically sealed bags for

post-harvest storage to reduce losses due to moisture,

mold and rot

Kuroiler Chickens Uganda 2010–2017 Arizona State University, Ugandan National Animal

Genetic Resource Center

Technology. A hybrid chicken breed introduced from

India, with much higher meat and egg production in a

shorter time period than local chickens

Drought Tolerant Maize for Africa/Hybrid Maize

Zambia 2006–2015

International Maize and Wheat Improvement Center

(CIMMYT), International Institute of Tropical

Agriculture (IITA), African national research agencies

Technology. Over 200 hybrid and open pollinated

maize varieties that are able to tolerate some drought

conditions during certain periods of the growing

season

Mechanization Initiative Bangladesh 2013–2018 iDE, CIMMYT, IRI; scaling by CIMMYT’s Cereal

Systems Initiative for South Asia (CSISA) in

partnership with private machinery

producers/importers

Technology. Innovations to improve rice production

or allow for greater uptake of maize and wheat

production through irrigation and cost, time and labor

savings: a reaper, improved irrigation pump,

planter/tiller attachment for two-wheeled tractors and

a bed planter, which improved on existing machinery

or replaced hand labor

progress and scale achieved, as well as the problems observed,

combined to yield important insights and provide sufficient

support for the conclusions drawn to be considered seriously.

The principles by which innovation pathways should be

followed and connected with systems change—even those widely

assumed to be important and promoted at length—are still rarely

deployed to an adequate extent in any conscious, explicit or

strategic sense at that was true in these cases as well, with the

noted exceptions of Bangladesh and Senegal. Similarly, there is little

empirical evidence on whether these fatores are in fact applicable

to scaling of innovations in different contexts. Certainly factors like

the relatively strong state capacity, leadership and fiscal resources
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in India and Brazil is less present in low-income countries in Sub-

Saharan Africa or elsewhere, and that was noted in those studies.

The testing of hypotheses in this paper is only a first step in filling

those gaps and projects and action research to test the replicability

of these factors in different contexts, or when explicitly serving as

the basis for innovation and scaling strategy, is sorely needed.

Notwithstanding all of these caveats, the case study analysis

strongly suggests that the six hypotheses are indeed important to

innovations moving successfully along innovation pathways and

achieving large-scale SAI. While this is not surprising in itself,

our intention below is to investigate their specific design and

implementation (or absence) in the cases, providing examples and

counter-examples of practice that contribute to success, to derive

more useful conclusions about how each element contributes.

3. Results

3.1. Support to Hypothesis 1: Innovation
pathways must be participatory and
inclusive

Participatory agricultural research, and more broadly

participatory rural development, have a literature going back to at

least the early 1980s. In each decade since, a review of the literature

reveals advocates calling for greater participation by end users

in agricultural research for normative, ethical and instrumental

reasons. Focusing on participation as a means to other ends,

advocates argue that local stakeholders need to be incorporated

because they have a better understanding of local needs, demands,

contexts, conditions and existing practices, especially when natural

resource management is at issue. At the same time, participation

can be time-consuming, costly, and opposed by technical experts.

While widely acknowledged by leading funders of development

as important, the extent to which this is empirically true, how

it is practiced in scaling in particular, and the extent to which it

actually makes a difference in ultimate outcomes, is still the subject

of debate.

Application of participation to agricultural innovation

pathways has at a minimum meant that farmers are consulted in

the innovation process, and more and more are part of learning

alliances and the identification and/or co-creation of promising

innovations and their testing.9 They also participate in analysis

of the larger systems as the foundation for subsequent decisions

about what is to be scaled or about systems changes.

Participation in innovation and scaling can vary widely from

consultation to being informed to having real power in the design

of innovations and scaling strategies, as well the implementation

of those strategies. This variety was very much present in the

cases reviewed for this study. The extent to which our cases

seemed to support or contradict this hypothesis, alongside the other

hypotheses to follow, is illustrated in Table 4.

9 SeeWorld Bank (2012, p. 440): “Considerable progress has been achieved

in giving farmers access to innovation resources and in building their

capacity.” This publication also emphasizes the growing role of innovation

funds available to local farmers or farmer organizations.

P1 + 2 (Brazil) (Chiodi Bachion et al., 2022) was the most

participatory of the Brazilian public sector pathway cases, a social

technology program driven by the mobilization and organization

of family farmers, rural communities, the social movement ASA10

and other civil society actors. Its express goal was “democratizing,

accessing and building technological solutions that advance social

inclusion”. Chiodi Bachion et al. (2022) characterize the choice

of technologies as a “bottom-up innovation process” that started

with a number of technologies and the knowledge of local people

that were then assessed and selectively chosen by public sector

technicians based on their costs, longevity and benefits. The

process was at least action-oriented for individual farmers, and

social organizations had a clear say in decision making. Social

mobilization and collective training were key parts of scaling. As a

result of inclusion, innovations were highly relevant to the specific

needs of people living in the semiarid region, especially increasing

their resilience to food insecurity and climate change. Similarly,

because of the participatory training, families understood the

importance of maintaining cisterns for food security and income

generation, so sustainability was a hallmark of the program.

Aqua Digital Monitoring Irrigation System (Brazil) (Chiodi

Bachion et al., 2022) saw the start-up Agrosmart include early

adopters—mostly large farmers—in the initial demonstration of

results and subsequent adjustments. These participants conducted

pilot tests and provided feedback to improve themonitoring system

and its usability. In scaling up, Agrosmart retained an unofficial

committee of test customers for each of their products and kept

weekly contact with these farmers, who were rewarded with the

opportunity to customize the service to their needs. As a result,

Agrosmart’s products were aligned with the specific needs and

requirements of its customers.

Andhra Pradesh Natural Farming (India) (Khandelwal

et al., 2022) combined technological chemical-free practices and

traditional methods for increasing productivity and resilience

with social technologies such as community mobilization and

empowerment. For this the program used a distributed innovation

approach in which “farmers become experimenters and innovators

to find solutions suitable to their context” (Khandelwal et al.,

2022) and a farmer-to-farmer extension model to diffuse and

scale the innovations to more farmers. It was successful in

lowering input quantities and therefore costs, and had clear

environmental benefits. The combination of a farmer-driven design

and the inclusive farmer-to-farmer diffusion approach increased

the willingness of farmers to try the innovation, allowed for scaling

to farmers not directly participating in training, vastly increasing

its coverage.

Sahel Rice (Senegal) (Kohl, 2016c) featured the greatest

involvement of end users among the five USAID cases.

All of the implementation was done working closely with

farmers’ organizations, in this case irrigation user groups. The

development of institutional innovations such as an innovative

financing mechanism was done in close consultation with

10 ASA was a full partner in goals, strategies and large-scale

implementation. ASA is a network of more than 3,000 di�erent types of civil

society organizations, such as rural workers’ unions, farmers’ associations,

cooperatives and NGOs.
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TABLE 4 Support to hypotheses 1–6.

Case Support to hypothesis

1 2 3 4 5-P 5-B 6

Balde Cheio, Brazil Some support Strong support Strong support Some support Unclear support Unclear support Strong support

P1+2, Brazil Strong support Some support Some support Some support Strong support Some support Strong support

ILPF, Brazil Some support Some support Strong support Some support Counter-example Strong support Some support

Aqua Digital Monitoring Irrigation System,

Brazil

Strong support Some support Some support Some support Strong support Unclear support Unclear support

Andhra Pradesh Natural Farming, India Strong support Strong support Strong support Strong support Some support Unclear support Some support

Safe Harvest, India Some support Some support No significant evidence Some support Some support Unclear support Some support

Trustea, India Contradicts Some support No significant evidence Some support Some support Unclear support Strong support

Water Harvesting, Kenya Some support Unclear support No significant evidence Strong support Counter-example Unclear support Some support

Solar Powered Irrigation, Kenya No significant evidence Unclear support Some support Strong support Some support Unclear support Unclear support

Upper Tana–Nairobi Water Fund, Kenya Some support Some support Some support No significant

evidence

Strong support Unclear support Strong support

Sahel Rice, Senegal Strong support Strong support Strong support Some support Strong support Strong support Strong support

PICS Bags, Kenya No significant evidence Unclear support No significant evidence Strong support Contradicts Contradicts No significant evidence

Kuroiler Chickens, Uganda Counter-example Strong support Counter-example Some support Counter-example Unclear support Strong support

Drought Tolerant Maize for Africa/Hybrid

Maize, Zambia

No significant evidence Counter-example No significant evidence Counter-example Strong support Strong support Strong support

Mechanization Initiative, Bangladesh Counter-example Some support Strong support Strong support Strong support Unclear support Strong support

Hypothesis 5 is divided into sub-hypotheses on packaging (5-P) and bundling (5-B).
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farmers, rice millers, wholesale buyers and financial institutions.

Farmers’ organizations themselves also played the role of social

entrepreneurs, developing and implementing solutions to

obstacles, with USAID support and facilitation, within the rice

value chain as they arose. The results of this inclusive approach was

to ensure local ownership and particularly financial sustainability

once donor investments ended, and to catalyze a virtuous spiral of

farmers’ organizations systematically addressing new challenges as

scale increased.

Kuroiler Chickens (Uganda) is one telling counter-example

where farmers were not involved to any degree in the initial

selection and testing of technical innovations. According to Foy

(2017) this proved problematic as changing from domestic breeds

to Kuroilers required poultry farmers to adopt new chicken-rearing

practices. At least initially, many farmers were either ignorant or

misunderstood the changes required, or couldn’t afford them; as a

result some early adopters suffered heavy or complete losses. For

example, farmers bred Kuroilers with domestic chickens, as they

always had, yet as F1 hybrids the characteristics quickly disappeared

in subsequent generations. In addition to the lack of inclusion of

end users, the reach and resources of public extension systems

were too limited to provide adequate support, meaning farmers had

no one to help them deal with the problems. The Mechanization

Initiative (CSISA-MI11 in Bangladesh) (Kohl, 2016b) encountered

a similar pitfall when four types of machines were initially imported

to meet farmers’ needs but they were not involved in the initial

selection or testing of the machines. Project staff had to spend a

few years retroactively modifying and adapting the machines using

user-centered design principles, and only ended up with two of

the four machines being ones that had long-term mass appeal to

small farmers.

Trustea (India) (Khandelwal et al., 2022) seemed to treat

farmers’ organizations as passive recipients of technology packages

delivered through technical assistance and extension by experts,

rather than empowering farmers as innovators or as agents of

diffusion. Yet participation was not, perhaps, as necessary here

because this was largely a top-down diffusion of technology to

produce for a market that Trustea created. While this was not

strictly a case of “contract farming” it was similar, and suggests

that participation and inclusion might be less important in cases

where commercial actors are supplying both the technology and

the market, rather than targeting food security and poverty among

small farmers.

3.2. Support to Hypothesis 2: Leaders,
intermediaries and champions are key to
innovation pathways

Leadership is widely seen as essential to innovation pathways.

Kohl and Linn (2021) specify three types of leadership as essential

to scaling in particular. One type, what they refer to as leaders,

are actors who are “committed to seeing scaling through to

success, willing to make decisions, and able to mobilize others

to support of scaling goals, strategy and tactics.” A second type,

11 Cereal systems initiative for South Asia—Mechanization and irrigation.

what they call intermediaries, engage in “undertaking or facilitating

activities like convening, systems analysis, boundary spanning,

strategic planning and goal setting, advocacy and communication,

process facilitation and people management, networking and

coordinating, monitoring and evaluation, and financial and costing

analysis.”12 Kohl and Linn, and especially other literature references

champions,13 people of influence in the relevant sphere because of

their social status, position, power, control of or access to resources,

connections and social network, or other forms of legitimacy that

allow them to influence others. Many of the cases strongly illustrate

the importance of leadership, particularly intermediaries.

Balde Cheio (Brazil) (Chiodi Bachion et al., 2022) had

Embrapa as its lead agency, and one particular individual was

cited as “the initiative’s major unifying factor, because of his

tremendous charisma, passion for the subject, proactivity, easy

communication with farmers, great motivational skills, and solid

theoretical and practical knowledge” (Chiodi Bachion et al., 2022).

These comments imply that the relevant leadership skills were

technical, to guide the innovation process; personal, to inspire

innovators with an idea and potential impact; networking and

advocacy, to mobilize and engage with partners; and boundary

spanning, to effectively facilitate collaboration and cooperation

between diverse actors and constituencies, and particularly to form

12 Intermediaries are similar to the concept of brokers introduced by

Klerkx and Gildemacher (2012) (see also Klerkx et al., 2009), but much more

broadly defined. Klerkx and Gildemacher assign brokers three principal roles

in innovation: bringing together actors, facilitating their interaction (including

building coalitions or partnerships), and promoting the flow of information.

As applied to the scaling phase, we find that intermediaries do play these

roles and also undertake many other tasks that innovators might lack the

skills, capacity, resources, motivation or incentives to do. This concept was

first developed by Cooley and Kohl (2005), simultaneously with a similar

concept, the resource team, developed by WHO ExpandNet (2010) in their

scaling approach. As an example, Klerkx and Gildemacher (2012, Box 3.25)

call iDE a broker in the same case we refer to here as the Mechanization

Initiative in Bangladesh. We agree, but maintain that iDE went much further:

it arranged partnerships with agricultural machinery companies, managed

those relationships, promoted demand, refined the business and delivery

model, advocated with the government for political and in-kind support and

cooperation, developed the local service provider business case, identified

local entrepreneurs to act as service providers, and arranged microfinance

support. In roles like these intermediaries come closer to the role that venture

capitalists play in helping investments go to scale, except they don’t bring

investment capital with them.

13 Champions are particularly present in the literature on scaling and

impact pathways in global health, where the public sector plays a large role

and advocacy for policy and budget are necessary. However, they also appear

in agriculture and other more commercial sectors. They play a prominent

role in the widely used ExpandNet/WHO scaling framework; see Simmons

et al. (2021), who note, “one of the key principles from ExpandNet guidance

is to seek to identify and nurture champions and to engage them early and

continuously in ongoing dialogue” and the need to sustain support in the face

of turnover by high level champions. See also Kohl and Linn (2021), for whom

champions are closely linked to participation and inclusion; the greater the

latter, the more champions can be identified with the motivation to advocate

for the innovation.
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and manage effective partnerships. However, it is not possible to

determine how much of a role each played. What is clear is that

Balde Cheio would not have been successful and replicated to other

sectors in agriculture without “the strong leadership of Embrapa

researchers . . . from its inception to the present . . . building a clear

vision of the organization’s potential and [addressing] the problems

around technology transfer.”

Andhra Pradesh Natural Farming (India) (Khandelwal et al.,

2022) hinged on leadership both at the top of RySS (the

organization driving the innovation and scaling), and at the

community level. Looking more closely at the community level,

this type of leadership comprised local farmers who championed

the approach, served as examples to other farmers, and shared

the technology and practices and helped adapt it as needed. A

role for champions was particularly appropriate for a distributed

innovation approach and farmer-to-farmer dissemination and

scaling. Kohl and Linn (2021) explicitly acknowledge this role in

calling to “complement leaders with champions at all levels and

parts of the ecosystem to support advocacy.”

Aqua Digital Irrigation Monitoring System (Brazil) (Chiodi

Bachion et al., 2022) was developed by a business administrator,

a graphic designer and an electrical and electronics engineer

who came up with the innovation, created a company and

mobilized funding. The CEO has been particularly important in

media, marketing and fundraising, drawing on her skills as a

speaker and communicator. This type of leadership seems to be

particularly important in the cases of scaling that occurs through

social enterprise growth. Safe Harvest (India) (Khandelwal et al.,

2022) is another example of an innovation pathway through

social enterprise growth. The company itself both led the effort

and served as an intermediary. It organized farmer organizations

and trained them to grow pesticide-free food for a supply

chain; developed a credible certification system; and established

downstreammarketing and distribution linkages to consumers and

stores. The original leaders of Safe Harvest came from a well-

established NGO, bringing years of hands-on experience working

with small and marginal farmers and farmer networks to build

partnerships (referred to as collaborative capacities in the case

study) for implementation and financing.

Other cases illustrate the roles that large external actors can

play in absorbing costs and reducing risks for smaller actors

and partners—key leadership and intermediary roles. The scaling

of Sahel Rice (Senegal) (Kohl, 2016c) was led by a USAID

project (Projet Croissance Economique) whose Chief of Party and

project team partnered with organizations or groups to innovate

and implement solutions to address bottlenecks; convened and

facilitated multistakeholder partnerships; and engaged in risk

mitigation to incentivize private actors to develop and implement

their innovations. Trustea (India) (Khandelwal et al., 2022)

leadership came primarily from Hindustan Unilever and a few

other large tea processors and sellers. They also worked as

intermediaries training and organizing farmer organizations to

grow tea, developed a credible certification system and created

demand. Much of this involved mobilizing partnerships with a

variety of growers, NGOs involved in certification and the public

sector. These large commercial actors were essential to organizing

and managing those partnerships; while the big companies

benefited, they were able to create synergies and a positive-sum

game so that the gains were widely distributed.

The Upper Tana–Nairobi Water Fund (Kenya) (Mati et al.,

2022) was built by partners convened under the leadership of

The Nature Conservancy, a large international NGO. In addition

to organizing, convening and facilitating a win-win partnership

between stakeholders who normally would not collaborate, this

NGO led and managed the initial proof-of-concept phase,

leveraging its international expertise in water funds. Lastly, the

Mechanization Initiative (Bangladesh) (Kohl, 2016b) combined

leadership with the intermediary role in the USAID project team,

a partnership between the research organization CIMMYT and

the market facilitation NGO iDE. CIMMYT identified technologies

and engaged in action research to modify, adapt and improve them.

iDE worked primarily as an intermediary. Initially their role was

to mobilize partnerships with large private agricultural machinery

companies. Subsequently they supported those companies in

creating demand and filling in gaps in the value chain, e.g., creating

viable repair services and parts supply. One of the key lessons

from the Mechanization Initiative that was representative of the

intermediary role is the amount of “invisible” work and resources

that was required to manage these partnerships on an ongoing

basis. The project eventually had to hire one full-time staff member

for each private company partner.

Kuroiler Chickens (Uganda) (Foy, 2017) again provides a

counter-example. Arizona State University led the introduction

of this Indian poultry breed in Uganda and worked closely with

Uganda’s National Animal Genetics Research Center. As both

were primarily research organizations—the latter an example of a

National Agricultural Resource System (NARS), neither had the

mandate, motivation or resources to function as an intermediary

or direct implementer for commercialization. They initially failed

in their leadership role to engage other actors to fill these roles,

e.g., commercial partners that could address gaps in the value chain

and provide hands-on technical support to adopting farmers. It

was not until those gaps threatened the entire scaling effort that a

commercial partner was successfully brought in to fill these roles.

This case illustrates a common problem for CGIAR centers and

other agricultural research organizations: their local partners are

usually NARS that have complementary research capacities but not

the ability to support commercialization.

Drought Tolerant Maize for Africa (DTMA)/Hybrid Maize

(Zambia) (Kohl, 2016a) also suffered when CIMMYT, which

led the development of the varieties, provided little support

for commercialization and scaling in Zambia and elsewhere.

CIMMYT’s role was largely limited to sharing its germplasm

with private and public seed breeders and providing technical

assistance for seed multiplication. Scaling/commercialization,

especially market creation and demand, was left to diverse mostly

private actors. It became very apparent that commercial seed

companies had little incentive to invest heavily in promoting

DTMA as these varieties were among many maize varieties in their

portfolios and not necessarily the most profitable. This lack of

leadership in the scaling phase was a clear detriment to scaling

up; while hybrid maize in general did go to scale because it was

in the interest of the commercial seed producers in Zambia and

was supported by extensive public sector subsidies for both inputs
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and the purchase of output. By contrast, DTMA benefitted from

neither, nor was the impact of climate change so regularly present

at the time that farmers were looking for solutions to drought and

its other manifestations; need doesn’t equal demand. While all of

these factors played a role in explaining the fact that, at the time

the case study was written, DTMA represented a tiny fraction of

the maize seed market, the lack of leadership by either the public or

private sector were probably the most important.14

Lastly, PICS Bags (Kenya) (Foy and Wafula, 2016) is an

unusual case. The bags were developed by a Purdue University

research team, who also drove the initial introduction in Kenya

(and several other countries) and established a foundation

for scaling. This included identifying a manufacturer/wholesale

distributor and supporting initial awareness building. Scaling was

thereafter driven by a combination of a USAID project (Kenya

Agricultural Value Chain Enterprises or KAVES) and local and

international NGOs. Because of the bags’ unique characteristics—

affordability, huge return on investment, ease of proper use

without extensive training, minimal change in existing agricultural

practices, and relevance to important challenges facing farmers—

spontaneous diffusion and adoption became the driving forces

of scaling without a need for leadership. This illustrates a case

where an innovation itself is so appealing, scaling occurs largely

spontaneously. The example is problematic because innovation

funders often expect this to be the typical case, whereas innovations

with such characteristics are actually quite rare. Thus common

practices, or the lack of them, to support innovation and scaling are

premised on the assumption that most innovations are like PICS

Bags, when in fact few are.

3.3. Support to Hypothesis 3: Innovation
pathways should be iterative, adaptive and
flexible

The notion that innovation and scaling should be iterative,

adaptive and flexible has reached wide currency. In great part

this is due to two reasons. First, approaches and culture from

Silicon Valley around innovation and social entrepreneurship,

and the technology sector generally, have increasingly influenced

international development theory and practice over the past

twenty years. This is especially because of the influence of large

foundations whose fortunes come from the technology space play

an ever more important role (e.g., the Gates Foundation was

started in 2000, see Chang, 2018). Secondly, despite this, many

international donors and research actors are aware that they

continue to practice a rigid approach to innovation and scaling,

often driven by legal, regulatory and bureaucratic contracting

14 Cf. Chivasa et al. (2022): “Despite the importance and benefits of

accelerated varietal turnover to climate change adaptation and food security,

the rate of maize varietal replacement in SSA is slow.… Slow varietal turnover

is a�ected by complex cross-sectoral and cross-disciplinary issues that

require appropriate policy interventions” (emphasis added). This confirms the

importance of systems change, institutional innovation and the provision of

public goods which in turn require appropriate leadership and intermediaries.

requirements. This has led many observers to blame their inflexible

approach for the failure to advance very far along innovation

pathways (e.g., Woltering et al., 2019).

To articulate a specific hypothesis regarding the importance

of adaptability, we draw from Minh et al. (2021). They define

five components of an adaptive scaling framework which they

developed through “an iterative, action-research-for-development

program on farmer-led irrigation,” and we draw on two of

these components to specify our hypothesis. According to these,

innovation pathways should be:

• Reflective, i.e., reflects, manages and responds to dynamic and

changing circumstances throughout the scaling processes.

• Adaptive, i.e., adjusts . . . the scope, capacity, and responses to

and management of the strategy to the evolving dynamics of

new system properties throughout the scaling processes.

It is important to note that in some cases adaptation and

iteration was confined to either scaling or to innovation, in other

cases both. The evidence below suggests that to some extent they

are substitutes, as the more an innovation is adapted to the local

context and needs, the fewer obstacles are encountered in scaling

that need to be adapted to. However, on balance, it appears that

adaptation is critical throughout the innovation pathway.

In Balde Cheio (Brazil), Chiodi Bachion et al. (2022) the

technical assistance delivered by the demonstration units and

instructors was “adapted to the regional condition, producer

needs for financing, property management, content and technical

assistance” and to each property. The delivery structure was shaped

progressively, as those interested in technologically developing the

chain organized diverse arrangements for local implementation.

In sum, it appears to have been adaptive in terms of the content

of the innovation, an emergent process with the technology being

introduced step by step according to farmer needs and reality.

As is perhaps evident, an iterative and adaptive approach is

complementary and synergistic with inclusion, allowing input from

participants to be integrated dynamically as new experience and

lessons emerge.

Likewise, the intervention packaged introduced by ILPF

(Brazil) (Chiodi Bachion et al., 2022) was constantly evolving,

adapted to “regional characteristics, weather conditions, the local

market and farmers profiles.” This was also true of the financing

approach, which required significant changes to existing practices

and instruments by the banks involved whowere not accustomed to

financing an integrated systemsmodel. The innovationwas adapted

through an iterative “interaction between farmers’ knowledge and

‘formal’ knowledge” (Chiodi Bachion et al., 2022). Modifications

to the funding approach were particularly critical to addressing

financial obstacles that had stalled scaling; these kinds of obstacles

in financing and implementation are common, and often recur

and arise repeatedly as sequentially greater levels of scale lead to

encounters with different or new systems.

Adaptation is inherent to the approach to innovation found

in the Andhra Pradesh Natural Farming (India) (Khandelwal

et al., 2022) case; it was distributed, co-creative and demand-driven.

Farmers themselves experimented with various natural farming

approaches and principles, developing their own innovations
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and applications, and the farmer-to-farmer diffusion and scaling

approach encouraged new adopters to do likewise. “Thus,

Andhra Pradesh Natural Farming evolves as farmers find new

crop combinations and apply natural inputs in different ways”

(Khandelwal et al., 2022). At the same time, the case illustrates one

of the tensions in using an adaptive approach: constant innovation

and especially adaptation to local and individual circumstances and

contexts makes it difficult to achieve economies of scale and scope

and if anything, can actually increase the unit costs of adoption.

While not necessarily true in this case, as with systems change

and optimal scaling, it illustrates the need to balance application

of this and the other principles tested with these cases with the

implications for costs, time, effort and resources.

During the implementation of the Sahel Rice (Senegal) project

(Kohl, 2016c), it quickly became apparent that the core focus

needed to be on addressing weaknesses in the rice value chain; the

“innovation,” new rice varieties had been introduced and scaled

in the 1990s but without realizing anywhere close to the full

benefits of their genetic potential. Managers adopted what Kohl

(2016c) characterized as a virtuous spiral model, identifying and

addressing the most important immediate bottleneck. When this

led to increased production or throughput in the value chain,

it revealed the next bottleneck, which was addressed through

new institutional and systems innovations or strengthening. This

appears to be a form of the plan–do–study–act approach that has

become foundational to trial and learning approaches in many

sectors, especially health and education (cf. Coury et al., 2017).

One consequence, however, of the logic of finding enough adopters

to reach a critical mass, i.e., a commercially viable market and

economies of scale, was that it required starting with larger,

wealthier and more commercial farmers. Once this scale had

been achieved it became worthwhile for commercial actors to

address additional obstacles as they arose. This alignment of social

objectives with commercial realities illustrates once again that

innovation pathways require an adaptive and iterative approach, in

this case resetting who the target customer needed to be.

The initial failures of Kuroiler Chickens (Uganda) (Foy,

2017) did lead to subsequent adaptation of the scaling strategy to

address them, specifically engagement of a commercial partner to

produce, market and deliver Kuroiler chicks. The case highlights

the importance of having in place formal monitoring, evaluation,

adaptation and learning (MEAL) processes that can quickly alert

implementers to obstacles that emerge and need to be addressed. In

that regard this is a useful negative example of what happens when

adaptation, iteration and flexibility are delayed. A comparative

example is the Mechanization Initiative (Bangladesh) (Kohl,

2016b) case. Some of the machines selected had problems in

terms of usability, but CIMMYT and iDE monitored farmers’

reactions and sales data and were quickly alerted to these issues.

CIMMYT worked with farmers to adapt and modify the machines

to suit farmers’ needs and constraints. The business model was

also adapted, changing from a direct sales to farmers approach to

a service delivery model and from a focus on the target crops or

rice and other cereals to the agricultural products where demand

had unexpectedly manifested, e.g., fish farming, garlic and onions.

Recognizing the importance of being adaptive and responsive to

customer demand, the project enhanced its MEAL system and

put into place a dynamic, near-real-time dashboard of who was

buying what machines for what crops and purposes, and adjusted

its marketing targets and activities accordingly and frequently.

3.4. Support to Hypothesis 4: Innovation
should have characteristics that facilitate
progress along innovation pathways and
achieving large-scale SAI

Ever since the seminal work of Everett Rogers in the 1960s (see

Rogers, 2003), there has been a recognition that innovations may

possess characteristics that facilitate successful diffusion. A vast

literature has since developed on these characteristics, and in the

past 20 years a number of assessment tools have been developed

for application to scaling agricultural innovations in particular (see

Cooley et al., 2016; Jacobs et al., 2018; Kohl, 2018; Linn, 2022 for a

comparison). The Agricultural Scalability Assessment Tool (ASAT)

(Kohl, 2018), developed for USAID in the context of funding

for innovations provided by the Feed the Future program, is

currently being applied to identify those innovations with potential

scaling and worthy of further investment. The ASAT has some 40

criteria, but we developed a simplified version of nine criteria that

seemed, ex ante, to be most likely to facilitate progress along an

innovation pathway:

1. The innovation addresses a felt (subjective) need, i.e., real

potential demand and not objective need as identified by

external technical experts, that is important to potential adopters

(this is best identified by participation and inclusion, illustrating

again the interdependency of these hypotheses).

2. The impact is tangible and easily observable to

potential adopters.

3. The innovation is relatively simple with few components, i.e.,

easy for users to implement without extensive training or

technical support. In cases of a combination or bundle of

innovations, it generates significant benefits even if the entire

bundle is not fully adopted or implemented correctly.

4. The innovation is affordable for potential adopters given their

wealth and income constraints, without having to rely on

external financing or otherwise put at risk the working capital

they need to produce for the next season or year.

5. Adopters can expect benefits along multiple dimensions, either

tangible (e.g., productivity, income, time-saving, health) and/or

intangible (e.g., ease of use).

6. The innovation aligns with existing social norms, agricultural

practices, tools and equipment, and thus requires little behavior

change or additional complementary investment.

7. The benefits are relatively robust and reliable, i.e., are relatively

consistent over time with low risk or variance.

8. Superior effectiveness is established relative to current solutions

and emerging alternatives in similar contexts.

9. The innovation reduces risk or increases resilience, in addition

to any increase in returns it may have.

Some of these may seem like common sense, yet they

remain overlooked in many agricultural innovation efforts

Frontiers in Sustainable FoodSystems 12 frontiersin.org130

https://doi.org/10.3389/fsufs.2023.1053152
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Kohl 10.3389/fsufs.2023.1053152

which tend to maximize the impact on productivity or other

objectives like climate resilience rather than how easily it can

be adopted and used by, and aligns with the priorities of

potential adopters.

The Water Harvesting (Kenya) innovation (Mati et al.,

2022) clearly met a strongly felt need among small-scale farmers

practicing rainfed agriculture, had clear benefits that were

better than existing alternatives, had multiple benefits (useful

for crops and personal consumption), had tangible benefits

in terms of reducing time for getting and carrying water,

was simple to use, reduced risk and increased resilience. The

ability of this innovation to reach some scale without needing

strong leadership or adaptation speaks to the strength of the

original design in terms of these particular characteristics.

Solar Powered Irrigation (Kenya) (Mati et al., 2022) also

did well on these criteria; it met a need and was tangible,

reliable, superior to existing solutions and supportive of

resilience. Perhaps the characteristics that stood out most

were its relative simplicity and robustness. Providers developed

complete kits that included drip irrigation and piping, as well

as offering assembly and ongoing technical support, or both, to

facilitate adoption.

PICS Bags (Kenya) (Foy and Wafula, 2016) aligned with

almost all of the criteria. Post-harvest losses were a huge

problem for farmers throughout the year, and the bags were

inexpensive and highly affordable, extremely simple and easy

to use with only one component. The only behavior changes

were to dry the crop to low moisture content and to store

it away from rodents, and the results were easily visible after

a few months. The bags lasted for a few years without a

loss of effectiveness or impact. By allowing farmers to store

their harvest with few losses and sell when prices are higher,

they significantly increased food security and resilience and

improved income.

The Mechanization Initiative (Bangladesh) (Kohl, 2016b)

formed a natural experiment, as it introduced four machines whose

characteristics differed across many of the innovation criteria.

Perhaps the most impactful at large scale, at least initially, were

axial flow pumps, which met a clear need by rice and fish farmers

for pumping water and were relatively inexpensive. They required

almost no change in behavior or agricultural practices; in fact one

of their attractions was that they were easier to use, especially

in cold weather, and could be powered by the diesel engines

already in use. By contrast, self-powered reapers were much less

successful due to being more expensive, replacing the labor of

workers who had been traditionally hired to do both reaping and

threshing (who pushed back by refusing to do only threshing),

and being difficult to use especially in muddy conditions. The

clearest (negative) example were bed planters, which were so heavy

and cumbersome as to make them challenging to manipulate and

operate in a muddy field, especially given the height and weight

of many Bangladeshi farmers. The innovations that were easier

to use, affordable, simple, addressed existing felt needs, produced

superior outcomes and required minimal changes in agricultural

practices were more likely to be adopted than those that did not

have those characteristics.

Another counter-example lies in Drought Tolerant Maize for

Africa/Hybrid Maize (Zambia) (Kohl, 2016a) and its difficulties.

In particular, it did not address a felt need, and the impact

was only observable in drought conditions. The package was

complex and required behavior changes, and the benefits were two-

dimensional: improved harvest under poor rain conditions, and

greater resilience. Even those farmers who did adopt it usually

only did so after a few years of poor harvests from drought when

objective need became actual demand, and even then only as

part of a portfolio approach of planting different seed varieties to

diversify risk.

Balde Cheio (Brazil) (Chiodi Bachion et al., 2022) addressed

a felt need, had a tangible and visible impact, produced benefits

across multiple dimensions, was better than current practices,

reduced risk and improved resilience. The downside was that

was complex with multiple components, requiring significant

changes from current practices. Significant adaptation to local

circumstances was required, making scaling more challenging.

These latter characteristics are all consistent with the fact

that implementation required significant and ongoing training,

technical assistance and extension support. If this had not been

supported by the public sector and substantial funding over an

extended period, scaling would have proven impossible. Aqua

Digital Irrigation Monitoring System (Brazil) (Chiodi Bachion

et al., 2022) addressed a need for timely information and guidance

and fit with other criteria; however, it did require significant

changes in behavior, was complex and required technical support

to ensure accurate application of the entire package. This, along

with its high cost, is why it was best suited for more sophisticated

medium and large farmers.

Because SafeHarvest (India) andTrustea (India) (Khandelwal

et al., 2022) spanned the value chain from producers to consumers,

they confirmed the importance of aligning innovations with the

needs and demands of both. These two cases offered innovations

with multiple benefits for better management, health and market

access, and also improved resilience. On the other hand, their

complex new practices required significant change in behavior,

and their relative success was dependent on the high levels of

profitability involved and ability to finance significant technical

support and extension services.

Kuroiler Chickens (Uganda) (Foy, 2017) met several of the

criteria, such as significant and highly visible benefits in the

chickens’ increased and rapid meat and egg production compared

to indigenous breeds. However, they also had important negatives

that impeded successful scaling, most importantly that they

required significant changes in animal husbandry practices, e.g.,

investing in fencing and supplemental feed and vaccinations of

chicks that was unnecessary with domestic breeds. Moreover,

impact was not robust or stable without strict adherence to these

practices. Because they are hybrids they were much less affordable,

as new chicks had to be purchased from a breeder. This is an

important illustration that these characteristics are not simply a list

of which some can be met and others not; in many case just one

or two criteria can seriously affect scaling results despite the other

characteristics. For any individual innovation, not all characteristics

have equal importance or weight.
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3.5. Support to Hypothesis 5: Innovations
must be packaged with viable funding and
implementation models and bundled with
systems change

The innovation and scaling literature uses terms like packaging

and bundling to refer to elements of an innovation beyond a

single core technology or institutional characteristic. While the

meanings of packaging and bundling often overlap—so much so

that we have deemed it necessary to consider them as parts of the

same hypothesis—they refer to two concepts that are important

to differentiate.

Packaging refers to the fact that innovations, or combination

of innovations, to be scaled or implemented, have to be combined

with a viable delivery method and payment/business/funding

model to form an innovation package. The delivery method and

funding or business model can themselves be innovations, and can

often be more important and/or innovative than the innovation

itself. Note that this definition differs from what is often called

a technical package (which might describe, for example, how

Balde Cheio at the technical level packaged feed, animal housing

and health).

Bundling refers to the fact that moving a specific innovation

or innovation package further along the innovation pathway often

requires it to be supported by systems changes and/or institutional

innovations (similar to the concept of vertical scaling).15 These

systems changes can range from strengthening or filling in gaps in

value chains or market systems, e.g., Sahel Rice, to changes in the

public policy and institutional enabling environment, e.g., Trustea,

to affecting change in social or cultural norms or mindsets, e.g.,

Andhra Pradesh Natural Farming (see Woltering et al., 2019; Minh

et al., 2021).

The Mechanization Initiative (Bangladesh) (Kohl, 2016b)

initially assumed that its agro-machinery partners would provide

financing, marketing and distribution, but this was not the case

until the private partners were sure that there was a large, viable

market. When sales to individual farmers proved disappointing

because of affordability issues, the business model was shifted to

a local service provider model. Even with the new business model

affordability remained an issue, however, so that the initiative had

to partner with micro-finance institutions to provide financing.

Similarly, the project had to bundle the machinery with value chain

strengthening, such as arranging for repair services and a reliable

supply of (imported) spare parts. This is a good example of how a

donor-funded project can absorb the initial costs and function as

a leader and intermediary to put in place an innovation package

bundled with systems changes and institutional innovations until

the private sector is convinced that it is profitable for them to take

it forward.

15 This is in the context of horizontal, vertical and functional scaling up

(also referred to as scaling out, scaling up or scaling deep). This is used

by many authors; Hartmann and Linn (2007) define vertical scaling up as

“creating the organizational and political framework needed to permit going

to a larger scale,” and horizontal scaling up as “the expansion of coverage of

a project, program, or policy across more people and greater space.”

Another is Sahel Rice (Senegal), Kohl (2016c) which followed

up on the 1990s introduction of improved varieties of rice in

the Senegal River Valley, where most farmers never came close

to realizing the new varieties’ productive potential. Sahel Rice’s

long list of systems changes included a certified seed system,

rehabilitating rice milling, reviving links with urban market,

encouraging entrepreneurs to provide machinery services, and

restoring and repairing irrigation infrastructure. The success of

all was preconditioned on a highly supportive policy enabling

environment (systems change), which the government put in place

following the world food crisis of 2008/09. Supportive policies

included a variety of price supports, subsidies and regulatory

controls along with an implicit guarantee that reduced risk for

investors and donors. The systems changes have endured and

rice productivity has begun to realize its genetic potential, but

the “commercial” system remains heavily reliant on government

support and intervention. Still, it compares favorably to Drought

Tolerant Maize for Africa/Hybrid Maize (Zambia), Kohl (2016a)

another “commercial” business and delivery model. While the

seed varieties were produced, marketed and distributed by mostly

commercial seed companies, their progress to scale was predicated

on a major institutional innovation—a donor-funded national seed

certification system. This systems was foundational not only for the

widespread adoption of hybrid maize but for the country becoming

a major exporter of maize seed for Southern and Eastern Africa.

Other countries and markets found they could depend on the

quality and reliability of these imported seeds. In Zambia, scaling

was heavily dependent on massive public sector subsidies for the

purchase of seeds and fertilizer and a guaranteed market for hybrid

(not specifically drought tolerant) maize. These subsidies were

similar to those present in Sahel Rice, but not in size or impact. In

Zambia, the subsidies were so large as to fuel excessive production

and created severe distortions that virtually eliminated commercial

buyers. As a result, they eventually become fiscally unsustainable.

These two cases make the case for the importance of institutional

and systems change and especially public policy, even within

commercial innovation pathways, but also illustrates the careful

balance that between adequate support, perverse incentives and

fiscal sustainability that needs to be achieved when governments

provide support to private markets.

P1+2 (Brazil) (Chiodi Bachion et al., 2022) was able to reach

over 200,000 families between 2007 and 2020 under two successive

Workers’ Party governments. The implementation model was done

by contracting under the Brazilian Tenders Law (8.666/1990)

and the federal government’s agreement model. When these two

structures became an obstacle to implementation, the government

effected changes in the legal framework that were critical for

the functioning and expansion of the program.16 These changes

allowed scaling to continue and even accelerate, a perfect example

of combining iteration and adaptation with bundling. However,

when political parties and leadership shifted in 2016, funding

16 Specifically, the changes in the legal framework “made it possible to

formalize contracts by means of bidding waivers with private non-profit

entities previously accredited by the [Ministry for Social Development] and

conferred agility in accountability by shifting the focus from services to the

final product (delivered technology)” (Chiodi Bachion et al., 2022, p. 26).
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evaporated. Thus the reliance on federal funding as the business

model, i.e., packaging, appears to have been both a blessing and a

curse in terms of long-term financial sustainability.

While packaging and bundling are often necessary for

successive scaling, the particular choices that are made can often

either limit the scale and impact achieved, or confine it to certain,

usually more well-off, demographic. This is particularly true

when the business model or funding mechanism is significantly

commercially driven, i.e., the innovation user or adopter pays,

even when that may be partly subsidized. Two of the Brazil

cases illustrate this point. In the case of ILPF (Brazil) (Chiodi

Bachion et al., 2022), public and private partners cover the costs of

developing and improving the technology package and of technical

referral units, but most of the cost is borne as individual investment

by (mostly large- and medium-scale) farmers. The model also

included the creation of specific credit and financing lines in the

context of a sectoral plan for agriculture—systems changes in policy

and financing mechanisms. This business model was actually a

blend of packaging and bundling, and has proven more sustainable

than P1+2’s politically dependent funding, at least for those

adopters who can afford it.17 Likewise, the scaling of Aqua Digital

Irrigation Monitoring System (Brazil) (Chiodi Bachion et al.,

2022) was packaged with a funding model that relied mostly on

private financing sources and customer fees, making it impervious

to political vicissitudes, but like ILPF, limiting scale. As a wholly

private social enterprise, furthermore, it was not bundled with any

systems changes. While successful commercial pathways cases do

occur where there is little or no involvement of the public sector,

there are so many counter-examples that the presumption should

remain that public sector support is usually necessary, especially

at larger scales such as the national,18 as it is in many developed

countries where supportive agricultural policies and subsidies are

ubiquitous.19

Many other examples illustrate the trade-offs found in scaling

numbers, reach and demographics depending on the packaging or

bundling chosen. Water Harvesting (Kenya) (Mati et al., 2022)

was characterized by an ad-hoc mix of partial donor, NGO, public

and end-user financing, and estimate that by 2021, 10,000 farm

ponds had been excavated in the three counties studied, reaching at

least 100,000 people. While this was an important achievement for

those people, the rural population of the three counties was ∼2.1

million, suggesting that scale was a fraction of potential demand.

Meanwhile, Solar Powered Irrigation (Kenya) (Mati et al., 2022)

illustrated what happens when the challenge of a viable business

and delivery model is only partially addressed. It did have a viable

private sector delivery model and there was a small and growing

17 Chiodi Bachion et al. (2022) conclude that the scale achieved is still low

compared to its potential precisely because it was packaged with a quite

restrictive financing model.

18 See in Lesson #9 in Kohl and Linn (2021), which states: “Public

and private actors—consider and address the appropriate role for the

government/public sector in a predominantly private scaling pathway, and

the role of the private sector in public scaling pathways.”

19 Cf. OECD (2022), which shows that public support “in 2019–21,

representing 17% of gross farm receipts in OECD countries” had experienced

a 2.4× increase since 2000.

market in the one county studied, and probably elsewhere in the

country. However, Mati et al. (2022) conclude that sustainable

impact would have been much greater if some actor had invested

in increasing market awareness, achieving lower prices through

economies of scale and subsidizing or otherwise lowering financing

costs. The packaging was good but the bundling with public goods

was inadequate.

Some successful cases were themselves examples of systems

change as the innovation. Safe Harvest (India) (Khandelwal et al.,

2022) was one, providing pesticide-free agricultural products to

urban markets through value chain linkages. Trustea (India)

(Khandelwal et al., 2022) achieved something similar through its tea

certification standard and traceable chain of custody. The Upper

Tana–Nairobi Water Fund (Kenya) (Mati et al., 2022) was a

system-changing institutional innovation, and included a viable

funding model through a donor-financed trust fund, as well as an

implementationmodel through its secretariat, electricity, water and

sanitation companies and local NGOs. The completeness of this

package seems to explain much of its success and sustainability.

Lastly, PICS Bags (Kenya) (Foy and Wafula, 2016) were again

the outlier among technological innovations. They went to large

scale, sustainably, based solely on an end-user-pays model with

no elements of packaging or bundling. The project identified a

domestic plastics manufacturer for production and then leveraged

existing delivery mechanisms, both traditional agro-dealers and

independent distributors on bicycles and motorcycles. Central to

this was the very low unit cost and high returns for end users,

such that it was affordable for them while allowing producers and

distributors to make a good return.

3.6. Support to Hypothesis 6: Partnerships
are critical for innovation, scaling and
systems change

Partnerships are both critical on their own and often

combined with bundling of systems change and participation and

inclusion in recommendations regarding good practice in moving

forward along innovation pathways. This is in large part because

participation and partnership are interdependent and mutually

reinforcing. In terms of achieving impact at large scale, partnerships

are seen as critical because often no one actor has the necessary

resources, be they financial, operational or political, to succeed on

their own. This is particularly true when innovators are researchers

and lack those resources (or the mandate or ability to act as

intermediaries), or when the innovation itself is institutional or a

form of systems change, bundled with such changes, or packaged

with financing models. In commercial innovation pathways, as

demonstrated in the previous section, partnerships or at least some

involvement of the public sector is required to ensure a supportive

policy enabling environment, if not to provide specific types of

public support.

Partnerships for innovation vs. for scaling tend to have their

own separate literatures. For that reason, we cover partnerships

in innovation under participation and inclusion, and focus

on partnerships in scaling or systems change in this section.

Partnerships were, indeed, found in most of the case studies and
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we can say with some confidence that partnerships in most cases

facilitate success. The more interesting questions revolve around

what constitutes a good partnership and how to create or sustain

one. Drawing on several sources (notably Barrett et al., 2020), the

literature suggests certain characteristics of good partnerships:

• A shared commitment to a common vision and alignment of

that collective vision with individual incentives and interests.

• Mechanisms to ensure effective coordination of

individual actions.

• Clear definition of individual roles and sharing of

responsibilities and risks.

• Effective accountability mechanisms based on monitoring of

mutually agreed key performance measures and enforcement

of agreed actions.

• Sufficient financial and other resources, management and

governance structures to operate effectively and sustainably.

The Upper Tana–Nairobi Water Fund (Kenya) is a strong

example of partnerships in multiple dimensions, in this case

across a water supply chain. The partnership between upstream

farmers in the catchment area and downstream users was initially

organized and facilitated by The Nature Conservancy, and then

was transformed into a fully incorporated trust including public,

private and development actors and communities. This succeeded

despite the interests of upstream and downstream users not being

clearly pre-aligned, illustrating the need for leadership to align

disparate incentives. It was run by a Board of Management under

a Board of Trustees, the latter representing diverse stakeholders

that ranged from water, sewage and electricity parastatals to NGOs

and community organizations. Management included a thorough

monitoring system for financial and environmental outcomes.

As such the innovation was both a financing and governance

mechanism; the funding was initially endowed by donor partners

and downstream users and replenished in payment for improved

water quality.

Despite the fact that Balde Cheio (Brazil) (Chiodi Bachion

et al., 2022) was driven by the government, partnerships were

essential, especially between different levels of public actors within

Brazil’s decentralized federal government. These included technical

assistance and rural extension agencies, linked to State and

Municipal Agriculture Secretariats, and teaching and research

institutions; private partnerships brought in cooperatives, dairy

product companies, associations and agricultural federations. A

strong governance mechanism was also important after Embrapa

decided to transform the informal partnerships into a formal

relationship and strengthen administration—a good illustration

of the benefits of organizational over individual leadership in a

partnership context. Partnerships were core to this innovation, and

scaling would not have occurred at all or been very limited without

them. These improvements in governance allowed for additional

scaling to 50% more states and a 25% increase in both the number

of technicians trained and in local partnerships.

P1+2 (Brazil) (Chiodi Bachion et al., 2022) benefited from

an existing alignment of interests between the Workers’ Party

government and grassroots entities. It was de facto a public–

private partnership between the Ministry of Social Development

and a grassroots coalition ASA, “the result of a long process of

institutional maturation . . . and the recognition of the importance

of civil society’s participation in implementing public policies”

(Chiodi Bachion et al., 2022). On the other hand, ILPF (Brazil)

(Chiodi Bachion et al., 2022) primarily partnered with commercial

actors like Syngenta and John Deere. Here the Worker’s Party

government role was less about aligning interests, and more about

public-private funding mechanisms and providing the leadership

(by Embrapa) to manage the partnerships. Technologies were

packaged with various forms of training and extension support

supplied by partners.

Andhra Pradesh Natural Farming (India) (Khandelwal et al.,

2022) was a partnership between a non-profit corporation spun off

by the state government as a farmers’ association, and the state

government itself. It was implemented in partnership with local

governments and women’s self-help groups, the latter also being

a source of financing for farmers. The state government provided

funds for the association to manage these partnerships effectively.

Local partnerships were co-creative and scaling largely horizontal

and farmer-to-farmer.20 The creation of this partnership, too,

required an alignment between the values of natural farming and

the politics of the state government at that time.

The other Indian cases are also partnership-driven. Trustea

(India) (Khandelwal et al., 2022) began as a partnership between

corporate tea processors and the Sustainable Trade Initiative, a

Dutch organization comprising private companies, NGOs, trade

unions and the Dutch Government. This then expanded to

work with NGOs with standards and verification expertise, and

eventually took the form of a multistakeholder governing council

that also included the government regulatory agency. Despite the

lack of pre-aligned interests between corporate processors and

NGOs, the case validates the importance of a shared vision, clear

mechanisms and governance structures in bringing such diverse

and potentially oppositional interests together. It also supports

the importance for successful partnerships of monitoring of key

performance measures (standards compliance), integration with

government systems, clearly defined complementary roles, and

formalized relationships.

In all of the USAID cases, the USAID projects or USAID-

funded innovators themselves played the partnership managing

role. This worked better in some cases than others. Sahel Rice

(Senegal) (Kohl, 2016c) featured partnerships with rice breeding

research institutions, farmers’ organizations, government agencies,

and perhaps most importantly, informal coordination with other

donors. The USAID project’s lead role allowed for collective

action and coordination of donor efforts and a multiplier effect

on financial resources. The value-chain strengthening efforts by

multiple donors were able to reach a much larger number of

farmers than any one organization could have done on its own.

Farmers’ organizations, rice millers and other value chain actors

20 This however needs to be seen in light of the large organizations and

significant money involved in rapidly scaling the “co-creation” and priming it

as an investment opportunity, which has raised some potential contradictions

with its horizontal partnership approach, not tomention its “zero-input” basis

(Saldanha, 2019).
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were key partners, as well as government parastatal banks and

insurance companies.

The Kuroiler Chickens (Uganda) (Foy, 2017) case provides an

example where the partnership approachwas not initially successful

because the initial partner didn’t have the right complementary

skills, in this case intermediary skills. Arizona State University’s

initial partner was a government research agency and enthusiastic

supporter, but they were not capable of creating a supply chain

of chick breeders and incubators and provide sufficient extension.

This omission was eventually addressed by engaging a private

partner, i.e. a partner with the right skills, the initial and prolonged

delay caused a shortage of chicks for several years and nor

the needed extension support. The national agricultural research

system, in Zambia, was also the partner in developing Drought

Tolerant Maize for Africa/HybridMaize (Zambia) (Kohl, 2016a),

and this too fell short for similar reasons. Once the genetic material

was made available, CIMMYT did not engage in partnerships to

promote adoption, market development or demonstration, and

drought tolerant maize reached very limited scale compared with

hybrid maize generally.

4. Discussion

Here we make recommendations to the numerous actors

working toward sustainable impact in SAI.

4.1. Innovation pathways must be
participatory and inclusive

This was perhaps the hypothesis where the evidence was most

ambiguous. On the positive side, there is clear evidence that

consulting with and/or involving farmers in developing, testing,

refining and scaling of innovations produces better results in

two senses. They are more likely to be sustainably adopted and

have greater impact because they are aligned with farmers’ actual

felt needs, existing practices, and constraints, e.g., financing and

affordability, and they are more likely to scale because participation

creates ownership and buy-in (the characteristics of hypothesis 4).

Participation is important not just for farmers but other parts of the

market system; it ensures production, marketing and delivery are

profitable and therefore there will be a reliable, accessible supply,

including to the last mile.

On the negative side, the extent of involvement must be

weighed against significant costs of organizing, convening and

aligning interests and vision. Scaling is almost always a multi-

stakeholder process, but requires balancing the benefits of breadth

and depth of participation necessary for success, as well as equity

considerations, with the costs. Also, in the few cases where both

the development and supply of technology packages and access to

markets were provided by private actors for commercial markets

rather than own consumption or local markets, participation

was less important. Greater comparative or controlled research is

needed on how the extent of participation affects outcomes in terms

of improvements in productivity and incomes.

4.2. Leaders, intermediaries and champions
are key to innovation pathways

In most of the cases, leadership played an important role

at some stage. While more research is needed on the roles of

leaders and other actors in innovation pathways, one of our major

findings is that the need for leadership must be extended beyond

the innovation phase to include intermediaries: organizations

who facilitate scaling and/or systems change. Cases where one

actor can lead the whole innovation process to the end of the

pathway—large scale—are notably rare. It is unusual that all

of the resources and capacities, and often motivation, of both

leading innovation and facilitating scaling (intermediation) are to

be found in one actor, especially when the innovator is a research

organization. Leadership needs to be disaggregated by the stages

or phases of innovation pathways, and specify the different skills

and resources needed depending on the phase, type of innovation

package, extent of bundling with systems changes, and current level

of scale.

Investors in SAI innovation pathways can take one of three

approaches to the leadership question:

• Identify and support existing innovation leaders with the

capacity and skills to take end-to-end innovation pathways to

scale and/or affect the necessary systems changes.

• Ensure that innovators who lack intermediary skills are

partnered with appropriate public or private actors from

the beginning who can take innovations to scale, e.g.,

commercial partners.

• Support intermediaries that function in between innovators

and large-scale Doers and Payers.21

While partnerships, hand-off and exit strategies between

researchers/innovators and intermediaries or large-scale partners

make sense in principle, the very creation, organization and

implementation of these strategies itself requires leadership or

intermediary skills—and the commitment of all the organizational

resources implied. Some of these functions that pertain to

intermediaries are also difficult to achieve, given limited actual

experience. Ethiopia’s Agricultural Transformation Agency,

a parastatal, is a well-regarded and widely-used example

(see FAO, 2020) precisely because it is rare.22 Although

donor projects can function as intermediaries, they are rarely

designed for the purpose. Accelerators, with whom there is

substantial experience, can play this role to a limited extent,

as the support they provide generally covers only the earliest

stages of scaling or systems change. Much more applied

research and many more case studies on these critical points

are needed.

21 Payers are those actors who provide sustainable funding for an

innovation or systems change at scale; Doers are the actors who have the

capacity and skills to sustainably implement or operationalize an innovation

or systems change at scale.

22 Chivasa et al. (2022) detail the successful updating of maize varieties in

Ethiopia without describing the institutions that made it possible.
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4.3. Innovation pathways should be
iterative, adaptive and flexible

Many development efforts take the form of projects with rigid

sets of activities, workplans and targets. By contrast, an adaptive

approach starts with the premise that innovation pathways are

ultimately involved in transformation of agri-food systems, and

therefore are inherently complex and dynamic. To be effective,

that systems transformation or innovation pathway process needs

to adapt to this emergent process by constantly reexamining its

assumptions based on actual experience and monitoring, and

revising its vision, strategy, activities and tactics accordingly (see

Woltering et al., 2019; Kohl and Linn, 2021; Minh et al., 2021). This

is particularly true because necessary systems changes only become

apparent as scale increases.

The evidence for an adaptive, iterative approach to developing

innovations was almost universal, and these adaptive approaches

need to apply evenmore so to scaling and systems change as context

and relevant systems change at different levels of scale and scope.

Innovation pathways should therefore include multiple and

continuous feedback loops and evidence generation to support

these activities, building onmonitoring and evaluation (M&E) with

adaptation and learning (MEAL). Evidence generation does not

stop with proof of concept at a pilot stage, and in fact even that

needs to be revisited, as noted above, when scale increases and

contexts multiply. Funders need to balance accountability for the

overall goals and mission with flexibility in terms of specific crops,

activities, pathways and strategies.

4.4. Innovation should strive to have
characteristics that facilitate progress along
innovation pathways and achieving
large-scale SAI

A large literature suggests that innovations with specific

characteristics have greater potential for achieving SAI (e.g., Cooley

and Kohl, 2005; Jacobs et al., 2018; Kohl, 2018). Our cases also

reinforced that technical innovations of products and services

should be designed and developed to align with characteristics that

facilitate scalability, including:

• Relevance to an important and subjectively

felt need (demand).

• Tangible and easily observable impact.

• Relative simplicity with few components, so that the benefits

are realized even when adoption is imperfect or incomplete (in

terms of components of an innovation bundle), i.e. robustness.

• Affordability given wealth and income constraints, and

adopter’s aversion to putting their working capital at risk.

• Benefits offered along multiple tangible

and intangible dimensions.

• Alignment with constraints to adoption and existing norms,

practices, tools and equipment, minimizing the behavior

change or additional investment(s) required.

• Superior effectiveness relative to current

and emerging alternatives.

• Reduced risk and increased resilience, not just or

only increased returns.

Nevertheless, we found that for innovations that didn’t

have these, bundling with systems changes, capacity building or

strengthening Doers and Payers, or developing alternative business

or delivery models that when innovation lacked these criteria did

allow for scaling and advancement along innovation pathways—

at a generally higher cost. Innovators, funders and implementers

should make explicit choices about whether the benefits justify

devoting the additional time, effort and resources required.

4.5. Innovations must be packaged with
viable funding and implementation models
and often bundled with systems change

Packaging comes out clearly in the case studies, and bundling

a bit less so. Many innovations fail to scale not because the

innovation combination doesn’t produce value for end users,

but because it isn’t packaged with a viable business, funding

or delivery model. One of our findings is that the meaning

of packaging tends to differ between commercial and public

sector innovation pathways. For innovations scaling through

commercial pathways, it implies that all actors in the value

chain are able to make money from the innovation. In public

sector pathways, a multitude of political economy considerations

are relevant beyond alignment with stated policy objectives,

as many innovators and their funders have discovered to

their chagrin.

The evidence was also supportive, though less strong, for

the importance of bundling with systems analysis and change;

sustainable scale can sometimes be achieved without it, but

bundling increases the likelihood of success and can often take

it much further than would otherwise be the case. Several

CoSAI cases were in fact institutional changes bundled with

technology packages and technical assistance, while the most

successful USAID cases involved major efforts at strengthening

value chains or were combined with extensive support and changes

in the public sector enabling environment. The importance of

bundling seems to depend heavily on the type of innovation,

choice of scaling pathway (public, private, NGO, or some mixed

approach), and alignment with the relevant systems implied by that

scaling pathway.

Developers of an innovation need to identify from the

beginning whether the innovation is already aligned with existing

systems constraints or whether it needs to be bundled with

systems change. If the latter, what time and resources are

required, and who could lead that effort effectively? For systems

changes and institutional innovations, do these require additional

adjustments such as changes in social norms? Mapping and

analysis of systems and the ambition of systems change—while

important in a world of complexity and multiple, interrelated

goals—need to be a careful balancing act with a practical

assessment of the feasibility of organizational change and a

realistic assessment of incentives and political will as well as costs

and benefits.
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4.6. Partnerships are critical for innovation,
scaling and systems change

The evidence confirming the critical role of partnerships was

very strong, though it also underlined how much work these

involve to organize, operate and sustain. Successful partnerships

reinforce and interact with some of the other recommendations,

particularly the role of a lead actor or organizations in being willing

to absorb the costs and compromise on some of its own interests

for the greater good and to create public goods, even by private

actors. They are also essential as the diverse political, financial and

implementation resources needed at scale that are rarely found in

one actor. Even when a single Payer or Doer is feasible, partnerships

have significant advantages for sustainable impact at large scale by

creating shared buy-in and ownership.

An overlooked part of partnerships that needs support, again

interacting with other findings, is the issue of intertemporal roles,

sequencing and complementarity. Funders, donors and the public

sector are well placed to absorb initial risks and engage in risk

mitigation. This can then allow the private sector to invest and

assume the role of Doers and Payers.

Yet partnerships also take substantial time, effort and resources

to create, manage and sustain, and require aligning a shared

vision and creating trust. This is nowhere more true than in the

public–private examples—where the work is also highly political.

Different kinds of government administrations partner more

successfully with NGOs to reduce poverty, or with commercial

interests to boost growth and resource use. Vision and trust

fundamentally define all of these partnerships and are no

small considerations.

4.7. Conclusion

The case studies reviewed in this paper all achieved sustainable

impact, though at widely varying degrees of scale. Some achieved

relatively large scale, while others achieved more limited scale;

all were successful in advancing adoption and implementation

to some degree. The uneven success and limited scale achieved

doesn’t allow us to conclude that following these hypotheses

ensures sustainable impact at large scale. The cases reviewed,

and particularly the variance in outcomes among them, does

allow us to conclude that NOT following these principles is

likely to at best impede progress toward this goal, if not severely

limit success.

Of the various hypotheses considered in this paper, perhaps

the most significant failing traditional approaches to advancing

along SAI innovation pathways is that many actors focus on

innovations rather than innovation pathways. As such, they

don’t incorporate scaling as an integral component that needs

to be taken into account at every step of the process. For

example, by minimizing participation, they neglect demand

in favor of need as determined by technical experts. By

ignoring constraints at scale, they design innovations that are

incompatible with those constraints—and either fail to identify

viable implementation and funding models, Doers and Payers, or

to anticipate the partnerships, systems change and institutional

innovations needed, and the resources and leadership necessary

to create these. They assume that proof of concept is sufficient

and some never-clearly-specified Doers and Payers will magically

materialize; perhaps the national government will do it, even

in the absence of resources, implementation capacity and

political incentives.

Furthermore, donor projects use a definition of scale which

is often too limited i.e. simply getting to a large number

of adopters in a fixed period of time. They ignore issues

like the sustainability of incentives, production, delivery and

implementation, and financing and other resources. By doing

so, they overlook the need for investing in packaging and

bundling with institutional innovations and systems and systems

change. Even when they do so, they do this after progress

along the innovation pathway is relatively well advanced,

requiring retrofitting which can be expensive and time-consuming,

rather than integrating these considerations into the innovation

process itself.

Pursuing a broader approach to innovation pathways, and

therefore leadership, increases the chance of achieving sustainable

impact at large scale and the much-discussed but rarely achieved

game-changing disruptive change. To do this requires a number

of changes in approach, such as more participation, adaptiveness

and flexibility, and usually partnerships. It also requires wholly

different skills, capacity and resources, including a broader

definition and role of leadership to include the intermediary

role in particular than is found in traditional innovation and

scaling approaches.

Importantly, then, the six hypotheses we have investigated

here are very closely intertwined. Their synergies and interactions

mean that none can be easily discarded. It is essential to consider

them together as aspects of the same difficult pathways to a

sustainable future.

Serious systems change, bundling and packaging, participation

and partnership, iteration and adaptation: these all take

additional time, money and effort. They mean recognizing

a far higher level of complexity; the dynamic, emergent

and unpredictable nature of the process; and, because they

involve people and their organizations and enrolling their

engagement and support, the inherently political nature of

innovation pathways and especially their scaling components.

Admittedly, this brings the rarely acknowledged political

aspects back into innovation—a field that is attractive

to so many precisely because it appears technocratic and

politically frictionless.

Therefore, taking scaling seriously requires both a willingness

to commit greater resources (or focus on a smaller number

of big bets) and an increased appetite for risk. Rather than

playing to the expectation that most projects will succeed

in meeting their time-limited, numerically-specific targets (as

when the World Bank and International Fund for Agricultural

Development report that 70%−80% of their agricultural projects

are at least moderately successful), innovation pathways that seek

to have sustainable impact at large scale (commensurate with the

size of the problem) will often fail to meet that much more

ambitious target.

Yet if we are to achieve the Sustainable Development Goals

by 2030, we must embrace that risk by adopting a portfolio
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approach often found in venture philanthropy. In this approach

an expectation of a relatively large number of failures is offset

by a few transformative successes which then change the lives

of hundreds of millions, if not billions.23 Current approaches are

doing something very different: ensuring, with a high probability of

success, time-limited impact in numbers that are overshadowed by

the scale of need. In contrast, private venture capital has changed

the world based on an acceptance—even a rule of thumb—that

three out of four start-ups will fail (Gage, 2012). While the evidence

and recommendations presented here are only a start and more

evidence, examples and detailed guidance are needed, there are

many lessons we have already learned well. Development actors

who apply these to SAI innovation pathways will be more likely

to successfully change the world’s agri-food systems and achieve

global goals for rural livelihoods, food security, resilience and

climate change.
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This study is the first attempt to determine global investment patterns for research

and innovation in agriculture systems for the Global South, and specifically

for innovation funding targeted at sustainable agricultural intensification. We

analyzed andmodeled patterns of funding from governments in the Global South,

development partners, private companies, and private equity and venture capital

funds, using primary and secondary sources of data spanning 2010 to 2019. We

ascertain the key providers and recipients of innovation funding and how it is

shared out between di�erent topics and value chains. Results showed that about

$60 billion of funding (ranging from $50 to $70 billion) goes toward agricultural

innovation for the Global South each year, with 60–70% of it coming from these

countries’ own governments (and the government of China accounting for as

much as all others combined). This $60 billion investment represents just 4.5% of

Global South agricultural output. Furthermore,<7% of the total funding was found

to have detectable environmental intentions, and less than 5% had both social

and environmental intentions. Adopting a standard for transparent reporting and

measurement could potentially lead to swift changes in funding patterns toward

sustainability goals.

KEYWORDS

innovation, investments, agriculture, sustainable intensification, Global South, research

1. Introduction

The countries of the Global South face monumental agricultural challenges in the

coming decades. They will have an estimated 31% more people to feed by 2050—which

will be around 86% of the world population (United Nations, 2022). The total population

in the Global South will put severe constraints on resources and carbon budgets. For

instance, China will face the daunting task of feeding 22% of the world population
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with 7% of the world’s arable land (Chaudhury, 2020), while India

will need to feed 20–25% of the world’s population with only

4% of the world’s freshwater (World Bank, 2022). However, in

year 2022, the rate of population increase declined in China and

population decreased for the first time over many decades, and

this trend may continue. While population of India will continue

to rise although at slightly slower rates. Additionally, adequate

livelihoods will need to be found for millions living in rural

areas who will face shrinking land sizes and incomes. Significant

innovation in sustainable agricultural intensification (SAI) will be

necessary to meet food demand while avoiding environmental and

socio-economic disaster (Steensland, 2021).

A thorough understanding of funding trends in agricultural

research and innovation (hereafter shortened to “innovation”)

is critical to guide future funding decisions and help in the

sustainable achievement of food goals. However, funding data

were scattered, definitions of sustainability and innovation were

not consistently applied by different actors, and consequently, a

global view of these funding patterns is missing. While many

stakeholders within the agricultural innovation system align on

the need to switch to sustainable agricultural practices and on

the need for increased funding on this topic, further effort is

hindered due to a poor understanding of the current funding

patterns for innovation. While there have been some successful

efforts to track funding for agricultural research (for example

Dehmer et al., 2019; OECD, 2019; Beintema et al., 2020) this

is mainly focused on science and technology and there is

little or no information available on other important aspects

of innovation, for example in finance and business practices

(FAO, 2022). Moreover, global data are fragmented and not

based on a common framework and definitions. Consequently

private, public and philanthropic investors in innovation might be

trading off sustainability in the future for short- to medium-term

gains in agricultural productivity using unsustainable methods.

Further, even wellintentioned stakeholders and investors might

be underfunding in SAI innovation or might have a misplaced

assessment of sectors and themes that need more funding.

Such is the backdrop for this effort to reach a baseline

estimation of SAI innovation funding intended for the Global

South. This article outlines the key findings from a working

paper (Dalberg Asia, 2021a) commissioned by the Commission

on Sustainable Agriculture Intensification (CoSAI; https://www.

iwmi.cgiar.org/archive/cosai/), an independent international

commission supported by Consultative Group for International

Agricultural Research (CGIAR), a global agrifood research

network. The assessment covers funding into different categories

of SAI innovation activity, globally, by the public sector, private

sector, philanthropic and development donors, as well as and

private equity and venture capital1 (PE/VC). We assess the total

funding being made annually into agricultural innovation by these

actors; the total funding being made in SAI innovation as a subset

1 Private equity (PE) refers to funding from institutional and/or individual

investors in return for an equity stake in potentially high-growth investments

and companies not quoted on a stock exchange. Venture capital (VC) is a

subset of PE that supports early-stage, high potential start-ups, taking higher

investment risks and seeking commensurate returns.

of agricultural innovation; and how this funding is split between

regions, value chains and categories of innovation. Our findings

present an opportunity for future updates to revise these estimates

as new data becomes available.

2. Materials and methods

Full details of the methodology can be found in Dalberg

Asia (2021b). The study covers the four key categories of

funders for agricultural innovation globally: (1) Global South

governments (domestic budgets); (2) development partners

(bilateral, multilateral and philanthropic donors); (3) private

companies; and (4) private equity and venture capital (PE/VC)

investors (Figure 1). Data spanning 2010–2019 was collected

from industry reports; annual reports of companies; government

budget and funding documents; third-party online funding data

sources such as Tracxn.com and Statista.com (PE/VC), OECD.Stat

(development partners) and the Bill andMelinda Gates Foundation

(BMGF) grants database (BMGF, 2020); expert conversations;

and credible media reports. Individual framework of analysis for

funding streams or projects were identified to the extent possible,

and each was tagged by innovation layer (Figure 2), value chain,

funding source, funding recipient, target country, and SAI domain

(see definitions below). Other tags (e.g., funding instrument,

stage of innovation, target user type) were also applied where

information was available, but results are not presented for these

as the data were too patchy. Tagging was done manually for

most data, with sampled cross-checking, but for the OECD. Stat

dataset, given its size, we used word crawl algorithms along with

sampled triangulation.

Once tagging was complete, we summed individual funding

streams to estimate total funding and share by category. For several

questions, funding data lacked comprehensiveness or granularity,

and the models developed for this study use extrapolations and

interpolations to compute funding values in these cases. The

results highlight ranges and assumptions wherever appropriate.

The reasonableness of the estimates was validated, where possible,

through experts across each of the funder categories.

All values were converted to constant 2019 prices and constant

2019 US$ exchange rates. Comparisons across countries will thus

differ from calculations based on purchasing power parity, such as

Beintema and Stads (2019).

2.1. Definitions used for the analysis

Funding in innovation, agriculture, SAI and the Global South

are constructs interpreted differently by different organizations.

This study used the following definitions.

2.1.1. Funding in innovation
This includes all funding related to the creation or adoption

of new agricultural technologies, practices and systems (Table 1).

In addition to purely technological innovation, the study includes

funding in non-technological areas such as business models, policy

reforms, agricultural extension and training, process innovations,
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FIGURE 1

Data availability and granularity across di�erent funding sources. Source: Dalberg Asia (2021a).

and marketing funding on innovative technologies. This expanded

definition allows the study to count new business models,

startup funding on e-commerce platforms that promote access

to agriculture inputs, and other similar examples—all important

funding in agricultural innovation. On the other hand, pure

subsidies to purchase existing products and services in agriculture,

routine administration costs, and general infrastructure funding

such as rural roads are not counted as innovation funding.

Percentage values for funding other than research and development

(R&D) were applied to individual funding streams on a case-

by-case basis to account for funding that was judged to support

adoption of innovative agricultural practices. All percentages used

are listed in the detailed methodology (Dalberg Asia, 2021b).

2.1.2. Agriculture
The study includes all funding linked to on-farm food

value chain activities and any off-farm processes essential to the

production of a consumable food product. Since the goal of the

study is to understand the Global South’s preparedness for a

sustainable food secure future, the analysis is limited to funding

in food, including, for example, innovations related to on-farm

food production, milling, milk pasteurization and urban/vertical

farming. It excludes funding in cash crops such as cannabis, cotton,

paper, rubber and wood, as well as innovations for food retail

and in non-essential value-added categories such as milk flavoring

or manufacturing of potato chips. It also excludes innovation in

general areas that have indirect effects in agriculture: for example,

innovation in general information technology is excluded but

innovation in applications for agricultural extension or finance

would be included.

2.1.3. Sustainable agricultural intensification (SAI)
It is a multi-dimensional construct with different actors

adopting different definitions (e.g., Pretty, 1997; Garnett et al.,

2013; Rockström et al., 2017; Mockshell and Kamanda, 2018).

This study uses five agriculture sustainability domains—economic,

social, environmental, human condition, and productivity—laid

out in the Sustainability Intensification Assessment Framework by

Musumba et al. (2017) and Stewart et al. (2018) (web version of the

framework available at https://sitoolkit.com). This framework was

used since it allowed the team to analyze funder intentions with

variable quality data across multiple funders, while providing the

flexibility to consider various definitions of SAI.

We tagged stated SAI intentions for each sustainability domain

for each individual research/innovation project or funding stream

analyzed, based on its title and any other description or keywords

available. Examples are given in Table 2. We define both a

broad (minimum requirements) and a narrow (more demanding)
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FIGURE 2

Framework of analysis for innovation funding. Source: Dalberg Asia (2021a).

TABLE 1 Funding for innovation in agriculture: what the study included.

Funding type Proportion considered Example of inclusions

1 Research and development (R&D) 100% Research and product development funding to develop a

new seed variety

2 Extension/marketing % Depending on funding description Programs training farmers on using new agroforestry

practices; Marketing spends for a new hybrid seed

3 Institutional/infrastructure Management and maintenance of research institutions;

Operations of programs to modernize slaughterhouses

4 Policy reform Funding in implementation or adoption of agricultural

policies, e.g., reform of fertilizer subsidies

5 Process/business model changes PE/VC funding for startups developing digital marketplaces

for purchase and sale of agricultural produce

Source: Dalberg Asia (2021a).

meaning of SAI (Figure 3), and report results according to the

broad definition, except where otherwise noted:

– Broad definition of SAI: Funding that intends to produce both

gains in productivity and improve environmental sustainability.

– Narrow definition of SAI: Funding that meets the above criteria,

and also intends to improve human (nutrition, education) or

social (equity) dimensions, as shown in Figure 3.

2.1.4. The Global South
This term used in this report follows the World Bank

classification of low- and middle-income countries, which includes

countries and territories in Asia (including China but excluding

Japan, Singapore, and South Korea), Central America, South

America, Mexico, Africa (including South Africa), and the Middle

East (excluding Israel). Further, this study looks at funding targeted

“for” the Global South. This means that it considers innovations

intended to specifically impact Global South nations. However,

for two funding sources—governments and PE/VC investors—this

study looks at funding “in” the Global South nations, since based

on expert interviews, this seems a suitable proxy for funding for the

Global South. For example, most funding for agricultural research

in Kenya is focused on Kenya or other Global South nations.

2.2. Limitations of the study

The estimates in this study have many sources of uncertainty.

Data on agricultural innovation funding, especially SAI innovation,
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TABLE 2 Examples of stated intentions considered under each sustainability domain.

Economic Environment Social Human Productivity

Increasing output per unit input Improved soil quality Social equity Improved nutrition Improving yields

Reducing variability of profit Improved biodiversity Gender equity Health and food safety

Reducing cost of production Improved water quality Reduced conflict Food security

Mitigation of climate change Improved capacity to learn

Reduction of ocean acidification

Fuel availability

Biogeochemical flows

Source: Dalberg Asia (2021a). Domains based on Stewart et al. (2018) (www.sitoolkit.com).

FIGURE 3

Broad and narrow definitions of sustainable agricultural intensification (SAI) based on stated intentions. Source: Dalberg Asia (2021a). Five domains of

sustainability based on Stewart et al. (2018) (www.sitoolkit.com).

is not easily accessible, and few countries or organizations report

this data in sufficient detail. Since many of the specific analyses

in this report are, to the best of our knowledge, being carried out

for the first time, they incorporate assumptions and extrapolations

based on the best information we could obtain, including expert

opinion. Specific assumptions, multipliers and sources are fully

listed in the detailed methodology (Dalberg Asia, 2021b).

The study extrapolated global funding from the sum of the

largest funders, especially for public and private sector funding.

Detailed data were not obtained for any but the largest private

investors and countries. This led to two major limitations: the

global analysis could not be disaggregated (e.g., by continent), and

the analysis was potentially biased by those included: in particular,

detailed country data on SAI investment was limited to India,

and some food companies were excluded (FAO, 2022). Pray and

Fuglie (2015) expertly discuss the challenges with estimating private

sector funding for agricultural R&D. The development partners

category excludes funding not captured by the Organization

for Economic Co-operation and Development (OECD). Stat

database, for example public research funding provided by the

Global North but not counted as Official Development Assistance

(ODA); funding not marked as research or innovation; and some

philanthropic and multilateral funders that do not report details of

their projects within the OECD Creditor Reporting System—but

this is a less important limitation.

As in some similar studies of funding flows (Biovision and

IPES Food, 2020), our analysis of SAI funding is based on stated

sustainability intention, not the finally-achieved outcomes (and

impacts), for which data were very rarely available due to long lags

between investment and outcomes at scale (Frontier Economics,

2014; Rijsberman, 2016; FAO, 2022), as well as the challenge of

attributing outcomes to specific innovations (Maredia et al., 2014).

This is an important limitation of the study that may lead to over-

or under-estimating SAI outcomes in individual cases—but without

better data, it is not easy to tell whether there is a consistent overall

bias. Stated “good intentions” may over-estimate SAI outcomes

in many cases, not only because of potential greenwashing (Gatti

et al., 2019) but because of the inherently risky and long-term

nature of research and innovation. Equally, stated intentions may

underestimate SAI outcomes when increased productivity alone

has positive effects on sustainability outcomes such as poverty,

nutrition or climate change mitigation (Searchinger et al., 2019;

Fuglie et al., 2022).

Furthermore, as the study relies on project or program funding

descriptions to identify SAI intentions, there are likely to be

underestimates due to inadequate descriptions. Underestimation is
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potentially more likely in the case of Global South governments,

which are under less pressure to describe their innovation programs

as sustainable than are development partners and large-scale

private sector companies. On the other hand, in some cases,

particularly for private corporations, SAI tagging was applied to

large areas of funding when more granular data were not available

(e.g., using annual reports), and this may have overstated specific

intentions for individual projects and funding streams.

This data did not allow us to distinguish between different

degrees of sustainability, or between “incremental” and

“transformational” innovation (Gliessman, 2015). For example, a

piece of research on precision application of pesticides (to reduce

the quantity applied) would be identified as “environmentally

sustainable intentions,” i.e., the same as an agroecological

investment. This is a limitation of this study which can only be

fixed in future by broad agreement on definitions and improving

reporting standards.

Finally, our analysis measures external funding into innovation

and not cash or labor investments made by farmers or other

direct value chain actors in their own enterprises, although this is

recognized to be globally important (MacMillan and Benton, 2014;

Waters-Bayer et al., 2015).

3. Results

Here we examine the main patterns of funding in agricultural

innovation for the Global South over the period 2010–2019, and

the allocation of these funds across funding sources, implementing

agencies, and sub-sectors and value chains within agriculture.

We estimated average total annual funding on agricultural

research and innovation for the Global South between 2010 and

2019 to be about $60 billion per year (range $50–70 billion).

This total represents just 4.5% of agricultural output value in the

Global South (as sourced from FAO.Stat datasets on agricultural

value-added, constant US$). This innovation funding intensity

compares poorly to the energy sector, another critical sector for

economic growth and tackling climate change, which has sub-

sectors spending 6% of revenue on R&D alone (and significantly

higher if other innovation cost heads, such as marketing the

innovation, are considered) (Osborne, 2019). If an equivalent ratio

(6%) were applied to the agriculture sector, this would imply a non-

trivial increase of about $20 billion a year in innovation funding for

the Global South.

Over the decade examined (2010–2019), overall funding in

agricultural innovation increased. The first half of the decade saw

substantial growth averaging ∼7% per annum, driven primarily by

increases in government as well as private sector funding. However,

large private sector investment in innovation decelerated to 2% per

year in the second half of the decade, as discussed below.

R&D as traditionally understood—i.e., conducting scientific

research or developing new technical products and services—

accounted for just 33% of total innovation funding. Marketing

of technical innovations (a fraction of overall marketing funding

by organizations), along with public and private sector extension

services and training programs to help farmers and producers

adopt these innovations, accounted for 37%. Innovations that

intend to create or strengthen institutions or infrastructure

accounted for another 26%—for instance, programs such as the

Rashtriya Krishi Vikas Yojana (https://rkvy.nic.in) and National

Horticulture Missions (https://hortnet.gov.in) in India. Innovation

funding for new policies and subsidies for adoption of innovations

only accounted for only a small fraction of the overall funding

spend (<5%), although it was possible that some policy funding

was counted under other types of innovation. Increased funding

for policy innovation, as well as bundling policy and institutional

reform with technical innovation (Barrett et al., 2020), could

drive sustainability transformation at scale. For example, in Brazil,

EMBRAPA (The Brazilian Agricultural Research Corporation) has

worked closely with the government to develop agricultural policies

that enable productivity and sustainability within the sector (see

Dalberg Asia, 2021c), and CGIAR also works extensively with

policy-makers (Njuki and Nicol, 2021).

3.1. Main funding sources, value chains,
and recipients

The main patterns of funding are shown in Figure 4. Using $60

billion as the denominator, Global South governments account for

about 60–70% of total innovation funding; the private sector about

15–30%; development partners (multilateral development banks,

bilateral aid agencies and philanthropic foundations) about 8%; and

startups funded by PE/VC 2–3% of the total.

Funding for innovation in food commodity value chains

increased (both real terms and percentage) by about 50% over

the decade examined (Figure 5). Crops received 50–60% of value

chain-related funding, with livestock <20% and fisheries and

aquaculture about 5%. Crops account for 80–90% of the cumulative

innovation funding made by the private sector and startups, largely

due to innovation programs at large seed, pesticide and fertilizer

companies such as Bayer Crop Science, ChemChina, Syngenta and

John Deere (farm equipment for crops) that invest significantly in

both R&D and marketing of innovations.

Overall, the innovation funding in crops from the private

sector is higher than their proportionate contribution to overall

output value (Figure 6). However, innovation funding for both

fisheries and livestock are expected to increase significantly in the

future due to the high commercial value of these categories. A

higher focus on sustainability will be important given the high

environmental footprints, especially for livestock (Herrero et al.,

2015) and aquaculture. We found a significant increase in funding

(both real terms and percentage) for fisheries and livestock in

PE/VC funding to agricultural innovation over the decade (from a

low base): livestock and fisheries received only about 1% of funding

in 2010, but this had increased to close to 10% by 2019.

While funding for alternative proteins still forms a small

fraction of overall funding in agricultural innovation, this is

growing very rapidly in the Global South, as it is globally (Dion

et al., 2020; FAIRR, 2021), and if successful models and products

emerge, some innovation funding from livestock and fisheries

might get redirected to this space.

The main recipients (users) of agricultural innovation

funding are government agencies (∼50%) and private companies

(∼30%); universities and research institutes (∼16%), with
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FIGURE 4

Flow of funds by source and recipient of innovation funding 2010–2019 (annualized, constant 2019 prices). Source: Dalberg Asia (2021a).

FIGURE 5

Estimated total agricultural innovation funding for the Global South by main value chain in 2010, 2015, and 2019 (US$ billion, constant 2019 prices;

see text for definition of cross-cutting). Source: Dalberg Asia (2021a).

non-governmental organizations (NGOs) and civil society

organizations (CSOs) accounting for <5%. There are clear patterns

in funder–recipient pairs for agricultural innovation funding.

Governments mostly fund public programs. Similarly, private

companies’ channel most of their innovation funding back into

their own or other private sector firms, with a tiny fraction being

directed toward universities and public research institutes—for

example, in Brazil, Bayer and Syngenta have both collaborated with

the federal research agency, EMBRAPA (Dalberg Asia, 2021c).

3.1.1. Global South governments
Governments are the largest funders of agricultural innovation

in the Global South, accounting for about $40 billion (range

$35–45 billion), or about two thirds of the total (Figure 4). This

is equivalent to 10–13% of all agricultural-related funding by

governments in the Global South (using the expenditure on

agriculture, forestry and fishing as reported in the FAOSTAT

database). Public funding in agriculture innovation is dominated by

China, India, and Brazil, with these three governments accounting

for nearly 40% of overall agricultural innovation in the Global

South (Table 3).

Of the total public funding about 37% goes toward marketing

programs and 27% of public funding on agricultural innovation

goes toward technology and R&D activities. Science and technology

funding in agriculture largely goes to single government apex

research institutions that coordinate agricultural research in their

respective countries or utilize funding for their own research, with

the remaining funds flowing to state level and affiliated agricultural

research institutes and universities. Examples of apex research

institutions include the Chinese Academy of Agricultural Sciences

(CAAS), the Indian Council of Agricultural Research (ICAR),

EMBRAPA in Brazil, and the Kenya Agricultural and Livestock

Research Organization (KALRO).

Governments, in their enabler role, fund more on innovations

to help new products and services get adopted and scale than

on R&D to create those new products. An average of 37% of

public funding goes toward agricultural extension and training
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programs, while about 34% goes toward institutional funding, new

infrastructure, and agrarian reform. An example from the second

category is the dairy entrepreneurship development program in

India, which among its other objectives, intends to modernize dairy

farms for production of clean milk and bring structural changes

in the unorganized sector so that initial processing of milk can be

taken up at the village level.

There were, however, striking differences between countries

(Figure 7). China alone accounts for approximately half of all

Global South government innovation funding in agriculture,

followed by Latin American governments (driven by Brazil with

20–30% of regional funding) and South Asian governments (driven

by India at 50% of the regional funding). As also noted by Chai

et al. (2019), China has overtaken the USA in agricultural R&D on a

purchasing power parity basis—and this has been reflected in high

agricultural Total Factor Productivity gains in China, of over 3%

per year (OECD, 2019).

Government funding increased over the decade examined,

consistently driven by China (5% annual growth) and India

(9% annual growth). Brazilian government funding on the other

hand stayed fairly constant over the period, despite growing

agricultural exports and output, even declining slightly after 2014.

Some public funding in Brazil has been substituted by innovation

FIGURE 6

Estimated annual funding by private companies for agricultural

innovations focused on the Global South 2010–2019 (US$ billion,

constant 2019 prices). Source: Dalberg Asia (2021a).

funding by large companies such as Bayer and Syngenta, who have

funded agricultural research within Brazil in recent years including

through prominent collaborations with EMBRAPA (Dalberg Asia,

2021c).

Nearly half (47%) of all innovation funding by governments

goes toward crops, but in India this was higher, at nearly

70%. Approximately 27% of funding focuses on cross-cutting

themes such as forest preservation, water conservation and general

agricultural reforms, especially prominent within countries such

as Brazil. Livestock and fisheries receive only 20% of the overall

funding on innovation by governments. Comparedwith the relative

output value of crops, governments spend relatively more on

crops than livestock and fisheries (Figure 6), perhaps because a

majority of the agricultural workforce is employed within the crops

value chain.

3.1.2. Private corporations
Private corporations funded ∼$13 billion (in the range of

$9–18 billion) annually over the last decade on agricultural

innovation for the Global South, accumulating to $150 billion

(ranging from $90–180 billion), representing 15–25% of the overall

agricultural innovation funding for the Global South. The funding

is roughly evenly split between R&D funding and non-R&D

funding in marketing and adoption support. Key players include

agriculture-related divisions of global giants such as Bayer Crop

Science, Syngenta and Archer Daniels Midland. While smaller

agribusinesses also contribute to innovation in the agriculture and

food sector, they have a very small financial contribution compared

to the largest global agricultural corporations (see also OECD,

2019).

Farm mechanization (∼25% of total) and pesticides (∼23%

of total) represent the largest sub-sectors in terms of innovation

funding by the private sector (Figure 8). Funding in these

sub-sectors is dominated by large companies including John

Deere, Cargill, Bayer Crop Sciences and Syngenta, and focuses

predominantly on crops. Other sizable categories include

funding from meat and poultry processing companies (∼10%),

animal health companies (∼6%), fertilizer companies (∼3%)

and commodity-specific processing companies (∼3%), while

fisheries and aquaculture are estimated to receive <2% of the

total innovation funding. Precision agriculture-related innovation

funding forms ∼1% of the total funding by private companies;

however, it is the fastest growing category, growing at ∼25% a

year in the past decade (as also noted by Fuglie, 2016) for PE/VC

spending on precision agriculture).

TABLE 3 Funding in agricultural innovation by Global South governments.

Governments Total funding in
agricultural innovation

% of total govt. funding in
agricultural innovation

% of total funding in
agricultural innovation

China $20 bn ($15–25 bn) 48% 33%

India $3 bn ($2.5–3.5 bn) 7% 5%

Brazil $2 bn ($1.5–2.5 bn) 5% 3%

Rest of Global South $17 bn ($15–20 bn) 40% 28%

Source: Dalberg Asia (2021a).
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FIGURE 7

Estimated annual government agricultural innovation funding in the Global South 2010–2019 (US$ billion, constant 2019 prices). Source: Dalberg

Asia (2021a).

FIGURE 8

Estimated annual funding by private companies for agricultural

innovations focused on the Global South 2010–2019 (US$ billion,

constant 2019 prices). Source: Dalberg Asia (2021a).

Overall, agribusinesses saw a deceleration of overall innovation

growth (to 2% annually) and a slight fall in their R&D intensity

ratios (defined as expenditures over sales) over the final years

of the decade examined (for instance, Syngenta’s R&D intensity

fell from 10.1% in 2017 to 6.7% in 2019). The deceleration was

most noticeable in large agricultural input companies in sectors

such as farm mechanization, seeds development and biotech.

According to private sector experts we interviewed, this is likely

because agricultural input companies face high costs of innovation

due to an increasingly restrictive regulatory environment and

increasingly complex next-generation innovations, which together

with consumer preferences have pushed these companies to focus

on incremental innovations instead of breakthrough ones, calling

for a need to de-risk private capital to stimulate transformative

innovations (see also Kurth et al., 2020).

3.1.3. Private equity and venture capital investors
PE/VC investors funded $1.3–2 billion per year in agricultural

innovation between 2010 and 2019 (Figure 4), accounting for

2–3% of the overall innovation funding in agriculture for the

Global South. Although PE/VC funding represents a small share

of the overall agricultural innovation funding, a large percentage

of this funding is for disruptive innovation that can have an

outsized impact if the technologies work and the business models

prove viable (Cirera and Maloney, 2017). For example, startups

that increase information availability on markets, climate and

agronomic recommendations will help smallholder farmers but

also put pressure on intermediaries within the value chain, which

causes dynamic effects on the way business is conducted in the

sector. Another example is startups that create new markets and

increased value for byproducts and waste from agriculture.

The thematic analysis (Figure 9) drew from databases that

capture granular flow in the PE/VC investors, and then modeled

funding for the Global South to count funding into startups, not

just in the Global South but also into companies based in the

Global North where spillovers are likely (for detailed methods

see Dalberg Asia, 2021b). Examples of such spillovers include a

German startup, Plantix, which has developed an AI engine to

detect pests in crops and has a significant user base in India

(GINSEP, 2021). Innovative technology-enabled agri-marketplaces

and farmer engagement platforms (offering a combination of

information, market linkages and sometimes financial support)

received∼60% of all PE/VC agriculture funding, followed distantly

by seed development and biotech startups at ∼15%. Examples

of companies that received funding include Ninjacart (India),

Fruitday (China) and Meicai (China), which are all focused on

creating tech-based business models that use advanced analytics

to drive supply chain efficiencies in agricultural value chains.

Examples of seed development companies that received funding

included Advanta (India) and Nuziveedu Seeds (India). From a

commodity lens in terms of technologies, marketplaces, farmers

engagement and biotech, crops attract the highest share of PE/VC

funding, although funding that cut across commodity chains also

received a notable proportion of funding, driven largely by funding

for innovative agricultural financing companies that target both
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FIGURE 9

Estimated annual innovation funding by private equity and venture capital investors in agriculture-related start-up companies based in the Global

South 2010–2019 (US$ billion, constant 2019 prices). Source: Dalberg Asia (2021a) and Tracxn.

individual farmers and agricultural businesses (see Dalberg Asia,

2021d).

China and India are the largest users of PE/VC funding in

agriculture (both domestic and international), together accounting

for ∼90% of PE/VC agricultural investments, far ahead of Kenya

(∼3%), and Nigeria, Brazil, Argentina and Mexico (each about 1%

of total).

3.1.4. Philanthropic, multilateral, and bilateral
agencies

Based on data from OECD databases, average funding by

development partners for agricultural innovation is estimated to be

at∼$6 billion per year between 2010–2019 on average (about 8% of

the total).

Funding by development partners is dominated by bilateral

agencies (about 70%, although reducing in amount and share

over the decade), followed by multilateral grants with about 25%.

The USA is the leading bilateral funder, followed by European

countries and Japan. While multilateral agencies such as the World

Bank’s International Development Association (IDA) and the

International Fund for Agricultural Development (IFAD) are very

important funders of research and innovation, especially in low-

income countries, most of their funding takes the form of loans to

national governments, which are counted here as national funding.

Philanthropic foundations, dominated by the influential BMGF,

on average accounted for about 10% of funding by development

partners, or about 1% of all agricultural innovation funding for

the Global South; however, this notably increased (both real terms

and percentage) from <4% of the total in 2010 to 13% in 2019

(Figure 10).

Overall, nearly half (46%) of bilateral and multilateral grants

for agricultural innovationwas targeted toward sub-SaharanAfrica.

South Asia and Latin America received about 12% each, followed by

other regions. Within South Asia, Afghanistan received∼50% of all

funding for the region, followed by India, Pakistan, Bangladesh and

Nepal, which received ∼10–12% each. Nearly two thirds (∼65%)

of philanthropic funding goes to sub-Saharan Africa—fairly evenly

spread across countries—with other major recipients being in Latin

America and Southern Asia (driven by India).

Finally, China and India themselves invest more than $600

million per year (together) in agricultural innovation funding as

development partners, also mostly for sub-Saharan Africa. For

example, China funds technology demonstration centers in Africa

to promote the usage of and train stakeholders on new agricultural

technologies to increase production and economic efficiency (Jiang

et al., 2016), which may partly reflect the importance of Chinese

agricultural imports from Africa.

By value chain the pattern of investments is slightly different

by development partners than other groups, with relatively less

emphasis on crops (∼40%, compared to >50% by governments

and >90% by the private sector). About 15–20% of innovation

funding by development partners ($300–400 million/year) went

to livestock over the decade examined, and a similar amount

to fisheries and aquaculture. However, between 2014 and 2018,

bilateral and multilateral funders tripled their funding to fisheries

and aquaculture, while philanthropies increased theirs tenfold.

Finally, funding that cross-cuts all value chains constituted ∼12%

of total funding by development partners.

One pattern worth further investigation is an apparent shift

of innovation funding by development partners away from R&D

during the decade, toward funding for uptake and scaling of

innovations. Nearly 20% of innovation-related funds were spent on

R&D for agriculture around 2010, which almost halved to under

10% by 2018. Examples of investment in scaling include funding

by IDA in Tanzania’s Accelerated Food Security Project, which

included improving farmers’ access to agricultural knowledge,

technologies, marketing systems and infrastructure (World Bank,
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FIGURE 10

Funding by development partners in agricultural innovation focused on the Global South 2010–2019 (US$ billion, constant 2019 prices). Source:

Dalberg Asia (2021a) and OECD.Stat.

2014); and funding by the UK through an International Climate

Fund with the intention to promote sustainable low-carbon land

use and forest management in small and medium-scale farms

by encouraging technological progress in Brazil (DEFRA, 2013).

While uptake and scaling of current innovations is undoubtedly

a very critical issue to address, particularly for small-scale farmers

that are the majority producers in the Global South, investment in

R&D is equally important for future transformation of food systems

(Fuglie et al., 2019; Herrero et al., 2020), and it is important to

maintain a good balance.

3.2. Innovation funding use by di�erent
systems

We segmented funding into three main systems (as shown in

Figure 2). Layer 1, macro systems, includes governance and policy

institutions, financing systems, knowledge and education systems

within agriculture, as well as international and domestic trade.

Layer 2, production systems, includes core agricultural value chains

and production activity therein. Layer 3, ecosystem services and

natural resourcemanagement systems, includes systems tomanage,

conserve or develop ecosystem services and underlying factors

necessary for, or impacted by, agricultural production such as soil,

water, biodiversity, forests and land.

The results in this section are a synthesis of all funder

categories: governments (data here is mostly extrapolated from

the Indian government due to data gaps—a major limitation), the

private sector, PE/VC and development partners.

3.2.1. Macro systems (policy, financing,
knowledge, trade systems)

During the period 2010–2019, an average of $20–25 billion was

funded annually for innovations in macro systems, forming 30% of

the overall agricultural innovation funding. For example, out of the

USD 1.53B funding by the Indian government (mostly to ICAR),

a large fraction (USD 0.96B) of innovation funding in this layer

is focused on agricultural knowledge and education systems; staff

costs and project related expenses at higher education institutes,

universities and public research institutes. Other components

of Layer 1—governance systems/policy support (USD 0.33B),

financing (USD 0.23B) and collaboration and trade systems (USD

< 0.01B)—received limited fractions of innovation funding. Such

is also the case for CAAS in China, EMBRAPA in Brazil and

KALRO in Kenya. Further, based on expert inputs, only a negligible

portion of research projects in agricultural research institutes and

education institutes gets commercialized. Therefore, more strategic

integration of the private sector is needed that can not only improve

commercialization but also improve private sector funding.

3.2.2. Agricultural production systems (across
value chains)

About $25–35 billion (∼50% of the total) was funded annually

for innovations in agricultural production systems, including

production of inputs, processes, post-production, processing.

Innovation funding into these areas comes from both governments

(research funding, agricultural missions) and the private sector

(research funding, production factories producing products and

services, multi-disciplinary centers of innovation). Innovation

projects in this area vary greatly; a few examples include the

National Mission onMicro-Irrigation (Government of India, 2010)

and Mission on Agriculture Mechanization (Government of India,

2017) and the Kenya Cereal Enhancement Programme (KALRO,

n.d.). Funding in this category is also for demonstration projects at

farms, to develop and distribute post-harvest technology, as well as

research projects related to animal health.

Of the total innovation funds, the majority was for pre-harvest

processing such as inputs (30%) and production (12%), while post-

production (3%), processing (4%) and cross cutting (3%) received

only little (Figure 11). Funding for farmer-saved and local seed

systems was only about $2–6 million per year, or <0.5% of funding

in innovation for seed systems for the Global South (Dalberg Asia,

2021e).

The private sector contributes∼50% of the innovation funding

in Layer 2, funding ∼$10–18 billion per year. Funding from large

private corporations mostly goes to developing and marketing new
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FIGURE 11

Percentage of total agricultural innovation funding by sub-layers in production systems 2010–2019 (annualized, constant 2019 prices). Source:

Dalberg Asia (2021a).

production inputs. PE/VC funded startups tend to focus more on

innovations in the post-production stage, covering supply chain

technology as well as farmer engagement platforms, but are still

small players.

3.2.3. Agriculture ecosystem services and natural
resource management

Approximately $10 billion in innovation funding is utilized

every year for the protection, conservation and development

of ecosystem services as well as natural resource management;

this represents ∼13–20% of all agricultural innovation funding.

Funding toward these activities grew 5% annually over the decade

examined, but still constituted the smallest portion across the

three systems described above. Most of this innovation funding

comes from government agencies or development partners, since

this area is dominated by public goods that are not profitable for

the private sector. This includes innovation in management of

forests, biodiversity, soil and water conservation projects including

watershed development, and training in new approaches in these

areas. For example, IDA invests in countries in the Global South to

improve water use efficiency through the adoption of water saving

technologies and to increase surface and groundwater availability

through the rehabilitation of small to medium irrigation schemes,

terrace rehabilitation, bank protection works and other water

and soil conservation activities (World Bank, 2016). Increasingly,

however, there are startups that are focused on soil health

management, water and biodiversity conservation through the use

of data and analytics. For example, Shuxi Technology, a startup

in China, provides data-driven precision agriculture solutions

including recommendations to monitor soil health (Tracxn, n.d.a).

An India-based startup, Sumo Agro, manufactures soil nutrients

with the intention of supporting regenerative agriculture (Tracxn,

n.d.b). The challenge for getting more private sector investment in

innovation will be monetizing ecosystem benefits, which is proving

challenging, although agricultural carbon payments are a growth

area (IIF, 2021).

3.3. Funding innovation for sustainable
agricultural intensification

We estimated that <$5 billion annually was targeted toward

SAI innovation in the Global South, which is <7% of total funding

over the period 2010–2019. Using our broad definition (where

environment is the only “sustainability” element included), annual

funding was around $3.4–4.7 billion, while using the narrow

definition (which additionally requires a focus on social or human

outcomes), the total was around $2–2.6 billion or <4.5% of total

funding (Figure 12).

There is certainly much room for improvement in these

estimates. Supplementary Figure 1 shows that all innovation

intentions scored quite low; for example, intentions to improve

productivity and economics were only mentioned for 28%

of all funding, while other dimensions (environmental, social

or human conditions) were much lower. Underestimates can

result from poor descriptions of funding streams, in which

specific intentions are not clearly indicated—although this is

likely to be a more frequent problem with productivity (as

some innovation proposal writers may assume productivity is

an obvious objective and see no need to spell it out) than

for environmental and social intentions. Scaling and extension

activities may also lack clear descriptions of their intentions—

particularly their environmental ones—which means that even

in the case that they have clear socially-focused intentions, they

would not get classified as SAI funding using our methods.

Finally, as previously mentioned, an important limitation on

the government estimates was that India was the only major

country in the study sample that had sufficiently detailed data, so

overall government estimates are based on the extrapolation of

Indian numbers.

With the above caveats, it still seems reasonable to conclude that

funding for innovation for SAI for the Global South is very low.

Even tripling our figures would result in an estimate of a fifth or

less of all funding with stated SAI intentions. Breaking down the

numbers and data (with caution):
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FIGURE 12

Funding for sustainable agricultural intensification as a share of innovation for narrow and broad definitions 2010–2019 (annualized, constant 2019

prices). Source: Dalberg Asia (2021a).

• The proportion of innovation funding that has stated

intentions of SAI for the government (<6%) appears slightly

less than for the private sector (∼9%) and development

partners (∼10%). This might be mainly a matter of

presentation and requires further investigation. The private

sector, with valuable brands at stake, is being asked to

focus more on environmental, social and governance (ESG)

outcomes, so might be better than government entities

at articulating sustainability goals. Many large-scale private

sector companies have their own standards and metrics

for sustainability (e.g., OLAM, n.d.; Bayer, 2022), although

they may not always apply these consistently across all

their innovation work. Similarly, most development partners

have a strong strategic focus on sustainability and a

requirement to clearly state their objectives in project and

program descriptions. Bilateral and multilateral funding to

SAI (excluding China) was estimated to increase by ∼10%

annually between 2010 and 2018, but was still only∼8–10% of

the total innovation spend at the end of the period examined.

• From an agricultural value chain perspective, SAI innovation

(using the broad definition) funding percentages are low,

ranging from 8% for fisheries and aquaculture to 5% for crops

and only 2% for livestock (Supplementary Figure 2). This

suggests that the majority of funding emphasizes productivity

enhancements and not the other dimensions of sustainability.

An increased focus on overall sustainability by prominent

private sector players in livestock—companies such as Tyson

Foods (USA) and BRF (Brazil)—could drive up SAI funding

for this sector, as many of these large players currently have

limited stated intentions around environmental sustainability.

• From an innovation area perspective, ∼8% of funding for

technology-related innovation has clear SAI intentions, in

contrast to ∼4% of institutional innovation funding and

∼3% of marketing and extension innovation funding

(Supplementary Figure 3). As mentioned, the latter

figures may be underestimated, as if funding streams

do not mention environmental intentions, they do not

get tagged under either the broad or narrow definition

of SAI.

4. Discussion

Improving food and nutrition security while meeting

sustainability targets is one of the main global development

challenges facing this generation. A rapid and fundamental shift

to more productive, sustainable and equitable ways of producing

food (here called sustainable agricultural intensification or SAI) is

needed, requiring significant innovation across different categories:

technology, business practices, social institutions, finance, and

policies (Tomich et al., 2019; Barrett et al., 2020; Blended Finance

Taskforce, 2020; Fanzo et al., 2020; Herrero et al., 2020; Steensland,

2021).

This study estimates that overall innovation funding for the

agrifood sector for the Global South (which in this study includes

both R&D funding and the extension, marketing and other funding

for innovation uptake) is around $60 billion ($50–70 billion) per

year in 2019 US dollars, or around 4.5% of sector output. For such a

critical sector, this seems relatively low: as a comparator, if funding

were raised to match levels found in the renewable energy sector

(Osborne, 2019), this would imply an additional $20 billion per year

in funding. Rosegrant et al. (2022), in this collection, have estimated

the size of the “investment gap” for research and innovation to

meet some key Sustainable Development Goals (principally calorie-

based hunger and greenhouse gas emissions) and project that

this would need a minimum of $10.5 billion additional funding

annually. Baldos et al. (2020) have also pointed out the significant

global investment needed for agriculture to adapt to climate change.

We estimated that on average, across funder types, about 20%

of innovation funding was allocated to R&D—with the largest share

allocated to extension, marketing and behavior change (∼33%)

and the rest to institutions, education and infrastructure. For

development partners, there was a significant move away from

R&D funding over the period examined (from nearly 20% of
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funding in 2010 to about 10% by 2019), with increased funding

going to supporting scaling up existing innovations. Innovation

uptake and user-led innovation are clearly areas needing support

(MacMillan and Benton, 2014; Fuglie et al., 2019). However, it is

also worth keeping an eye on the balance between these medium-

term needs and the long-term, risky, but critical R&D funding

needed to develop and pilot new institutions, practices, varieties,

technologies and bundles thereof (Barrett et al., 2020) to address

emerging issues.

An important finding is that only a small fraction of innovation

funding within the agricultural sector has intentions of SAI, and

that this fraction has not increased substantially in recent years.

We estimate that over the decade examined (2010–2019), <$5–

7 billion out of this (<7%) had visible environmental intentions,

and <5% had both environmental and social/human intentions.

Even allowing for challenges with these estimates, it appears that

funding for SAI innovation is far too low to support transformation

of food systems.

Finally, this study has revealed a widespread lack of availability,

granularity and quality of the data on investment in innovation

across all funder types, as well as a lack of common definitions, in

particular for what funding is counted as promoting sustainability.

This is a major cause for concern, as it is not possible to improve

investment without adequate information.

What can be done to improve this situation? Five potential

recommendations are suggested by this study.

First, all funder types need to increase their funding on research

and innovation for agrifood systems, particularly for the Global

South, which faces the most significant challenges of poverty, food

insecurity and the effects of climate change.

Second, a global tracking system for research and innovation

in agrifood systems is urgently needed, both to incentivize funders

and innovators and to spot key gaps in investment. While there

are several programs which currently track agrifood R&D and

innovation, global coverage is patchy, financing is not always

reliable, and systems are not harmonized. Based on the emerging

findings of the working paper on which this report is based

(Dalberg Asia, 2021a), CoSAI actively campaigned with others

for the establishment of a global tracking system that would also

include sustainability concerns (CoSAI, 2021; Compton et al.,

2022). The United Nations Food and Agriculture Organization

(FAO) has an important convening role. Its recently released report

(FAO, 2022) introduces the vision, rationale, scope and methods

for new Agrifood Systems Technologies and Innovation Outlook

(ATIO), which will curate and publish information on innovation

inputs and emerging and mature innovations as well as their

potential to transform the agrifood system.

Third, a clear common framework and standards for

measurement would be required to support a tracking system.

This would need to cover general issues such as how to tag

different types of innovation (e.g., in policy or finance), stages

of research and innovation, and specific topics such as crops, as

well as the degree of detail to collect (e.g., crops-cereals-maize-

popcorn-popcorn variety x). FAO (2022) discusses this in detail,

and also emphasizes the need for indicators and open access data

for decision making and investment planning.

Fourth, as part of this, an agreed framework is needed to

be able to distinguish more clearly what “counts” as funding

for sustainability. While many investors and companies have

started indicating their interest in supporting environmentally

and socially sustainable agriculture, this has not translated into

significant changes, in part because of ambiguous definitions and

non-standard metrics. A common framework and measurement

scale should be created by international institutions and used

by funders. This should be based in the first instance on stated

intentions [as in this study and other studies tracking innovation

funding, such as Biovision and IPES Food (2020)], because the

importance of clearly-stated desired outcomes is acknowledged

in all planning for applied research and innovation (Andrew

and Hildebrand, 2019). However, it is also important to have a

means to track that stated intentions are in fact leading toward

desired sustainability outcomes. There are successful examples of

sustainability indicators used for some agricultural research, for

example the Sustainability Intensification Assessment Framework

byMusumba et al. (2017) and Stewart et al. (2018), used by projects

funded by the US Agency for International Development (USAID).

However, it is very challenging to come up with universally-

applicable indicators for all types of agrifood innovation, due to

the context-specificity, high drop-out rates and long time scales

from innovation to impact at scale—and the complexity and

high cost of attributing observed outcomes to specific innovations

(Stevenson et al., 2018; Belcher and Hughes, 2021). Another article

in this Research Topic (forthcoming, based on the working paper

Zurek et al., 2022) tries to resolve this dilemma by proposing

common principles for innovation that include verifying that the

project/program is measuring progress toward agreed areas (food

security, social equity, etc.) using suitable metrics for the context

(Zurek et al., 2023). However, there are still many issues to resolve,

including the perceived degree of sustainability (e.g., Biovision

and IPES Food, 2020), and the balance between having many

sustainability objectives and one or two highly focused ones that

can be more rigorously measured and enforced (Tricks, 2022).

The recent report from FAO (2022) also emphasizes the need for

systematic tracking of data and filling the gaps.

Fifth, governance regimes and independent watchdog bodies

need to include research and innovation in their oversight of

agrifood investment. For example, the World Benchmarking

Alliance and the Global Impact Investors Network both have

influential agrifood monitoring systems (GIIN, 2020; World Bench

Marking Alliance, 2022) but neither currently include indicators

for research and innovation, although this is critical for future

performance and sustainability.

The above five recommendations have implications for all

funders. For example:

Governments of Global South countries can benefit from

increasing their investment in research and innovation in agrifood

systems (Alston et al., 2021; Stads et al., 2021). This can potentially

be done by repurposing some existing funding, e.g., for some types

of agrifood subsidies (FAO et al., 2021; OECD, 2021; Springmann

and Freund, 2022). Governments could also aim to improve their

tracking of funding for innovation, including common databases

acrossministries and departments, andmove to adopt international

standards for sustainability.

Private sector companies, in particular the enormous

transnational corporations that dominate global technical

R&D in global agrifood systems, have immense potential to
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promote or hinder sustainability (Folke et al., 2019; Schneider

et al., 2020). Focusing all (or a larger part) of their research and

innovation on sustainability could potentially have a huge effect.

Development partners have the funds, the networks

and the influence to create a standard within the

development sector for measuring SAI-related innovation

funding. They could be the first movers, proving the

benefits of measuring funding on a common sustainability

standard and then advocating for its use across all types

of funders including Global South governments, other

international agencies, and private investors as well as their

own funding.

This is a challenging agenda. Civil society organizations and

watchdogs can play a role in pushing themajor funders, but agrifood

innovation has not traditionally been high on their list of demands.

Strong social norms and governance regimes will be important in

motivating change in innovation goals and objectives (Béné, 2022).

We acknowledge the importance of gender, division of

labor, and producer sub-groups based on landholdings.

However, we were not able to disaggregate data under

those categories due to lack of granularity in the available

data. It important that biophysical and social innovations

are equitable and available to all categories and does not

discriminate against any particular group including subsistence

and commercial sectors. In addition, we could not separate

data on farmers uptake of funding and innovations, but

recognize that these are important challenges and reasons

for low adoption and impact, especially in some regions of

sub-Saharan Africa. There is certainly a need for balancing

funds toward new innovations and adoption or scaling to

reduce poverty and hunger, and improve food, nutrition and

climate security.

This study was not designed to identify specific areas of under-

funding—some of these have already been highlighted by other

authors (e.g., Pingali, 2015; Haddad et al., 2016; Beintema and

Stads, 2019; Tadele, 2019; Bollington et al., 2021). The decision on

how much innovation funding should be allocated to a particular

area is complex and often situation-specific. Nevertheless, a couple

of areas stood out in this study as having potentially very

low funding:

• Funding for innovation for post-harvest management and

value chains in the Global South was estimated at less than a

tenth of innovation in production and production inputs. This

is potentially a major global area of under-investment, since

post-production innovation plays a huge part in developing

value chains (Reardon et al., 2019) and also in reducing food

waste, which inter alia has important food security and climate

change mitigation impacts (Chen et al., 2020; Cattaneo et al.,

2021; Santeramo and Lamonaca, 2021).

• Another area of apparent underinvestment is farmer-

produced and local seed systems. Innovation in local informal

seed systems and farmer-saved seed gets <0.5% of all seed

innovation funding, although these are the most important

source of seeds for many farmers in the Global South (Coomes

et al., 2015; McGuire and Sperling, 2016).

5. Conclusion

This study represents, to the best of our knowledge, the

first attempt to measure funding going toward agricultural

innovation in the Global South by governments, the private

sector, development partners and PE/VC investors—going beyond

technical R&D to measure complementary funding in scale-up and

adoption as well as funding in innovation in policies, financial

instruments and social institutions. In addition, this represents the

first global attempt to measure the proportion of this funding to

SAI that has stated intentions of promoting environmental, social

or human sustainability.

Among the more striking patterns, we found that funding

to innovation represents only 4.5% of Global South agricultural

output, and that <7% of this agricultural innovation funding

is explicitly focused on delivering environmental outcomes,

while <5% has both environmental and social/human

intentions. Specific areas which received very low innovation

funding included post-production systems and local

seed systems.

The results of this study were limited by the availability and

quality of data on innovation. An important recommendation is

the need to direct more funding toward creating a standardized

approach to cataloging, classifying and measuring funding in

innovation in agriculture being made by different categories

of funders globally. Such a common standard of reporting

agricultural innovation funding would go a long way in

making future analysis easier and increased transparency

about sustainability intentions would increase incentives

for change.
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This paper introduces a new framework to quantify costs and benefits for 
resilience-related outcomes of agricultural innovations targeting smallholder 
farmers. The framework employs a non-unitary household model with expected 
utility to quantify welfare benefits associated with non-monetary outcomes that 
are important from a development perspective, such as improved consumption 
smoothing, empowerment, and changes in time use. We  demonstrate the 
application of the framework using a case study of climate information services 
(CIS) in Ghana. We develop a set of individual bargaining weights based on the 
women’s empowerment in agriculture index, to demonstrate how benefits from 
CIS are distributed among men and women within households. We find that for 
the average risk-averse farmer, using CIS is associated with a 37-percent increase 
in expected utility, but male household heads benefit more than women living 
in male-headed households. Cost–benefit analyses that do not consider the 
intrahousehold distribution of benefits associated with agricultural innovations 
will overestimate benefits accruing to women with low bargaining power.

KEYWORDS

cost-benefit analysis, climate information services, women’s empowerment, climate 
resilience, Ghana

1. Introduction

Nearly three-fourths of the 2.1 billion people living in extreme poverty depend on 
agriculture as their main source of livelihood (Lele and Goswami, 2021). Increasing frequency 
of extreme weather events such as droughts, floods, heat waves, and tropical storms due to 
climate change however poses multiple threats to agriculture. Recent global estimates indicate 
that about 91 percent of the 7,255 major disasters between 1998 and 2017 were driven by 
extreme weather events (Wallemacq and House, 2018). Such events adversely affect crop and 
livestock productivity, as well as farmers’ willingness to experiment, invest, and innovate 
(Lybbert and Sumner, 2012). This jeopardizes food availability, incomes, and livelihoods, 
especially for the poor, smallholder subsistence farmers, and women (Tanner and Mitchell,  
2008; Demetriades and Esplen, 2010; Thornton et al., 2014).

Governments and development agencies have sought to reduce the negative impacts of 
climate risks on vulnerable populations. They use a variety of approaches to manage weather 
risks ex ante, including the use of innovations aimed at building the resilience of the production 
systems against climate variability. Examples of these approaches include the provision of 
insurance against weather risks (Mahul and Stutley, 2010; OECD, 2015), promoting climate-
smart agriculture (e.g., the use of sustainable and climate-resilient agricultural practices such as 
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stress-tolerant varieties, conservation agriculture, and diversified 
farming), and climate information services [FAO (Food and 
Agriculture Organization of the United Nations), 2010; World 
Bank, 2011].

In developing countries, expenditure on agricultural innovation 
research increased by over 192 percent within the past four decades 
(Fuglie, 2016; Fuglie et  al., 2020). Given that most developing 
countries have scarce resources, investments in agricultural 
innovations to build resilience compete for funds with other important 
areas of development such as social protection, health care, education, 
and physical infrastructure. Therefore, a better understanding of the 
different types of costs and benefits associated with developing and 
implementing these innovations will be  critical to help justify, 
prioritize, and improve investments in them, as well as investments in 
the agricultural research-for-development that leads to 
these innovations.

Benefits associated with the innovations can be heterogeneous, 
and depend for instance on a user’s gender, social class, or marital 
status. It is important to quantify benefits for different groups of 
farmers (such as women and poorer subsistence farmers). This will 
help identify target groups where the greatest potential welfare gains 
can be  achieved, as well as adjust programming to create greater 
benefits for those groups that development practitioners are aiming to 
benefit most. This paper provides a framework for analyzing the costs 
and benefits of investments in agricultural innovations that aim to 
enhance the resilience of smallholder farmers in developing 
economies, allowing the estimation of heterogeneous benefits for 
various groups of beneficiaries.

A growing literature has been devoted to studying the costs and 
benefits of investments in various agricultural innovations; for 
instance, climate-smart agriculture (Marta-Pedroso et  al., 2007; 
Balmford et al., 2011; Sain et al., 2017; Nganga et al., 2017a,b; Wafula 
et al., 2018; Mutenje et al., 2019; CARE-Burundi, 2020; Williams et al., 
2020), and country-level rought insurance (Clarke and Vargas Hill, 
2013; Jensen et al., 2017; Kramer et al., 2020). Many of these studies 
focus on quantifying the expected Net Present Value (NPV) of current 
and future cash flows generated by these innovations over their 
lifecycle; often discounted at market interest rates to estimate the costs, 
benefits, and the subsequent payback period of the investments.

Although the NPV approach adequately captures changes in 
expected cash flows, the approach does not account for the benefits of 
reduced risk exposure for risk-averse farmers. Damba et al. (2021) and 
Smith et al. (2021) for instance acknowledge that while attempting to 
assess costs and benefits, they were confronted with challenges in 
measuring unintended outcomes as a result of the usage of a particular 
technology. Jensen et al. (2017) go a step further, by quantifying the 
welfare benefits from improved consumption smoothing and the 
benefits of reduced risk exposure for risk averse farmers. They employ 
an expected utility model to compare the benefits from agricultural 
insurance and unconditional cash transfers among livestock farmers 
in Kenya. While serving as an important starting point, this study does 
not identify benefits related to the impacts of insurance and cash 
transfers on time use, which is an area where this paper contributes.

Moreover, it is important to understand the intrahousehold 
gendered distribution of costs and benefits (Kabeer, 1992), since 
spouses are likely to have conflicting preferences [such those described 
in Haddad et  al. (1998), Donni and Chiappori (2011), and Doss 
(2013)]. Mutenje et al. (2019) and CARE-Burundi (2020) study gender 

as part of their cost–benefit analyses but do not quantify welfare gains 
from improved gender outcomes such as women’s empowerment, 
which is another area where this paper aims to contribute. Most 
importantly, most existing gendered cost–benefit analyses are 
conducted at the household level, treating the household head’s gender 
as the main variable for gender-disaggregated analyses. Given that 
most women live in male-headed households, and the fact that 
bargaining power will vary among women living in male-headed 
versus female-headed households, focusing only on the household 
head will likely bias the gender distribution of cost and benefits of 
agricultural innovations.

To address these gaps, our toolkit employs an expected utility 
framework to map individual consumption under alternative weather 
scenarios into a measure of wellbeing (‘expected utility’), taking into 
consideration not only the expected level of consumption but also 
higher moments of its distribution, including its variance. In this way, 
the framework can capture the utility benefits associated with an 
improved ability to manage agricultural risks and smooth 
consumption, which is often an important objective for innovations 
developed to improve smallholder farmers’ resilience. We extend this 
model to include leisure, to capture an innovation’s benefits in terms 
of reducing labor burdens, or costs in terms of increasing workloads. 
Moreover, by using a non-unitary household model that allows for 
variations in individual bargaining power (Chiappori, 1988, 1992) 
we  measure how the costs and benefits are differently distributed 
among men and women in the household. This will help in integrating 
the consequences of agricultural innovations related to gender 
equality and empowerment into a cost–benefit analysis.

To illustrate the use of the framework, we  focus on climate 
information services (CIS) promoted through the Accelerating 
Impacts of CGIAR Climate Research for Africa (AICCRA) program. 
AICCRA is a three-year World Bank funded program that aims to 
scale innovations from international agricultural research in six 
countries in Africa: Ethiopia, Kenya, Ghana, Senegal, Mali, and 
Zambia.1 This study uses baseline data collected from 661 farmers 
recruited to participate in AICCRA’s CIS program in Ghana. We first 
study how the use of CIS is associated with agricultural outcomes 
(including investments in farm inputs, agricultural productivity, and 
off-farm labor incomes) under three weather conditions: normal, 
moderate, and severe2. We then estimate the expected utility with and 
without CIS for different household members, taking into 
consideration their individual beliefs and preferences. To shed light 
on the intrahousehold distribution of costs and benefits related to CIS, 
we analyze utility gains separately for three types of individuals: men 
in male-headed households (MHH), which are typically the male 
heads themselves; women in MHH, which are typically the spouses of 
the male heads; and women in female-headed households (FHH), 

1 More details on the AICCRA program can be  found here:  

https://aiccra.cgiar.org/

2 Normal: the weather outcome is above the medium historical ranges; 

Moderate: weather outcome within the medium of historical ranges. Severe; 

current weather significantly below or way above historical ranges, such as 

severe drought or floods.
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including widows and never married female heads with no primary 
male-decision maker within the household.3

We find that under moderate weather conditions, CIS users invest 
significantly more in farm inputs than non-CIS users and agricultural 
payoffs are significantly higher under CIS production regime. On 
average, for a risk-averse farmer, using CIS increases the expected 
utility by 37 percent. Compared to women in MHH, men have higher 
bargaining power, which significantly increases their level of 
consumption, and thus their expected utility. Female household heads 
have higher levels of consumption than individuals in MHH under 
normal weather conditions but consume less under severe weather 
conditions. These findings suggest that although women in FHH have 
the bargaining power to make decisions, they might lack adequate 
access to resources to cope with severe climate events. Women in 
MHH are the least empowered, with significantly lower levels of 
consumption, and expected utilities, and they draw the least benefits 
from CIS. Whereas investing in CIS would create a utility gain that is 
equivalent to an increase in consumption of 93 USD for male 
household heads, the gains for women are 76 and 65 USD depending 
on whether they reside in a FHH or MHH, respectively. These findings 
show how household-level analysis can mask important details 
regarding the intrahousehold distribution associated with costs and 
benefits from agricultural innovation.

The remainder of the paper is structured as follows. In Section 
“Background on Climate Information Services (CIS)”, we provide 
background on CIS to contextualize the proposed framework to 
conduct cost–benefit analysis of resilience-enhancing agricultural 
innovations. This framework is introduced in Section “A new approach 
for cost-benefit analysis of resilience-enhancing innovations”, along 
with the data needed to apply this approach. Section “Empirical 
application of the new approach for cost-benefit analysis” presents our 
empirical case study, and Section “Discussion and Conclusions” 
concludes.

2. Background on climate information 
services

CIS delivers data, statistical analyses, tools, and other information 
resources about expected future climate conditions – including, 
among others, temperature and precipitation scenarios, and sea-level 
changes – and their potential impacts on livelihoods (USAID, 2013). 
People and organizations can use this information to reduce climate-
related losses and in building resilience to future climate risks. In 
agriculture, CIS enables farmers to optimize many aspects of their 
production systems, including the timing of sowing, planting, fertilizer 
application, irrigation, pest and disease control, harvesting, and post-
harvest handling (Balaji and Craufurd, 2011; Hansen et  al., 2011; 
McKune et  al., 2018), enabling them to improve their farm 
productivity and welfare (Naab et  al., 2019; Vaughan et  al., 2019; 
Nidumolu et al., 2020).

CIS have several desirable attributes that make them attractive to 
policymakers and farmers. First, CIS increase the accuracy and 

3 For the analysis, we classify self-identifying female heads with a male partner 

who is a key decision maker within the household as women in MHH.

reliability of weather forecasts, enabling farmers to make timely 
production decisions (Asrar et  al., 2020). As such, CIS can have 
important labor-and gender-related outcomes. For instance, early 
drought warnings and weather forecasts can help farmers optimize 
when to plant their crops, thereby reducing the labor burden of having 
to plant a second time in case the rains fail (Gumucio et al., 2020). 
Second, communication and dissemination of CIS can be conducted 
through a diverse suite of freely available or cheap channels such as 
mobile phones (SMS, phone calls, and internet), radio, television, 
printed media, extension officers (through demonstrations, training, 
and visits) and other channels like public meetings, farmer-to-farmer 
messaging, and workshops (Yegbemey and Egah, 2021). This can 
improve affordability and equity in reach among various groups of 
farmers. Third, CIS can be easily tailored to meet the needs of different 
groups of farmers, and compared to other risk-management strategies, 
the marginal cost of CIS dissemination and scaling is low (Tall et al., 
2014; Guido et al., 2020).

Although these advantages are broadly acknowledged, and several 
studies have found that farmers have a high willingness to pay for CIS 
(Ouédraogo et al., 2018; Dinh, 2020; Gitonga et al., 2020; Antwi-Agyei 
et  al., 2021a), in many developing countries, especially those in 
sub-Saharan Africa, CIS is either missing or it is available as short-
term weather and seasonal forecasts rather than user targeted large-
scale national and regional information that can support long-term 
planning (Hansen et al., 2011; World Meteorological Organization, 
2014; Georgeson et al., 2017). Moreover, women and poor subsistence 
farmers—who are disproportionately vulnerable to the negative effects 
associated with climate risks— are more likely to be excluded from 
available CIS (Beuchelt and Badstue, 2013; Huyer et al., 2017; Diouf 
et al., 2019; Antwi-Agyei et al., 2021b). Although CIS, if reaching these 
populations, could contribute to their empowerment, the information 
might not reach them, and in fact, providing CIS could widen 
information gaps relative to the groups that are not reached by 
CIS. The disempowering effect of this widening information gap is one 
potential cost of CIS. Moreover, if households choose to expand their 
agricultural production in response to having access to CIS, the 
additional labor associated with that expansion might 
disproportionally fall on women. It is therefore important to 
document the unintended consequences of CIS for different 
household members’ work burdens as another potential cost of CIS.

The Accelerating Impacts of CGIAR Climate Research for Africa 
(AICCRA) program bridges these gaps by strengthening and 
facilitating the institutional capacity to develop and disseminate 
tailored and targeted CIS packages for small-scale farmers. The 
targeted CIS packages are expected to increase reach to previously 
excluded populations such as women and subsistence farmers. 
AICCRA also aims at promoting the delivery of longer-term forecasts 
that could help farmers in strategically planning their agricultural 
production activities. An important objective for AICCRA is also to 
document the impacts of these CIS packages, and their costs and 
benefits, including the costs associated with potential unintended 
consequences on for instance women’s economic empowerment and 
work burdens.

Figure  1 provides an overview of how access and use of CIS 
intersect with resilience to weather risks and the potential costs and 
benefits associated with CIS use. By gaining improved access to 
information about effective climate response measures, farmers will 
be able to better anticipate climate-related events and take preventive 
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actions that can help safeguard productive activities, avoid catastrophic 
losses, and increase return on their investments in farm inputs, land, 
and labor. For instance, CIS can allow farmers to plant varieties that 
are optimal for the projected weather conditions, or they could 
increase their risk-taking capacity and invest in complementary inputs 
such as fertilizer, labor, and mechanization. These actions can directly 
impact farm productivity and incomes, thus improving household 
welfare. CIS could also shift labor burdens for women and men. For 
instance, CIS can reduce workloads via mechanization, better division 
of labor, or early planning, which can enhance individual and 
household welfare. This can also increase an individual’s bargaining 
power, but potentially at the expense of others’ say in how household 
resources are allocated. If CIS empower groups of individuals that are 
currently disempowered, net benefits from providing CIS are likely to 
be  positive. But CIS could also empower already more powerful 
individuals, which may come at a cost of further disempowerment of 
marginalized individuals. Furthermore, a recommendation to apply 
fertilizer or grow new crop varieties may call for increased weeding 
and post-harvest processing, which can worsen labor burdens for 
household members (often women) who are tasked with these types 
of activities (Walker, 2013; Beuchelt, 2016). This would be  a cost 
associated with the use of CIS.

3. A new approach for cost–benefit 
analysis of resilience-enhancing 
innovations

3.1. Theoretical framework

We model the costs and benefits associated with CIS from a 
farming household’s perceptive using a collective household utility 
framework (Chiappori, 1988, 1992; Browning et al., 2014), which 
we  extend to include multiple states of the world, or weather 
realizations. Under this framework, household utility is defined as a 

weighted average of the set of (potentially unequal) levels of expected 
utility for individual members, aggregated using these family 
members’ bargaining weights (Sen, 1984). Most consumption takes 
place within the household, based on a common budget that is shared 
within the household.4 Certain goods, such as food consumption, are 
rival private goods, while others, such as house improvements, are 
non-rival public goods. When choosing to allocate a limited budget 
to various private and public goods, the household takes into 
consideration utility outcomes of each member, weighted by that 
member’s bargaining weight.

For simplicity, we model a two-person household with individuals 
k∈{ }1 2, , and assume that the household optimizes an aggregate of 
expected utility for both individuals, weighted by each individual’s 

negotiation power or bargaining weight kω , where 
k

k
=
∑ =
1

2

1ω  (Manser 

and Brown, 1980; McElroy and Hornery, 1981; Chiappori, 1988),
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where EU is expected utility aggregated at the family level, Uk .( )  
is individual k ’s utility function, γ  denotes whether the household uses 
CIS (γ =1) or not γ =( )0 , Ck  is the level of consumption for individual 

4 We abstract from household members having individual, personal incomes, 

that they hide from their household members. There are cases where individual 

keep separate finances, however, whenever they both contribute to a household 

public good, they are regarded as deciding consumption jointly 

(Fafchamps, 2005).
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 Linking CIS to climate resilience (source: Authors’ depiction).
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k , and Rk is the amount of leisure that this person will enjoy.5 Expected 
utility for individual k , EUk · ,( )  is an aggregate of individual utilities 
across three possible states of the world or weather realizations, 
ϕ ∈{ }1 2 3, , , using∅ϕ  as the probability of realizing weather event ϕ to 
aggregate contemporaneous utilities for the separate states of the 
world. We  consider normal (ϕ = 0), moderate (ϕ =1), and severe 
(ϕ = 2) weather events.

The household optimizes the level of consumption and leisure 
under weather realization ϕ for each family member k , subject to the 
budget and time constraints specified in Equations (1) and (2):

 ( )1 2, ;,k k k kC Y l l A w Zϕ ϕ ϕ ϕ φ ϕω γ= +
 

(2)

 R T l H Zk k k kϕ ϕ ϕ ϕ= − − −  
(3)

The budget constraint, Equation (2), implies that an individual’s 
consumption is determined by three variables: net household income 
from agricultural production, Y .( ) , which is modeled as a function 
of both family members’ labor allocation to farm activities, l iiϕ , ∈{ }1 2, , 
and household investments in farm inputs, Aϕ ; the individual’s share 
of that income, which is determined by that individual’s bargaining 
weight, ωk ; and the individual’s income from other activities, such as 
employment, casual work, and business, which is equal to the wage 
rate for those activities, w kφ , times the total number of hours worked 
on other activities, Zφk.6 The time constraint, Equation (3), specifies 
the total amount of leisure that individual k  enjoys as total available 
time minus any time spent on the farm, l kφ , on domestic work, H kφ , 
and other income-generating activities, Z kφ .

Note that the relationship between agricultural income and inputs 
(l l Aϕ ϕ ϕ1 2, , ) depends on whether the farmer uses CIS to optimize its 
farming practices and technologies, γ . Using CIS could improve the 
return on labor, on farm inputs, or on a combination of the two, and 
in our framework, that is the only mechanism through which CIS use 
can influence utility.7 In principle, one could also let the bargaining 
weight, ωk , depend on whether the household uses CIS, given that 

5 Utility Uk .( ) is continuous, increasing (>0)-->Uk′ > 0), twice differentiable 

and strictly concave (<0)-->Uk′′ ( ) <. )0 . Note that preferences can vary across 

family members, since individuals have separate utility functions.

6 Note that income from agricultural production is used to invest in 

agricultural inputs, which are considered household public goods, and the 

remaining is spent on individual consumption, which is considered a rival good.

7 Instead of specifying a functional form for the production function and 

estimating how CIS affects the return of net agricultural income, Y .( ) , on 

labor and farm inputs, we estimate gains from CIS directly from empirical 

observations of net agricultural income without and with CIS, not accounting 

for labor and farm input use. The framework could be extended in cases where 

rich panel data allow estimating production functions, and the Appendix 

conceptualizes one way to model the impacts of CIS. It suggests that under 

normal weather conditions, farmers are expected to do equally well regardless 

of whether they use recommendations made by CIS; during severe weather 

conditions, farmers are likely losing most of their income, regardless of whether 

they are following CIS recommendations; and only during moderate weather 

conditions, CIS may make a real difference, protecting farmers’ livelihoods 

from negative shocks.

information can be empowering and increase bargaining weights, but 
we abstract from doing so in this paper. As a result, we can quantify 
the utility gains from using CIS within this framework by defining a 
monetary equivalentMk  of utility gains from using CIS. This 
equivalent is implicitly defined in Equation (4) as the amount by 
which individual k ’s consumption would need to increase in the 
absence of CIS, γ = 0, to match this same person’s expected utility 
when using CIS, γ =1:

 
EU C R EU C M Rk k k k k k k, ; , ;1 0( ) = +( )  

(4)

To make the framework more flexible and easily adaptable, we will 
implement a numerical approach to identify this amount Mk, instead 
of providing an explicit solution for the monetary equivalent of utility 
gains from using CIS. This numerical approach requires specifying a 
functional form for the utility function, for which we draw on Rupert 
et al. (1995):

 
U C R

C R
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−
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α

α αρ ρ ρ
.

 
(5)

Here, we  define α  as the contribution of consumption to an 
individual’s utility (relative to the contribution of leisure), r  as the 
coefficient of relative risk aversion, and 1 1/ −( )ρ  as the elasticity of 
substitution between consumption and leisure. This functional form 
may be a simplification of reality, as it assumes full separability and a 
constant elasticity of substitution (CES) between consumption and 
leisure, but it offers a useful starting point to quantify changes in 
expected utility when a program may affect both consumption and 
time use.8

3.2. Data requirements

To apply this framework, one needs data on the variables and 
parameters included in Equations (1)–(5). In this subsection, 
we outline what types of data one could collect to satisfy these data 
requirements. This includes various household and individual 
attributes such as the distribution of weather outcomes, farmers’ 
demographic and socio-economic characteristics, climate risks, CIS 
access and use, consumption, leisure, and time and risk preferences.

3.2.1. Probability of weather outcomes
The information on weather probabilities can be  elicited by 

directly asking the respondents about their perception on the 
occurrence of severe, moderate, or normal weather condition within 
the next 10 years, such that the subjective probabilities of these events 
occurring sum to one, ∑∅ =ϕ 1. The problem with this approach is 
that it is hypothetical, which will not always elicit truthful responses. 
It also provides merely a course measure, given that this method 

8 Moreover, the numerical approach is sufficiently flexible for someone to 

specify an alternative utility function when applying the framework in cost–

benefit analyses.
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allows to construct probabilities only in increments of a decimal. In 
case researchers are interested in averages across a population, this will 
not necessarily be an issue, given that unsystematic biases in individual 
responses disappear when aggregating over larger numbers of survey 
respondents, and this will also provide more exact probabilities than 
the individual estimates with increments of at most a decimal (0, 0.1, 
0.2, etc.). Alternatively, if an individual’s subjective beliefs are an 
important outcome measure on their own, one can use more granular 
and incentivized methods to elicit beliefs (see Attanasio, 2009, for 
an overview).

3.2.2. Distribution of consumption and leisure 
across weather scenarios

We define consumption as the expenditure incurred on goods and 
services (such as food, health, clothing, education, among others) that 
are used for the satisfaction of needs or wants (OECD, 2015). Current 
practices for collecting consumption data differ widely across types of 
surveys, between countries, and over time, which might compromise the 
comparability of the data and measurement (FAO and World Bank, 
2018). One can measure consumption through an expenditure approach, 
but this is typically a time-consuming endeavor. Instead, in this study, 
where we needed to rely on a short survey, we assume that household 
and individual consumption growth is correlated very closely with 
expected income growth (Skinner, 1987; Jappelli and Pistaferri, 2000; 
Howe et al., 2009) and use projected incomes as a proxy for consumption. 
Several approaches to collecting income data have been outlined in the 
literature (for example, Sweeney et al., 2016). In this study, for each of the 
three alternative weather scenarios, we ask respondents to report the 
minimum and maximum projected incomes from agriculture, including 
crop production, livestock, and livestock activities ( Y .( )  in our 
framework), as well as from waged, salaried and trade activities (w Zk kφ ϕ  
in the framework). Income under each weather scenario is then 
estimated by averaging over the two values to reduce measurement error 
compared to using a single value response of projected income.

Following Alderman and Sahn (1993) and Aguiar and Hurst 
(2007), we define leisure as time spent away from market and domestic 
work to pursue other activities designed to yield direct utility, such as 
entertainment, socializing, active recreation, and general relaxation 
(excluding maintenance activities such as sleeping and eating). Leisure 
is an important aspect for individuals as it improves social well-being 
and long-term productivity (Beatty and Torbert, 2003; Wei et  al., 
2016). To estimate the share of time dedicated to leisure, it is important 
to understand how individuals divide their 24 h among various daily 
activities, for which we employ time-use survey guidelines from the 
Multinational Time Use Survey Project.9 We ask individuals to report 
the average time spent on various activities within a day, including 
paid work (such as full-time and part-time jobs, commuting to the 
workplace, school activities among others), domestic work (such as 
cooking, cleaning, caring for children and other family members, 
volunteering, shopping among others), farm work (such as planting, 
weeding, fertilizer application, harvesting, post-harvest handling, 
marketing among others), personal care (sleep, eating and drinking 
among others), and leisure (such as pursuing hobbies, watching 
television, socializing with friends and family, attending events, 

9 https://www.timeuse.org

among others). One can deduce leisure time from the amount of time 
an individual engages in other non-leisure activities.

We ask respondents to provide their time use profile under bad, 
normal and good weather realizations, but when someone has 
longitudinal panel data with variation in weather realizations over 
time, one could use a 24-h time use profile, and estimate how this time 
use profile depends on realized weather outcomes, since a 24-h time 
use profile reduces measurement errors on time use responses.

3.2.3. Risk preferences
Risk preferences (r  in our conceptual framework) are an 

important factor in individual decision making on investment, asset 
valuation, and life choices. For risk averse farmers, utility gains can 
be obtained not only from increases in the levels of consumption and 
leisure, but also from a reduction in the variability of these two 
variables. For a given consumption and leisure level, utility gains from 
reduced risk will be greatest among farmers with higher levels of risk 
aversion. It is therefore important to also capture risk preferences.10

To date, there have been several approaches used to assess 
individual degree of risk aversion. For instance, Binswanger (1980) uses 
lottery choices from field experiments to show that most farmers 
exhibit a significant degree of risk aversion. Other methods include a 
bidding and pricing task (Smith and Walker, 1993), and eliciting buying 
and/or selling prices for simple lotteries (Kachelmeier and Shehata, 
1992). We adopt a risk preference elicitation method first introduced 
by Eckel and Grossman (2002) and validated by Falk et al. (2018) in the 
Global Preference Survey.11 In this approach, respondents make 
hypothetical choices between five lotteries with different levels of risk 
and expected payoffs versus a safe option. Measures of risk aversion are 
inferred from the levels of risk and expected payoffs in the lotteries at 
which respondents switch from preferring the lottery to the safe option.

3.2.4. Bargaining weights
An individual’s bargaining power, ωk , will influence the share of 

rival household resources allocated to them, which will in turn 
influence their utility outcomes (see Equations 1 and 2). This implies 
that the intrahousehold distribution of rival resources will favor the 
preferences of the spouse with a stronger bargaining weight. Existing 
literature presents several ways to measure individual bargaining 
power, including the use of consumption ratios for different household 
members, income contribution, educational attainment, inheritance, 
and asset ownership rights (Blumberg and Coleman, 1989; Friedman-
Sanchez, 2006; Anderson and Eswaran, 2009). Manser and Brown 
(1980) and McElroy and Hornery (1981) suggest that an individual’s 
bargaining power depends on a threat point, that is, when negotiating, 
spouses can threaten to walk away, and therefore bargaining power is 
related to how much utility an individual can achieve on their own. 
Friedberg and Webb (2006) however argue that several omitted factors 
in the previous empowerment measures could bias the outcomes. For 
instance, if a spouse earns more because they work more, this might 

10 In our conceptual framework, we treat access to CIS as an exogenous 

parameter, but in reality, farmers’ willingness to use CIS and their ability to 

draw benefits from it will depend on their degree of risk aversion, offering 

another reason for why it is important to capture baseline levels of risk aversion.

11 https://www.briq-institute.org
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reduce the time that is available for them to engage in daily decisions 
making activities, rendering them disempowered. They therefore 
argue that it is better to construct measures of bargaining power based 
on questions that directly ask respondents about how major decisions 
are made within their households.

To measure individual bargaining power, we follow the approach 
described in Friedberg and Webb (2006) and develop an index based 
on who has ‘the final say’ between a husband and wife (or opposite sex 
adult decision-makers) when major decisions are being made. 
We follow the bargaining power indicators outlined in the “input in 
productive decision-making” module of the Women’s Empowerment 
in Agriculture Index (WEAI; Alkire et  al., 2013). In the module, 
respondents were asked whether they participated in decision making 
regarding various household activities, and if they participated, to 
what extent they had an input, and whether they could make the final 
decision. These household activities included seed selection, land 
allocation to various farm activities, harvesting, rearing of small and 
large livestock, household engagement in waged and salaried labor, 
and household spending. Our measure reveals whose preferences are 
reflected to a greater degree in household choices. By directly eliciting 
decision-making power, our analysis overcomes potential omitted 
variable bias problems arising in earlier studies.12

4. Empirical application of the new 
approach for cost–benefit analysis

4.1. Sampling and data collection

To demonstrate the applicability of our framework, we use survey 
data collected from the AICCRA intervention communities which 
constitute 6 regions in Ghana. The AICCRA intervention is a 
continuation of an earlier CIS program implemented by the CGIAR 
research program on Climate Change, Agriculture and Food Security 
(CCAFS). The data is from a baseline survey from 651 households 
conducted in November 2022. The sampling procedure involved a 
multi-stage purposive sampling criteria whereby six regions (namely, 
Bono East, Central, Greater Accra, Northern, Upper East, and Upper 
West) were selected for the study based on population size, agricultural 
activities, and climate risks. Using the same criteria, a minimum of 
one and maximum of three districts were chosen from each region, 
making a total of 11 districts. In total, 38 villages were randomly 
selected from all the districts. Sampling was clustered at the village 
level: in each village, a sampling frame was developed with the help of 

12 The drawback of the model used, and its solution in which consumption 

out of household-level net income is equal to total income times the individual’s 

bargaining weight, is that bargaining weights need to sum to one. This means 

that an increase in bargaining power of one family member comes at the 

expense of reduced utility for another household member, unless the change 

in bargaining weights was accompanied by an increase in net income. This 

zero-sum game is against the idea of many empowerment programs that they 

are creating win-win solutions. Thus, we  see the collective household 

bargaining model as a useful starting point, but future research could explore 

alternatives to circumvent the condition that bargaining weights need to sum 

up to one.

community leaders, from which households were randomly selected 
for inclusion in the study. The village also served as clusters for 
treatment randomization, whereby 19 villages were allocated to the 
treatment and 19 to control. The data used in this paper were collected 
as baseline, before the CIS intervention was rolled out in the 19 
randomly selected treatment villages.

4.2. Summary statistics

4.2.1. Household characteristics
Table 1 provides descriptive statistics for the full sample (Columns 

1–2) as well as for CIS users versus non-users (Columns 3–4 and 5–6, 
respectively), and the difference between the two (Column 7). In total, 
61 percent of all households have been using CIS prior to the survey. 
The average age of the household head is 45 years and 67 percent of 
households are male headed. A significantly higher proportion of 
male-headed households used CIS. The average respondent has 
completed 3.63 years of formal schooling, with CIS users having 
significantly higher education levels than non-users. About 49 percent 
of the households belong to a farmer’s club and 15 percent are part of 
a savings group.

Households derive about 65 percent of their income from crop 
farming, indicating that this is their main but not only source of 
livelihood. However, CIS users depend significantly more on crop 
production than non-users, earning close to 70 percent of their 
income from crop farming. About 16 percent of the household income 
is derived from livestock farming. CIS non-users depend significantly 
more on livestock than CIS users. About 82 percent of farmers 
produced maize during the short rains of 2022, indicating the 
importance of maize to both CIS users and non-users. Other crops 
produced include cowpeas, potatoes, yams, pepper, and tomatoes. CIS 
users are significantly more likely to grow potatoes, yams, and pepper. 
In the first half of 2022, about half of the households in the sample 
experienced shocks that prevented them from sowing, or that 
prevented the germination of their seeds. Farmers also reported 
shocks that caused crop damage (44 percent), post-harvest losses (20 
percent) and livestock deaths (17 percent). Most of these shocks are 
experienced equally often by CIS users and non-users, but households 
not using CIS are significantly more likely to experience post-
harvest losses.

We also elicited the probability at which different types of weather 
scenarios occur, to be able to estimate expected utility by aggregating 
utilities for each of the three weather scenarios [∅ϕ , see Equation (1)]. 
We did this by asking households to indicate how many of the next 
10 years they expected to have severe, moderate, versus normal 
weather conditions. We then divided their responses to these questions 
by 10, in order to derive an individual’s estimate of the probability that 
the different types of weather conditions would occur. On average, 
households expect severe, moderate, and normal weather conditions 
with a probability of 37, 31, and 32 percent, respectively. Importantly, 
this did not vary between CIS users and non-users, and thus, when 
estimating expected utility, we will use the same beliefs for the two 
household types.

4.2.2. CIS use
Figure  2 shows the distribution of topics on which the 402 

households using CIS received information through a CIS program. 
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Information on expected rainfall, including intensity and duration of 
rainfall, is the most commonly used form of CIS, followed by 
information on recommended planting time, crop variety selection, and 
fertilizer application. Advisories on water management, field selection, 
weed management and soil management are used less frequently.

4.2.3. Bargaining power
Figure 3 shows the distribution of household bargaining power 

among the three gender categories. As discussed, in the theoretical 
model bargaining weights are distributes across the primary and 

secondary decision maker within the household such that k
k

=
∑ =
1

2

1ω .
 

Even in FHH, where there is only one decision maker on whom the 
survey was administered, other family members or community 
neighbors, may have influence in the decision-making process. A 
woman in a FHH will therefore not necessarily have a bargaining 
power that is equal to one. But given that we are defining ωk  at the 
household decision-making level, we maintain bargaining power for 

FHH at 1. In MHH, with both primary male and secondary female 
decision makers, Figure 3 shows that male household heads have 
substantially higher levels of bargaining power compared to their 
spouses p <( )0 01. . The lower levels of bargaining power among 
women living in MHH is an indicator of their level of 
disempowerment and shows how household negotiations and 
allocation of household public goods might not favor them.

In theory, CIS could have impacts on bargaining power, as it can 
provide family members with information that increases their influence 
in household decision-making. However, we do not find significant 
differences in bargaining power between CIS users and non-users in 
either of the three groups (results not shown here but available upon 
request). This means that in the empirical application of our framework, 
we  are unable to quantify utility gains related to married women’s 
increased bargaining power, but in other settings, where CIS users may 
enjoy increased bargaining weights, and a redistribution of resources 
within the household, our expected utility framework could be used to 
quantify the related utility costs and benefits.

TABLE 1 Household characteristics disaggregated by CIS use.

Aggregate Used CIS Did not use CIS Diff

Mean SD Mean SD Mean SD

(1) (2) (3) (4) (5) (6) (7)

Socio-economic and demographic characteristics

Age of household head 45.30 12.99 45.33 13.18 45.23 12.67 0.10

Gender of household head (male = 1) 0.67 0.47 0.71 0.45 0.60 0.49 0.11**

Education level (years) 3.63 3.19 3.93 3.21 3.14 3.08 0.78**

Membership to farmer’s club 0.49 0.50 0.47 0.50 0.51 0.50 −0.04

Membership to a livestock group 0.03 0.16 0.025 0.16 0.03 0.17 0.01

Membership to a savings group 0.15 0.36 0.16 0.37 0.14 0.35 0.02

Proportion of income from crops 0.65 0.36 0.70 0.35 0.56 0.36 0.14***

Proportion of income from livestock 0.16 0.24 0.13 0.23 0.20 0.27 −0.07*

Crops planted in 2022

Maize 0.82 0.38 0.83 0.11 0.80 0.40 0.04

Cowpea 0.17 0.38 0.16 0.37 0.18 0.38 −0.02

Potatoes 0.03 0.17 0.05 0.21 0.01 0.09 0.04**

Yams 0.23 0.42 0.28 0.44 0.15 0.36 0.12***

Pepper 0.13 0.34 0.17 0.37 0.07 0.25 0.10***

Tomato 0.10 0.30 0.10 0.30 0.09 0.29 0.01

Experienced shock that

Prevented sowing/poor germination due 

to drought/extreme weather

0.51 0.50 0.51 0.50 0.49 0.50 0.01

Caused damage to crops 0.44 0.50 0.47 0.50 0.39 0.49 0.08

Post-harvest crop losses 0.20 0.40 0.16 0.37 0.27 0.44 −0.11**

Caused livestock death/disease 0.17 0.37 0.17 0.38 0.15 0.36 0.01

Probability of weather outcome for the next ten years

Severe weather 0.37 0.17 0.36 0.16 0.37 0.18 −0.01

Moderate weather 0.31 0.12 0.32 0.12 0.30 0.12 0.01

Normal weather 0.32 0.14 0.32 0.13 0.33 0.15 0.00

Observations 661 402 259

Column (7) provides the difference in means between respondents that “Used CIS” and those that “Did not Use CIS.” We test for significant differences between those two groups using a t-test. 
***p < 0.01; **p < 0.05; *p < 0.10.
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4.3. Investments, labor allocation, and 
household incomes by weather scenario

In this section, we describe the main variables that enter the 
budget constraint (Equation 2), including net agricultural household 
income, household farm investment, and labor allocations under CIS 
and non-CIS production regimes. Table 2 indicates the average farm 
investment for CIS users and non-users A( ) in Ghanaian Cedi under 
different weather scenarios and the expected expenditure estimated 

as 
ϕ

ϕ ϕ
=
∑∅
1

3

A . The results show that the largest share of farm 
investment across the different weather outcomes is allocated toward 
fertilizer, hired human labor, seeds, herbicides, and mechanization. 
We find that when farmers are expecting severe weather outcomes, 
CIS users invest significantly more in pesticide, herbicides, 
machinery, and hired labor. CIS users also invest significantly more 
in seeds, fertilizer, pesticides, herbicides, machinery, and labor under 
moderate and/or normal weather conditions. Although farmers in 

both production regimes have low investment in animal traction and 
agricultural insurance, compared to CIS users, CIS non-users invest 
significantly more in animal traction under severe and moderate 
weather outcomes and they purchase significantly more agricultural 
insurance under moderate and normal weather conditions.13 
Aggregating across the three weather scenarios, CIS users expect 
spending significantly more on fertilizer, pesticides, herbicides, 
machinery, and hired labor than CIS non-users. This is attributed to 
well informed CIS available at various stages of a production season 
and the need to respond to the demands of the services accessed.

Table 3 shows the average daily time allocation (in hours) in various 
household activities under different production regimes and weather 

13 Farmers may purchase agricultural insurance even in seasons with normal 

weather conditions because enrollment windows typically close at the start 

of the agricultural season.

0 5 10 15 20 25 30 35 40 45 50

Crop selection
Planting time

Variety selection
Field selection

Weed management
Rainfall prediction

Expected amount of rainfall
Fertilizer application

Pest and disease management
Soil management

Water management

Percent

FIGURE 2

Household CIS use.

0

10

20

30

40

50

60

70

80

90

100

Men in MHH Women in FHH Womn in MHH

FIGURE 3

Distribution of household bargaining power. MHH and FHH stands for “Male Headed Households” and “Female Headed Households” respectively.
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scenarios, as well as the expected number of hours per day, aggregating 

over the three weather scenarios (for instance, 
ϕ

ϕ ϕ
=
∑∅
1

3

lk  in the case of 

on-farm labor). We  include activities related to crop production 
(including grain production and production for high-value markets 
such as horticultural farming) and livestock production (including small 
and large animal farming, and aquaculture). Households also reported 
the amount of time they spend on non-farm domestic work (including 
time spent on cooking, fetching water and firewood, providing unpaid 
care work such as taking care of the elderly and children), market 
activities (including salaried and waged employment, and business), and 
leisure activities (including travel personal care, exercising, or socializing; 
but excluding maintenance activities such as sleeping and eating). The 
latter is used to construct the amount of leisure that individual 
household members experience (R kϕ  in Equation).

Under the three weather conditions, we find that respondents 
from households not using CIS allocate significantly more time to 
livestock production and domestic activities while CIS users allocate 
significantly more time to market activities. There were no statistical 
differences in the time allocation to crop production and leisure 
between CIS users and non-users. Consistent with our theoretical 
assumption, the findings on significant differences in time allocation 
in domestic and market activities could signal that CIS can potentially 
free up time for users to pursue other market activities, but we do not 
replicate these findings in the labor domain.

We finally evaluate the differences in projected household income 
from agricultural activities, paid domestic work, waged and salaried 
employment, and other household businesses. Table 4 shows that 
projected agricultural incomes (both crop and livestock income) are 
highest under normal weather conditions and lowest under severe 
weather conditions. CIS users project earning significantly higher crop 
incomes under each of the three weather scenarios. This could 
be  directly attributed to the preparedness that the CIS packages 
provide to the users which allows for planning of available resources 

and activities to mitigate negative climate events. At the same time, 
CIS users projected higher incomes from livestock and livestock 
activities which are significantly higher under moderate and normal 
weather scenarios. Consistent to time spent in market activities, 
projected business incomes are larger for CIS using households, 
however the differences are not statistically significant.

The results further show that CIS non-users project significantly 
higher levels of incomes from waged and salaried activities. Moreover, 
CIS non-users incomes from domestic activities are higher under 
all-weather scenarios, however the differences are not statistically 
significant. The findings on domestic and waged or salaried incomes 
suggest households that do not use CIS could be more diversified 
outside of farm production than their CIS counterparts. At the 
aggregate level, the difference in the expected level of income for CIS 
users versus non-users is 4,441 Cedis per season (387 USD). This is the 
increase in income that the typical CBA would report as the program 
benefit. Moving forward, we will analyze how this estimated benefit 
changes as we  also consider time use and the intrahousehold 
distribution of benefits, and introduce a utility framework to analyze 
these benefits.

4.4. Consumption and leisure based on an 
individual’s bargaining power

We apply the utility model described in Section “A new approach 
for cost-benefit analysis of resilience-enhancing innovations” to 
estimate the costs and benefits associated with CIS and their 
subsequent intrahousehold distribution. We  begin by estimating 
individual consumption based on Equation 4, assuming that this is 
equal to Y .( ) , agricultural income net of investments in agriculture 
(Aϕ ), multiplied by an individual’s bargaining weight (ωk ), plus 
individual incomes from various market activities such that 
C Y Wk k k= +ω ϕ ϕ .  Figure  4 shows that for all the three gender 
categories, consumption is highest under normal weather conditions, 

0

1000

2000

3000

4000

5000

6000

7000

Use CIS No CIS Use CIS No CIS Use CIS No CIS

Men in MHH Women in FHH Women in MHH

Co
ns

um
p�

on
 (C

ed
i)

Severe Moderate Normal

FIGURE 4

Intrahousehold distribution of individual-level consumption.

168

https://doi.org/10.3389/fsufs.2023.1129419
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


K
ram

er et al. 
10

.3
3

8
9

/fsu
fs.2

0
2

3.112
9

4
19

Fro
n

tie
rs in

 Su
stain

ab
le

 Fo
o

d
 Syste

m
s

fro
n

tie
rsin

.o
rg

TABLE 2 Household investment on farm production conditional on CIS regime and weather outcome.

Severe weather ( )2ϕ Moderate weather ( )1ϕ Normal weather ( )0ϕ Expected expenditure

CIS No CIS Diff CIS No CIS Diff CIS No CIS Diff CIS No CIS Diff

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Seeds 311 207 104 343 201 142 358 214 144* 336 207 128

(1167) (568) (1304) (570) (1316) (564) (1228) (557)

Fertilizer 1,058 845 213 1,113 816 297* 1,151 858 293* 1,105 837 267*

(1837) (1214) (1971) (1149) (21728) (1167) (1957) (1152)

Pesticides 159 80 79** 160 88 72** 156 84 72*** 158 84 74***

(383) (147) (385) (159) (375) (165) (374) (150)

Manure 31 27 4 31 30 1 32 36 −4 31 31 0

(104) (97) (104) (107) (102) (130) (99) (106)

Herbicides 383 237 145** 442 248 194** 522 261 261** 446 248 197**

(812) (491) (11362) (493) (1786) (533) (1209) (492)

Animal traction 10 40 −30* 11 30 −19* 13 30 −17 11 33 −22*

(75) (179) (83) (127) (89) (133) (73) (136)

Machinery 423 267 157* 435 284 151* 438 296 142* 431 282 150*

(1124) (390) (1115) (389) (11253) (435) (1117) (405)

Hired Labor 1,294 628 666*** 1,559 623 936*** 1748 702 1046*** 1,521 651 871***

(3555) (1658) (4904) (1666) (5606) (1841) (4521) (1695)

Animal fodder 42 49 −7 35 45 −10 37 44 −7 38 46 8

(131) (156) (120) (149) (127) (147) (120) (142)

Ag. insurance 5 11 −6 6 20 −14* 5 21 −16* 5 17 −11*

(41) (68) (48) (101) (45) (103) (120) (142)

# of observations 402 257 402 257 402 257 402 257

Standard deviation in parenthesis. We test for significant differences between those two groups using a t-test. ***p < 0.01; **p < 0.05; *p < 0.10.
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TABLE 4 Expected household incomes conditional on CIS production regime and weather outcome.

Severe weather ( )2ϕ Moderate weather ( )1ϕ Normal weather ( )0ϕ Expected incomes

CIS No CIS Diff CIS No CIS Diff CIS No CIS Diff CIS No CIS Diff

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Crop 2,626 1,100 1518*** 5,237 2041 3197*** 8,479 3,435 5044*** 5,305 2,138 3166***

(4761) (1636) (9345) (2835) (15858) (4847) (9398) (2928)

Livestock 1,253 839 414 4,687 1,536 3151** 3,029 1760 1269** 2,885 1,349 1536**

(4250) (2990) (5665) (5584) (12055) (5607) (6047) (4577)

Domestic work 91 198 −107 131 251 −120 182 260 −78 132 234 −101

(538) (1219) (793) (1383) (1084) (1425) (755) (1300)

Waged/salaried 1,345 1,686 −341* 1,290 2027 −737** 1,230 2097 −867** 1,291 1923 −632**

(5648) (7559) (5621) (7977) (5591) (7846) (5554) (7653)

Other business 981 690 291 1,038 940 98 2046 1,002 1,044 1,339 867 471

(3777) (3215) (2928) (3881) (7551) (4431) (4437) (3394)

# of observations 402 259 402 259 402 259 402 259

Standard deviation in parenthesis. We test for significant differences between those two groups using a t-test. ***p < 0.01; **p < 0.05; *p < 0.10.

TABLE 3 Household labor allocation conditional in CIS regime and weather outcome.

Activity (hours/
day) Severe weather ( )2ϕ Moderate weather ( )1ϕ Normal weather ( )0ϕ Expected labor allocation

CIS No CIS Diff CIS No CIS Diff CIS No CIS Diff CIS No CIS Diff

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Crop production 4.37 4.47 −0.10 5.33 5.16 0.17 5.32 5.16 0.16 4.94 4.88 0.06

(0.99) (1.12) (1.14) (1.31) (1.14) (1.431) (1.00) (1.20)

Livestock production 2.58 2.74 −0.16* 2.52 2.68 −0.16* 2.52 2.67 −0.15** 2.52 2.67 −0.17*

(0.78) (1.02) (0.77) (0.91) (0.76) (1.00) (0.73) (0.91)

Domestic work 2.47 2.84 −0.37*** 2.44 2.79 −0.35*** 2.44 2.79 −0.35*** 2.42 2.80 −0.37***

(0.72) (1.14) (0.74) (1.03) (0.74) (1.02) (0.67) (1.04)

Market activities 2.76 2.34 0.42*** 2.45 2.12 0.33*** 2.45 2.15 0.28** 2.56 2.22 0.34***

(1.41) (1.25) (1.23) (1.21) (1.24) (1.21) (1.24) (1.18)

Leisure 1.91 1.87 0.04 1.88 1.87 0.01 1.79 1.75 0.04 1.86 1.83 0.03

(0.63) (0.54) (0.63) (0.55) (0.58) (0.54) (0.57) (0.49)

# of observations 402 259 402 259 402 259 402 259

Standard deviation in parenthesis. We test for significant differences between those two groups using a t-test. ***p < 0.01; **p < 0.05; *p < 0.10.
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and lowest under severe weather conditions. These results are not 
surprising considering the fact that farmers realize better agricultural 
payoffs under normal weather conditions even without CIS use. 
Households that use CIS under normal and moderate weather 
conditions realize significantly better (p < 0.01) consumption 
outcomes than their non-CIS counterparts. Although the 
consumption of CIS using households is marginally higher under 
severe weather conditions, the differences are not statistically different.

At the individual level, we find that under severe and moderate 
weather conditions, men heads in CIS using households have better 
consumption outcomes than women in both categories. Women 
heads in CIS using household experience better consumption 
outcome under normal weather conditions, however, women heads 
in both CIS production regime have the worst consumption outcomes 
under severe weather outcomes. These findings suggest that even 
though women in FHH have the autonomy of decision making in 
their household, they might lack adequate access to recourses that 
can help them in coping with severe climate events. At the aggregate 
level, we  find that women in MHH have the least consumption 
outcomes, which is directly attributable to their lower degree of 
bargaining power. Collectively, these results demonstrate that by 
failing to account for intrahousehold distribution of agricultural 
innovation benefits, most studies overestimate the benefits accruing 
to women.

Next, we  estimate the intrahousehold distribution of leisure 
under the different weather conditions and CIS production regimes. 
Figure  5 shows the amount of leisure enjoyed by CIS users and 
non-users. Within each group (e.g., Women in FHH who use CIS), 
there were no statistically significant differences in leisure time. 
However, CIS non-users in male heads of households enjoy 
significantly more leisure time than women (p < 0.05), while women 
in MHH, have the least amount of leisure under both production 
regimes. If CIS helps households free up time, as is often theorized 
(Gumucio et al., 2020), then it appears that in our study context, 
women did not use these time savings to enjoy more leisure time. 

Furthermore, the use of CIS did not decrease the labor burden borne 
by women living in MHH.

4.5. Estimating expected utility framework 
for different types of CIS users and 
non-users

To map these results into Equation (7), we first assume that the 
relative contribution of consumption and leisure to an individual’s 
utility are equal to one another, that is, α α= −( ) =1 0 5. . In an 
extension, one could use data on a farmer’s willingness to substitute 
income for increased leisure (for which we have questions included 
in the survey described in Section “Data requirements”) to calibrate 
this parameter, but the current analyses adopt this assumption to 
simplify the empirical illustration of the framework. For similar 
reasons, we follow Lim and Lee (2021) and Choi et al. (2008) by also 
assuming imperfect substitution between consumption and leisure 
among all individuals, and fixing ρ = 0 05. . We  use farmers’ 
expectations of the frequency at which alternative weather 
conditions occur to estimate the probability of the occurrence of 
these weather scenarios, such that severe weather occurs with a 
probability ∅ =2 0 37. , moderate weather with a probability 
∅ =1 0 31. , and normal weather with a probability ∅ =0 0 32. . To 
evaluate how expected utility with and without CIS varies in risk 
preferences, we present results assuming that a decision-maker is 
risk averse (r = 0 5. ), risk neutral (r = 2), or risk loving (r = 3).

Table  5 shows the expected utility from consumption and 
leisure for the different groups of individuals under different 
weather scenarios for a risk averse farmer (r = 0 5. ). For all 
individuals under consideration, the expected utility from 
consumption and leisure is highest under normal weather 
conditions, and lowest under severe weather conditions. We find 
CIS users attain higher levels of utility from consumption and 
leisure than CIS non-users. The differences are statistically 
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Intrahousehold distribution of leisure.
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different under all-weather outcomes for household heads, and 
under severe and normal weather conditions for women in 
MHH. These results are consistent with the earlier findings that 
CIS use increases the level of consumption across all gender 
categories (Figure 6).

Comparing aggregate expected utilities across individuals in 
Columns (10)–(12), we find that on average, men heads of households 
under both CIS and non-CIS production regimes have the highest 
expected utility levels followed by women in FHH. On aggregate, 
women in MHH have the lowest levels of expected utility. Overall, 
we find that CIS use increases the expected utility from consumption 
and leisure by 37 percent.

Figure 6 shows the relationship between an individual’s risk 
aversion and the expected utility from consumption and leisure. 
Expected utility increases with an increase in the degree of risk-
aversion. For risk averse farmers, production under CIS increases 
expected utility relative to non-CIS production. Although the 
expected utilities converge as farmers become more risk-taking, it 
is worth noting that even at higher levels of r , that is, at values at 
which individuals become risk neutral or even risk taking, we find 
that CIS is associated with an increase in utility. The question, of 
course, is whether the increase in expected utility is sufficient to 
offset the costs associated with the program, and we will address 
this question in the next section.

4.6. Introducing costs for cost–benefit 
analysis

Thus far, we  have focused primarily on the private costs and 
benefits associated with CIS. From a policy perspective, a government 
or NGO will be interested in understanding the cost implications of 
providing CIS services, whether these costs are small enough for the 
program costs to be  smaller than the private benefits accrued to 
targeted beneficiaries, and whether alternative investments could 
achieve equal utility gains. To answer these questions, we consider a 
situation in which the government or a donor would increase the 
consumption of CIS non-users in order to provide them with equal 
expected utility as CIS users. This can also be  interpreted as the 

monetary equivalent of the utility gains that CIS users achieve relative 
to non-users, that is, as the private benefit associated with 
introducing CIS.

Figure 7 shows the increase in consumption that each of the three 
groups of CIS non-users would need to achieve equal utility as the 
three groups of CIS users, or the monetary equivalent of utility gains 
associated with CIS. To achieve the same level of expected utility in 
one season, MHH from non-CIS households would require on 
average an increase in consumption of 1,100 Cedi (93 USD14), while 
the required increase in consumption for women in FHH is 900 
CEDI (76 USD), and 780 Cedi (65 USD) for women in MHH. Put 
differently, investing in CIS would create a utility gain that is 
equivalent to an increase in consumption of 93 USD for male 
household heads, 76 USD for women in FHH, and 65 USD for 
women in MHH. If the total program cost per user is some number 
X , the benefit–cost ratio can be defined as 76/X , 64/X , and 51/X  for 
men, women heads and women in MHH, respectively.15 These 
benefit–cost ratios can be compared with other types of programs to 
prioritize investments.

Note that these estimated utility gains are substantially greater 
than the benefits in terms of increased expected income across 
respondents. The utility framework allowed us to quantify the gains 
from increased leisure enjoyed by CIS users. In future work, one could 
go a step further than presented in the current paper and decompose 
the difference in utility gains estimated using the two methods into a 
portion that is related to differences in the intrahousehold distribution 
of consumption, the introduction of risk preferences, and the 
introduction of leisure into the framework.

14 We use May, 2023 conversion rates where 1 USD = 11.85 Ghanian Cedi.

15 The comparison of CIS users and non-users draws on variation in whether 

households, are using any CIS, from a range of CIS that are available to them. 

The goal is to illustrate the use of the framework, not to provide an exact 

cost–benefit figure for a particular CIS program. We do not have information 

on the implementation costs of the alternative CIS that are available to farmers 

in the study population, and therefore leave open the exact cost figure.

TABLE 5 Household utility conditional on CIS production regime and weather outcome.

Severe Moderate Normal Expected utility

CIS No 
CIS

Diff CIS No 
CIS

Diff CIS No 
CIS

Diff CIS No 
CIS

Diff

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Men in MHH 84.55 61.40 23.15*** 95.13 73.89 21.2*** 106.10 78.21 27.89*** 94.73 70.65 24.07***

(42.75) (40.56) (52.82) (50.07) (53.32) (49.55) (49.25) (46.38)

Women in FHH 62.13 30.24 31.89*** 61.36 32.43 28.92*** 68.05 53.59 14.46*** 63.79 38.39 25.39***

(62.13) (50.49) (63.88) (51.27) (66.80) (53.82) (64.17) (51.80)

Women in 

MHH

41.07 28.20 12.86* 41.44 32.40 9.04 44.92 32.88 12.04* 42.42 31 11.42*

(50.12) (48.08) (52.03) (49.11) (59.27) (52.59) (53.64) (49.84)

# of obs. 402 259 402 259 402 259 402 259

Standard deviation in parenthesis. We test for significant differences between those two groups using a t-test. ***p < 0.01; **p < 0.05; *p < 0.10.
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5. Discussion and conclusions

Governments and development agencies have invested millions 
of dollars in developing agricultural innovations to help farmers cope 
with climate risks ex ante. Understanding the costs and benefits of 
these innovations helps in justifying, prioritizing, and targeting the 
right packages to the right groups of farmers. Although previous 
studies have evaluated the costs and benefits of various innovations to 
enhance resilience in agriculture, most studies have focused on 
monetary outcomes at the household level, and typically do not 
quantify the benefits from gender-related outcomes such as increased 
women’s empowerment and bargaining power from providing women 
with access to better information, financial services, or production 
technologies. In addition, given that these studies are conducted at the 
household level, The findings might also not be  generalizable in 
households where members do not share identical bargaining power 
and preferences. Finally, existing cost benefit analyses (CBA) typically 
do not consider the effects that agricultural innovations have on 
farmers’ risk exposure and ability to smooth consumption, which can 
have utility benefits for risk averse farmers even if the average level of 
consumption remains the same.

The aim of this study was to illustrate a new framework for the 
cost–benefit analysis of innovations in agriculture, particularly those 
aimed to enhance resilience. It contributes to the literature by 
quantifying a range of costs and benefits that have been previously 
ignored, while also accounting for how these outcomes are distributed 

among individuals within the household. To that end, we propose a 
non-unitary utility framework whereby individuals within the 
household are assumed to maximize utility from consumption—based 
on their share of payoffs from agricultural production, and the value 
of labor that they allocate in the market, determining their payoffs 
from off-farm activities—as well as leisure. Bargaining weights 
determine the share of agricultural output that is allocated to each 
individual within the household. Income realizations and associated 
decisions are analyzed under three weather outcomes: normal; 
moderate; and severe. We  aggregate across these three weather 
scenarios by taking an individual’s expected utility, using subjective 
beliefs of the probability at which each weather scenario occurs. 
We analyze utility gains separately for three groups of farmers: men in 
male-headed households, women living in male-headed households, 
and women in female-headed households.

We illustrate our framework for cost–benefit analysis through an 
empirical application, focusing on baseline information collected in 
the context of a climate information service (CIS) that is being rolled 
out in Ghana with support from a World Bank-funded program on 
Accelerating Impacts of CGIAR Climate Research for Africa 
(AICCRA). We find that farmers using CIS invest more in their farms, 
especially under moderate weather conditions, consistent with the 
idea that resilience technologies promoted through CIS are 
particularly effective under those types of weather conditions. We also 
find that CIS use is positively correlated with agricultural incomes, 
which could be attributed to the high farm investment among users. 
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Expected utility and degree of risk aversion.
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Women living in male-headed households have lower bargaining 
weights, translating into lower consumption levels.

Combining these outcomes into our expected utility model, 
we find significant differences in expected utility between users and 
non-users of CIS. On average, CIS usage is associated with an 
increase in expected utility of 37 percent, and we  find that the 
monetary equivalent of these utility gains is substantially greater than 
the benefits one would have derived under more common CBA 
approaches, which focus on changes in expected income levels and 
investments alone. Future work will explore in more detail what is 
driving these differences, and to what extent they are related to the 
focus on the intrahousehold distribution of benefits associated with 
CIS use, to integrating changes in leisure in the framework, versus the 
use of an expected utility framework in which households are 
assumed to be risk averse.

Moreover, we find that CIS usage is associated with increased 
utility for all three types of individuals, including men in male-
headed households, women in female-headed households, and 
women in male-headed households; and that this finding is robust 
to changing the parameter of risk aversion assumed in the expected 
utility model. However, we find that the greatest utility gains from 
CIS accrue to household heads; the monetary equivalents of the 
estimated welfare gains correspond to 93 and 76 USD for male and 
female household heads respectively, versus a substantially smaller 
65 USD for women in male-headed households. These differences in 
welfare gains are primarily related to the lower bargaining power and 
higher labor burdens of women, relative to the household heads. CIS 
usage was not associated with an improvement in these outcomes. If 
CIS were associated with an increase in bargaining power among 
women in male-headed households, or with lower labor burdens for 

this group of women, we  would have expected to see greater 
utility gains.

Our study has a number of limitations. First, the theoretical 
model ignores time dynamics. It could be that resilience-enhancing 
innovations have costs in the present that result in long-term benefits, 
for instance in terms of increased productivity from soil conservation, 
or simply that there is a learning curve around adopting new 
technologies and practices, and that it takes time for the benefits 
associated with this adoption to materialize. For tractability, 
we abstained from bringing this time dimension into the current 
framework, but one could easily extend it to also incorporate future 
periods in the utility framework, along with discounting of future 
utility terms by using measures of an individual’s time preference.

In addition, in the empirical case study, we relied on a comparison 
of farmers using CIS versus those that have opted not to be using 
CIS. Any changes in outcomes for CIS users and non-users cannot 
be interpreted as causal, and the welfare benefits presented in this paper 
purely serve as an illustration of how the framework could be applied. 
Ideally, one would estimate gains in consumption and leisure under 
various weather conditions using more rigorous econometric methods, 
for instance by leveraging randomized controlled trials (RCTs) or 
quasi-experimental approaches. Moreover, instead of asking farmers 
to project their agricultural incomes, farming investments and time 
allocations under different weather scenarios, longer-term panel data 
collection could help estimate the effects of alternative weather 
conditions on these outcomes, which would provide more objective 
measures of the distribution of consumption and leisure. These 
limitations will be addressed in future stages of the AICCRA program, 
as the program is rolling out a set of RCTs in various settings and 
collecting additional rounds of data.

FIGURE 7

Monetary compensation for CIS non-users.
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In conclusion, we  find that the use of an expected utility 
framework can enrich cost–benefit analysis of innovations that have 
been developed with the aim of enhancing resilience. The framework 
helps quantify welfare benefits associated with non-monetary 
outcomes that are nonetheless important from a development 
perspective, such as improved consumption smoothing, changes in 
bargaining power, changes in labor allocations and time use, and, for 
a given set of bargaining weights, consumption levels and labor 
allocations, the distribution of benefits within a household. We show 
that it is important for cost–benefit analysis to move beyond 
quantifying the net present value of expected income gains, and 
consider a broader range of development objectives, as bringing in 
non-monetary outcomes can help quantify the outcomes that public 
sector investments are looking for.
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Appendix

Figure A1 illustrates how CIS can benefit the farmer through increased agricultural payoffs. Payoffs depend on CIS use (which we denote 
by the symbol γ ) and weather conditions ϕ( ). The dashed line indicates payoffs for a farmer that is not using the recommendations provided 
by CIS (γ = 0), while the solid line indicates payoffs for a farmer that is implementing the recommendations by CIS (γ =1). Under normal 
weather conditions, ϕ ϕ≤ 0  payoffs are at their maximum level, and farmers do not need CIS to attain this maximum payoff. When facing 
moderate weather conditions, ϕ ϕ ϕ∈( )0 1

, , farmers are experiencing reduced payoffs under normal practices, as existing practices and 
technologies are not sufficient to address the stress imposed on crops and livestock. However, when following the recommendations provided 
by CIS, a farmer can mitigate some of these losses, and experience the adverse effects of climate risks only once weather conditions become 
more severe, ϕ ϕ ϕ∈( )1 2

, . In years with extreme weather conditions, ϕ ϕ> 2 , payoffs tend to zero regardless of whether a farmer is using 
CIS. We will use this simple model for the relationship between payoffs from agricultural activities, weather conditions, and the adoption of CIS 
to structure our framework for cost–benefit analysis.

Following Figure A1, we assume that for a given level of labor and agricultural investment, income from agricultural production does not depend 
on whether a farmer adopts CIS-recommended practices in normal or severe states of nature, but under moderate weather conditions, CIS-
recommended practices shield agricultural payoffs from losses. Formally, ( ) ( ) ( ) ( ) ( ) ( )·;1,1 ·;0,1 ·;0,2 ·;1,2 ·;1,3 ·;0,3Y Y Y Y Y Y= < < < = .

FIGURE A1

Density of Weather shocks and payoffs due to CIS (Adapted from Kramer and Ceballos, 2018).
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Investments in research and innovation are critical for transformations toward 
sustainable agrifood systems and for meeting the Sustainable Development 
Goals and the Paris Climate Agreement. However, the frequent neglect of 
environmental and social goals by investors remains a major challenge. System-
oriented approaches to designing and monitoring innovations can be a promising 
solution to guide innovations and allow investors to identify those that are more 
sustainable. This article presents a set of eight ‘Principles for Agrifood Research 
and Innovation’ developed by an international multi-stakeholder task force 
including staff of research agencies, funders and impact investors, private sector, 
non-governmental organizations, and benchmarking organizations. The article 
explains the rationale for the selection of the principles and describes potential 
ways forward for their uptake and implementation, building on pilots done by 
several research and funding organizations.

KEYWORDS

principles for research, principles for innovation, sustainable food systems, agrifood 
systems, sustainable agriculture, social equity, ethical, environmental sustainability

1. Introduction

Today’s agrifood systems require urgent transformation to better provide food and nutrition 
security to global consumers while minimizing their negative environmental and social impacts 
(Zurek et  al., 2022a). Agrifood systems “encompass the entire range of actors, and their 
interlinked value-adding activities, engaged in the primary production of food and non-food 
agricultural products, as well as in storage, aggregation, post-harvest handling, transportation, 
processing, distribution, marketing, disposal and consumption of all food products including 
those of non-agricultural origin” (FAO, 2022).1 Innovation constitutes a critical component for 

1 The definitions of food systems and agrifood systems differ in that the latter explicitly also includes the 

production of agricultural non-food products.
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initiating and sustaining transformations of agrifood systems (Herrero 
et al., 2020; International Energy Agency, 2022) and in relation to 
agrifood systems, “innovation is the process whereby individuals or 
organizations bring new or existing products, processes or ways of 
organization into use for the first time, in a specific context, in order 
to increase effectiveness, competitiveness, resilience to shocks or 
environmental sustainability, and thereby contribute to food security 
and nutrition, economic development or sustainable natural resource 
management” (FAO, 2022).2 In the context of this work, innovation 
includes research that aligns with this definition.

A recent review of the ‘innovation investment landscape’ in 
agrifood systems found that less than 7 % of innovation funding for 
agrifood systems had explicit environmental objectives and less than 
4.5 per cent also contained explicit social objectives (Prasad et al., 
2023). Contributions of agrifood research and innovation have often 
been siloed, prioritizing production processes and food security while 
failing to adequately consider interconnected outcomes (den Boer 
et al., 2021). Future innovations must therefore begin to consider the 
whole agrifood system, including environmental and social outcomes, 
in order to contribute to a transformation toward sustainable agrifood 
systems (SAFS) (Herrero et al., 2020). SAFS are agrifood systems that 
contribute to food and nutrition security, economic opportunities, and 
secure livelihood opportunities for agrifood system actors while 
contributing to the sustainable management and utilization of natural 
resources as well as social equity (adapted from Sage, 2018). In other 
words, innovation must consider more complex causal mechanisms 
that address trade-offs, emerging system properties, and dynamic 
feedback mechanisms (Foran et  al., 2014; den Boer et  al., 2021). 
However, in practice undertaking this is difficult. It is challenging for 
actors to reliably steer an innovation toward promoting SAFS and 
understand whether it is worth investing the required time, financial 
and other resources (Zurek et al., 2021), meaning the lack of guidance 
here is a major shortcoming.

To address this shortcoming and the related neglect of 
environmental and social objectives, a diverse task force of experts in 
agrifood innovation from academia, international organizations, 
farmers organizations, and the private sector developed actionable 
principles for guiding innovation toward contributions to SAFS. The 
aim of the task force was to support research and innovation actors, 
including investors, managers, implementers, and benchmarking 
actors, in planning, implementing, and monitoring progress against 
SAFS objectives. The principles are underpinned by a scoring system 
that allows users to monitor their progress in realizing the goals 
set out.

This article elucidates the work of the task force, the principles, 
and the associated scoring system. It starts with a review of the key 
challenges for transformative innovations in agrifood systems. 
Following this, the participatory approach taken in developing the 
principles is described and the task force’s conceptual perspectives on 
agrifood systems, agrifood innovation, and related principles is 
outlined. Subsequently, the article presents the eight developed 

2 Types of innovation include technological, social, policy, institutional and 

financial innovations, as well as adaptation of longstanding (e.g., indigenous) 

methods to larger-scale applications, as with some sustainable agricultural 

approaches (e.g., agroecology) (FAO, 2022).

principles and the scoring system supporting their operationalization. 
It concludes with a set of recommendations for further work in this 
area and a short discussion on some of the limitations of 
the principles.

2. Challenges for transformative 
innovations in agrifood systems

The diverse actors within agrifood systems are interested in 
varying combinations of outcomes. However, current agrifood 
systems fall short in both providing adequate food and nutrition 
security and an equitable distribution of food, resulting in 
simultaneous malnutrition, hunger, and overconsumption (the ‘triple 
burden of malnutrition’) (Holt-Gimenez and Patel, 2012; FAO, IFAD, 
UNICEF, WFP, WHO, 2021). Concurrently, agrifood systems have a 
huge environmental footprint, being affected by and driving climate 
change (Vermeulen et al., 2012b; Mbow et al., 2019), biodiversity loss 
(Frison et al., 2011; Daskalova et al., 2020), land use change, water use 
and pollution, and soil degradation (Campbell et al., 2017; OECD, 
2019). In addition, they fail to provide equal economic opportunities 
to food system actors or social equity at large (Mannar et al., 2020; 
Downs and Fox, 2021; Hebinck et al., 2021; Jacobi et al., 2021). At the 
household level, they support the livelihoods of 3.83 billion people – 
many of whom suffer from hunger and poverty (UN DESA, 2021; 
Davis et al., 2023). These simultaneous demands urgently necessitate 
a drastic transformation (Béné et al., 2019; Webb et al., 2020). They 
require new tools, concepts, and management options for change, that 
is, they require innovations. Currently, there are two major challenges 
in developing innovations and innovation systems that address 
sustainability and equity challenges in agrifood systems while 
safeguarding productivity gains.

The first challenge relates to difficulties in designing innovations 
for complex systems and knowing whether they are likely to contribute 
to intended objectives in the long-term (Klerkx and Begemann, 2020; 
Klerkx and Rose, 2020; Zurek et  al., 2021). This complexity is 
recognized by the growing body of research that builds on agrifood 
systems thinking – a central springboard for addressing persistent, 
interdependent challenges. Agrifood systems thinking is an approach 
for visualizing and analyzing the interconnected nature and dynamics 
of agrifood system activities and actors, as well as the outcomes and 
drivers of these activities. Tools, such as visual frameworks, guide 
users in establishing foundations and finding entry points for new 
insights and ideas for better system governance (see Section 4 of this 
paper) (Ericksen, 2008; Ingram and Zurek, 2018; van Berkum 
et al., 2018).

Understanding systemic interactions in today’s complex agrifood 
systems is key for governance toward sustainability (Brouwer et al., 
2020). For example, innovations for nutritional outcomes may also 
have environmental, economic, or social implications. Here it becomes 
evident that innovations must consider the interdependence of 
different activities and how they interact with and impact different 
system goals and emerging system properties through dynamic 
feedback mechanisms (Foran et al., 2014). However, predicting and 
managing the long-term effects of innovations in line with this 
understanding is a challenge (Zurek et al., 2022b) that complicates 
planning and assessment, accentuating questions about trade-offs and 
unintended consequences.
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The second challenge is that the majority of current investments 
in agrifood systems do not explicitly target social or environmental 
objectives (nor a combination of the two) (Prasad et al., 2023). They 
instead prioritize production and food security (den Boer et al., 2021). 
Additionally, the agrifood ‘research and publications landscape’ shows 
that there are massive research gaps in relation to social equity and 
inclusion outcomes (Hebinck et al., 2021), including those for health 
and nutrition, women and elderly people, and indigenous and youth 
populations (Porciello et  al., 2021). These research gaps have 
implications for innovation processes and contribute to 
de-prioritization of these issues among other reasons. Conventionally, 
people who invest in or guide innovation processes follow linear and 
siloed approaches with few targeted outcomes (den Boer et al., 2021). 
However, because of the interdependent nature of agrifood systems, 
innovations designed in this way carry the risk of maintaining or 
exacerbating adverse non-targeted outcomes (Zurek et  al., 2021). 
Seeing the current investment landscape, it is clear that these trade-
offs are more likely to occur in social or environmental areas. The goal 
therefore is to embed the diversity of outcomes and actors in public 
and private investment decisions so that investors can identify the 
potential sustainability of an innovation (FAO, 2020; den Boer 
et al., 2021).

Recognizing and addressing these two challenges is critical for 
developing and deploying transformative innovations in agrifood 
systems. This article describes the development of a set of principles 
that guides innovation toward enabling SAFS. Principles that follow 
sustainability goals are a promising tool to guide innovation options 
in this direction (Leach et al., 2012; Herrero et al., 2020; Mottet et al., 
2020; de Boon et al., 2022). They enable innovators to contribute to 
the transformation of agrifood systems more systematically and 
intentionally while increasing synergies and properly considering 
trade-offs along the way. The presented principles apply agrifood 
systems thinking to steer both investments, and the design and 
implementation of innovations, toward integrating environmental and 
social objectives, alongside conventional economic and 
productivity considerations.

3. The task force and methods used

In October 2021, the Commission on Sustainable Agriculture 
Intensification (CoSAI)3 established a voluntary international Task 
Force on Principles and Metrics for Innovation in Sustainable 
Agrifood Systems (the Taskforce). Guided by CoSAI, over one year, 
the Taskforce worked on developing a set of principles for 
operationally guiding and monitoring innovation from an agrifood 
systems perspective in order to contribute to equity and sustainability 
objectives. The Taskforce was supported by an Expert Team who 
organized and summarized meetings, conducted background 
research, wrote proposals for the principles, and addressed 
disagreements and ambiguities. The principles were subsequently 
named ‘Principles for Agrifood Research and Innovation‘(PARI).

3 The Commission on Sustainable Agriculture Intensification (CoSAI) was a 

two-year international independent Commission supported by the CGIAR 

(CoSAI Secretariat, 2022).

3.1. Task force composition

Designing PARI required the Taskforce to incorporate diverse 
expertise in designing, implementing, or financing research and 
innovation for agrifood systems. Thus, Taskforce member 
selection was based on proven knowledge and practical 
experience in those contexts. However, Taskforce members were 
invited in their ‘individual capacity’ (rather than on behalf of 
their affiliated institution) to provide a level of freedom of 
expression. Ensuring diverse representation was also a critical 
requirement because the individual backgrounds of experts 
strongly influence both the outputs and the later uptake and 
support by the broader public (Knol et al., 2010). As a result, 
Taskforce member selection aimed to maximize diversity in 
stakeholder groups (i.e., research, private sector, civil society, 
etc.), gender, geographical region, and country-income 
classification (Zurek et al., 2022b). The balance between private 
sector and civil society organizations was carefully considered in 
recognition of their mutually dependent roles in agrifood 
innovation; Private sector actors carry economic power necessary 
to establish new industry standards in practice, while civil society 
organizations are crucial for legitimizing standards through their 
influence on public opinions about social and environmental 
challenges (Lambin and Thorlakson, 2018).

Despite a consistent effort to increase diversity during the 
selection process, representation across the Taskforce’s 30 members 
was not equal. Variety was limited by structural inequalities in the 
agrifood sector, the necessary expertise criterion, and individual 
availability. This imbalance was partially mitigated through an 
additional public consultation. Membership included research 
organizations (40%), development partners (23%), non-governmental 
organizations (10%), and UN agencies, farmer organizations, private 
sector/private investor organizations, and private sector benchmarking 
organizations (7% each). The gender profile was similarly skewed with 
70% of the group identifying as male. Regional representation was led 
by Europe and Central Asia (30%), followed by Latin America and the 
Caribbean (20%), North America (17%), South Asia and Sub-Saharan 
Africa (both 13%), and East Asia and Pacific (7%). The Middle East 
and North African region were not represented. Most participants 
(53%) originated from high-income countries, followed by lower- and 
upper-middle-income countries (both 23%) and one expert (3%) 
originating from a low-income country (Zurek et  al., 2022b). See 
Annex 1 for a complete list of Taskforce members and categories 
of representation.

3.2. Methods used and process

For developing PARI, the Expert Team coordinated a 
participatory process with the 30 Taskforce members over seven 
90-120-min meetings. To facilitate participation across disperse 
geographies, meetings were virtual. They followed the form of 
‘consensus development panels’ (i.e., organized expert meetings), a 
method that is frequently used as a tool for developing guidelines 
such as policies and decision protocols in various sectors 
(Waggoner et al., 2016). However, the Expert Team chose to exceed 
the typical group size for this method (5–10) to ensure input from 
various agrifood sector stakeholder groups and to diversify 
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representation (Zurek et  al., 2022b). Capitalizing on one of the 
strengths of consensus development panels, the larger group size 
also granted increased legitimacy to PARI and encouraged 
advocacy and ownership from within the sector (Waggoner 
et al., 2016).

During meetings, all decisions were made in plenary. Consensus 
was reached when a majority of participants actively agreed or had no 
objection to the inclusion or removal of aspects from the principles or 
guidance materials. Disagreements or raised concerns were evaluated 
by the Expert Team and were either resolved immediately or included 
in the agenda of the next group discussion. Given the larger group size 
and to mitigate risks of overly vocal Taskforce members (Waggoner 
et al., 2016), the Expert Team preemptively split the panel into smaller 
break-out groups of 4–7 experts for important discussion topics. 
Furthermore, the Expert Team encouraged Taskforce members to 
raise additional comments between meetings.

Overall, PARI was developed over four phases spanning 1.5 years: 
(1) Ideation, research, strategy; (2) development of principles; (3) 
development of scoring framework and role of metrics; (4) piloting (see 
Figure 1).

During the first and second phases, the Expert Team reviewed 
(grey) literature on innovation principles as well as principles on 
sustainable agriculture (see Annex 2). It then worked with the 
Taskforce to prepare a draft set of principles for innovation in 
agrifood systems. As part of phase two, a public consultation 
gathered initial feedback on the first version of PARI. Here, a 
survey, open for one month, was distributed through professional 
networks and websites reporting on agricultural innovation. This 
diversified conceptual inputs and provided opportunities for 
other stakeholders to contribute. In total, 51 experts contributed 
(predominantly from international organizations, NGOs, 
government, and academia). Participants provided feedback 
comprising the need for definitions and enquiries about the 
operationalization of PARI, especially regarding measurability 
and monitorability. This feedback was reviewed by the Taskforce, 
resulting in an improved version of the principles and the 

subsequent development of the scoring system as a tool 
for operationalization.

PARI and its scoring system were piloted in ‘real world’ 
external projects before the final Taskforce meeting. Piloting 
included independent applications of PARI to an innovative 
project (18 in total, mostly small-scale) and/or usability testing 
(7 sessions).4 During usability testing, participants were observed 
by two members of the Expert Team while familiarizing 
themselves with the principles and guidance materials, taking 
first application steps, sharing impressions, and asking questions. 
Feedback from both formats was collected through direct calls, 
filled-in scoring frameworks as well as a feedback survey.

During the final meeting in March 2022, the Taskforce agreed 
on the final set of principles (Zurek et al., 2022b). It also discussed 
handing over PARI to an appropriate lead organization with a 
global mandate, that could continue their development and 
promotion. The successor organization would likely finetune 
individual principles, develop a pertinent catalog of metrics, 
disseminate PARI among public and private stakeholders, and 
support them in integrating the tool in existing reporting and 
benchmarking processes. While an operational set of metrics could 
not be developed within the time frame of the Taskforce, their role 
is reflected in the principles and a limited collection (sorted 
according to sub-principles) was made available to the public.

A visually polished online version of the guidance materials was 
developed to improve usability of PARI in their current form and 
support their promotion. This includes two introductory videos that 
further increase accessibility and user-friendliness (CoSAI 
Secretariat, 2023).

4 The 18 projects came from the following stakeholder groups: development 

partner (3), non-governmental organization (5), private sector (4), research 

organization (6) and were sourced from the Taskforce network and responses 

to a public call by CoSAI.

FIGURE 1

Process for developing the Principles for Agrifood Research and Innovation.
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4. Conceptualizing innovation in 
agrifood systems and related 
principles

Because “[agri]food systems approaches must be  useful to 
decision makers, and performance can only be  improved if 
decision makers have a better understanding of these underlying 
interactions and dynamics of food systems change” (Brouwer 
et  al., 2020), it was important that the Taskforce shared a 
conceptual understanding of innovation’s impacts on agrifood 
systems. To facilitate this, innovation in agrifood systems was 
considered through a framework comprised of three lenses: 
drivers, activities, and outcomes of agrifood systems (and their 
interactions) (see Figure 2). For outcomes to be improved actors 
must change the driving forces (e.g., institutions and policies, 
available technologies or cultural habits) that shape how agrifood 
systems function and which activities are carried out by whom 
(Ericksen, 2008; Ingram, 2011; van Berkum et al., 2018). Despite 
the framework simplifying agrifood systems and omitting the 
feedback loops within innovation processes, it does illustrate how 
innovation continuously impacts agrifood systems and shows the 
trajectory of innovation in relation to both its triggers (i.e., 
desired outcomes) and agrifood system drivers.5 This provided 
the Taskforce with a starting point for developing principles that 
both aligned with innovation’s interaction with agrifood systems 
and had the potential to transform the direction and intensity of 
the innovation’s impact on SAFS outcomes.

The Taskforce’s framework was complemented by a complex 
and non-linear understanding of both agrifood systems (e.g., 
FAO, 2014, 2018; van Berkum et al., 2018; Zurek et al., 2022c) and 
innovation (e.g., HLPE, 2019; Koerner and Duda, 2021 based on 
various frameworks). Viewing agrifood systems from varying 

5 The Taskforce also used the framework to set their scope of work on 

pre-production, production and post-harvest activities.

angles provides the foundation for developing new insights and 
ideas for better management practices (Ericksen, 2008; Ingram 
and Zurek, 2018; van Berkum et al., 2018; Hebinck et al., 2021). 
These varying angles imply different functionalities for agrifood 
system actors and have implications for the way they interact with 
the system. The Taskforce concluded that various agrifood 
systems perspectives can serve innovations and that the choice 
depends on the context, including the scale at which an innovation 
is implemented. Taskforce members utilized this diversity of 
understandings on agrifood systems and innovation to consider 
how best to guide innovators and related actors, catering to 
differing needs.

This perspective on innovation in agrifood systems 
strengthens the case for a well operationalized set of principles 
that can continuously and iteratively guide innovation-related 
actors in balancing intended outcomes and trade-offs at all 
scales. In the above framework, principles function as both 
procedural and normative anchors for innovations. They 
highlight the path to best practice for innovation processes (‘the 
how’), while helping actors align their innovations with their 
desired outcomes through a systems perspective (‘the what’), 
altering drivers, activities, and the configurations of agrifood 
system actors.

Various principles on SAFS as well as innovation already exist. 
CoSAI had however identified a gap in the intersecting area of 
innovation principles for SAFS. To compose such principles, the 
Taskforce reviewed existing principles based on guidelines and 
grey literature within the two identified types (see Annex 2). 
Principles on SAFS usually relate to the goals and outcomes of 
agrifood systems, e.g., soil health, labor standards, and gender 
equality. Principles on innovations typically specify procedural 
steps to support goals and outcomes (e.g., developing a theory of 
change or undertaking stakeholder consultation) or provide 
guidance for creating an enabling environment (i.e., innovation 
systems). For reviewing innovation principles, the Taskforce 
included principles from various sectors outside of agrifood  
systems.

FIGURE 2

Conceptualizing innovation in agrifood systems using three lenses: drivers, activities, and outcomes.
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The two types of principles, in combination, are required to 
support innovation in contributing to SAFS (Zurek et al., 2022b). 
In isolation, each type has limitations. Outcome principles are 
useful for defining and pursuing objectives but cannot 
be measured at the beginning of innovation processes. Here, it 
may only be possible to track intentions and the quality and depth 
of the processes used to develop the innovation. As a counterpart, 
process principles provide methodological guidance in the form 
of best practices for developing innovations. These help steer the 
development of innovations, though do not specify outcomes. 
Those innovation principles that facilitate innovation by 
promoting an enabling environment target conditions that are not 
necessarily directly influenced by innovators, nor do they account 
for investor demands around innovation’s procedures and 
progress against outcomes. Hence, a combination of principles on 
SAFS and innovation process is required for effectively guiding 
agrifood system actors throughout all stages of the innovation 
process. In developing first iterations of the principles, the 
Taskforce reviewed 30 and 28 sets of SAFS and innovation process 
principles (e.g., the High-Level Panel of Experts’ report 
Agroecological and other innovative approaches for sustainable 
agriculture and food systems that enhance food security and 
nutrition (HLPE, 2019) (for outcome principles), and the COP26 
(2021) Transforming Agricultural Innovation Campaign Steering 
Group’s Principles for Transforming Innovation (2020) or the World 
Wildlife Fund’s ESG Integration Indicators (WWF, 2021) (for 
process principles)).

Three target groups that could use innovation principles for 
SAFS were identified to help guide the development of 
PARI. Identifying these target groups allowed the Taskforce to 
consider how the principles would be used by different groups, 
how appropriate they would be  for each group’s needs, and 
where potential gaps lay in terms of servicing their needs 
and uses.

 • Public and private direct investors in innovation in agrifood 
systems who need to ensure that their funds are appropriately 
used to support their SAFS goals (e.g., Bayer CropScience, 
FAO, USAID).

 • Managers and implementers of research for development and 
innovation, both public and private, who need to plan their work 
and track progress against SAFS objectives (e.g., CGIAR, 
Syngenta).

 • Certification, benchmarking, and watchdog organizations 
promoting investment in innovation for environmentally 
sustainable and socially positive outcomes (e.g., Verra, World 
Benchmarking Alliance).

5. Actionable principles for research 
and innovation in sustainable agrifood 
systems

The Taskforce composed a set of eight principles (i.e., PARI) for 
guiding innovation projects in targeting sustainable and equitable 
agrifood system outcomes (see Box 1).

The first four principles focus on best practice processes for 
managing innovative projects. The last four principles focus on 
outcomes of innovation. Each principle is delineated through 
subprinciples that further guide implementation.6 Despite being 
numbered, all principles are of equal importance and their interlinked 
nature means addressing one can affect others. While the principles 
are normative, that is, they require users to consider elements of their 
innovation processes and outcomes, they never stipulate specifics (e.g., 
modes of production such as agroecological production). The 
following section presents PARI and the literature underpinning their 
scientific relevance in guiding agrifood systems’ innovation processes. 
In addition, prominent aspects of discussions within the Taskforce are 
included. Note that the version of PARI here is a work-in-progress, 
likely to undergo further changes in the future.

 Principle 1: Set out a clear theory of change defining intended 
impacts, based on a food systems perspective and reflexive learning.
 1.1. Clear and flexible theory of change defining intended impact of 
proposed innovation.
 1.2. Applied systems thinking at different scales, including all 
impacted actors and activities.
 1.3. Reflexive monitoring and evaluation to adapt route to impact 
to changing conditions.

Agrifood innovations are developed in diverse systemic contexts 
that include a variety of outcomes, objectives, targeted populations, 
and mechanisms for change. Thus, it is important to specify an 
innovation’s rationale, direction, and mechanism of change from the 
outset (Hekkert et al., 2020; Klerkx and Begemann, 2020; Mazzucato 
et al., 2020). Here, constructing a clear theory of change that defines 
impact pathways and is responsive to potential constraints is key in 
supporting actors to realize intended goals and impacts (Koerner and 
Duda, 2021; Zurek et al., 2022a).

6 For example, Principle 6 guides R&I projects in managing natural resources 

in a sustainable and circular manner, thus requiring the consideration of 

sustainability and circularity in each thematic dimension of its sub-principles.

BOX 1: EIGHT PRINCIPLES FOR AGRIFOOD RESEARCH AND INNOVATION (EXCLUDING SUB-PRINCIPLES).

 1. Set out a clear theory of change defining intended impacts, based on a food systems perspective and reflexive learning.
 2. Design transparent and evidence-based innovation processes.
 3. Conduct innovation processes in an inclusive and ethical manner.
 4. Address potential trade-offs, synergies, efficiencies, and unintended effects.
 5. Consider contribution to improved food and nutrition security and health.
 6. Consider contribution to sustainable and circular management and utilization of natural resources.
 7. Consider contribution to a viable economy and sustainable livelihoods.
 8. Consider contribution to an ethical, equitable, and adaptive agrifood system for current and future generations.
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Building on this, the Taskforce recommended that theories of 
change be designed and conducted using systems thinking. Analyzing 
agrifood system actors’ interactions with their socio-economic and 
biophysical environments can reveal overlooked outcomes and impact 
pathways. This is important because these interactions are often 
complex, non-linear, multi-relational, and have significant feedback 
effects (van Berkum et al., 2018). Hence, systems thinking can set a 
foundation for developing more holistic ‘systems innovations’. When 
identifying the area for analysis within the system, the Taskforce posited 
that systems thinking be applied at different scales and from different 
angles covering all impacted actors and activities (Zurek et al., 2022b).

However, it was acknowledged that the complexity of agrifood 
systems impedes the immediate identification and measurement of all 
interdependencies and relations. Consequently, the Taskforce 
suggested a reflexive and adaptive approach for developing theories of 
change. Iterative data and results monitoring at strategic points 
facilitates learning and minimizes the risk of unintended 
consequences, allowing for course corrections (Beers and van Mierlo, 
2017). Using a flexible and adaptive theory of change from an agrifood 
systems perspective continuously verifies that an innovation project 
aligns with its objectives under changing circumstances.

 Principle 2: Design transparent and evidence-based innovation processes.
 2.1. Information on innovation goals, key intended outcomes, and 
budgets publicly available.
 2.2. Analysis of needed resources and capabilities, and the ability to 
obtain them.
 2.3. Evidence-based processes including use of credible metrics.
 2.4. Sharing of knowledge/insights, as appropriate, with others 
(public or private entities).

Transparency is recognized as an important factor for abetting 
accountability, enhancing traceability, supporting coordination, 
building trust, enhancing learning across sectors, and supporting 
socially responsible entrepreneurship and governance (Piechocki, 
2004; Zakutniaia and Hayriyan, 2017; Gupta et  al., 2020). While 
intellectual property rights need to be  preserved, sharing some 
information on innovation processes allows others to review the 
cogency of the approach taken. In doing so, transparency promotes 
downward accountability by providing impacted stakeholders with an 
entry point for engagement.

In achieving transparency, determining needed resources and 
capabilities, as well as innovators’ ability to obtain them, is important 
because resource limitations can strongly influence innovation 
outcomes and trade-offs. Transparency on resources and capabilities, 
particularly budget, has demonstrated positive impacts on human 
development (Cuadrado-Ballesteros and Bisogno, 2021) and was 
shown to strengthen innovation when coupled with security measures 
(Brown and Martinsson, 2019).

In abetting transparency, the Taskforce emphasized that 
innovation processes should be  informed by credible and 
comprehensive evidence, ideally in the form of output and outcome 
metrics.7 This is important for fostering the measurability and impact 
of innovations – not only as an end result, though also during the 
innovation process. Further, when actors work toward similar 

7 Metrics are standards for measuring or evaluating that help to collect and 

display evidence.

objectives (e.g., the SDGs), transparency and evidence-based decisions 
significantly improve impact, strengthening the case for information 
sharing. However, because innovation is so diverse, the Taskforce did 
not dictate specific metrics for use. In lieu of this, some metrics, 
proposed as standards in particular domains, can be used, for example 
on small-scale agriculture in the Global South (Musumba et al., 2017).

 Principle 3: Conduct innovation processes in an inclusive and 
ethical manner.
 3.1 Inclusive, fair, and transparent decision-making within 
innovation processes, ensuring all relevant stakeholders are included.
 3.2. Fair and inclusive partnerships, and fair and ethical 
apportioning of benefits.
3.3. Active consideration of all relevant types of knowledge.
 3.4. Ethically conducted innovation processes in compliance with 
human rights and other relevant international standards.

Considering inclusivity and ethics is paramount for agrifood 
innovations that often impact actors in complex ways (Leach et al., 
2012; Klerkx and Rose, 2020). While human rights and other 
international standards form a widely recognized ethical foundation, 
current approaches to transform agrifood systems tend to be top-down 
and lack downwards accountability (UNSCN, 2019). In countering 
this, the Taskforce recommended including mechanisms for 
integrating inclusivity equity, and human rights, as well as other 
standards, into innovation processes, to prevent unintended 
consequences for vulnerable actors (Zurek et al., 2022b). This principle 
provides a starting point for going beyond ‘participation tokenism’ 
and ‘box-checking’ to address power asymmetries within 
innovation processes.

Here, multi-stakeholder or participatory processes are such 
mechanisms that can minimize negative impacts for minorities and 
other marginalized groups (Norström et  al., 2020). Inclusion and 
participation of ‘all relevant stakeholders’ is a complex undertaking 
that can be limited by biases in stakeholder identification (Lelea et al., 
2015). Still, it can also benefit innovation processes as diverse and 
inclusive work teams and partnerships tend to produce more 
innovative ideas (Fan and Swinnen, 2020; Asmal et al., 2022), much 
like the positive contributions of indigenous knowledge to 
conventional science (Uprety et al., 2012).

 Principle 4: Address potential trade-offs, synergies, efficiencies, and 
unintended effects.
 4.1. Transparent and systematic analysis of inputs, outputs, and 
agrifood system outcomes (Principles 5 to 8).
 4.2. Transparent monitoring of winners and losers in innovation 
processes and outcomes (including unintended).

Standalone innovations are often designed to target specific 
agrifood system outcomes, meaning they can have unintended 
consequences and potentially be detrimental to sustainability within and 
beyond agrifood systems (Oliver et al., 2018; Herrero et al., 2021). Here, 
environmental and social outcomes are particularly likely to be neglected 
(Prasad et al., 2023) making managing and addressing such trade-offs a 
major challenge in advancing sustainability (Grass et al., 2020). Trade-off 
analyses, based on a clear theory of change from an agrifood systems 
perspective, and coupled with monitoring (Herrero et al., 2021; Zurek 
et al., 2021), can identify unintended consequences, including winners 
and losers of innovations as well as potential synergies and efficiencies. 
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Trade-off analyses enable open and honest discussions about the 
affected actors and why certain negative consequences may have to 
be  accepted (Mausch et  al., 2020). They can guide innovators in 
balancing the various outcomes that agrifood system actors want to 
bring about (Herforth et al., 2014; Kanter et al., 2018; Ridgway et al., 
2019; UNSCN, 2019; Zhang et al., 2021) and help decision makers 
distribute trade-offs across geographies, groups of people or landscapes.

 Principle 5: Consider contribution to improved food and nutrition 
security and health.
5.1. Food security.
5.2. Adequate nutrition.
5.3. OneHealth.

Principle 5 underlines the need for agrifood innovation to contribute 
to the outcomes of food security and adequate nutrition which are 
conventionally considered the core objectives of agrifood systems 
(Willett et al., 2019; Hebinck et al., 2021). However, most global regions’ 
agrifood systems currently fall short in providing their populations with 
access to sufficient, safe, and nutritious food, to meet their food 
preferences and dietary needs necessary for a healthy life. Poor-quality 
diets cause multiple forms of malnutrition across the globe and constitute 
a main cause of global deaths (Lindgren et al., 2018; Lancet, 2020).

The Taskforce chose to complement these two sub-principles with 
the concept of OneHealth. While health in agrifood systems is often 
considered a result of food security and nutrition, agriculture’s 
contribution to the emergence of zoonotic and transboundary diseases 
as well as antimicrobial resistance is increasingly recognized 
(Mackenzie and Jeggo, 2019). OneHealth constitutes “an integrated, 
unifying [systems] approach that aims to sustainably balance and 
optimize the health of people, animals and ecosystems” acknowledging 
their interdependence (FAO, OIE, WHO, 2021). In practice, the 
complementarity of these three sub-principles can be  seen in the 
influence of OneHealth matters on food security (Garcia et al., 2020).

 Principle 6: Consider contribution to sustainable and circular 
management and utilization of natural resources.
6.1. Biodiversity and integrated habitats.
6.2. Climate change mitigation.
6.3. Clean water.
6.4. Clean air.
6.5. Soil health.

Agrifood systems are dependent on a suitable climate and 
sufficient natural resource availability (Vermeulen et  al., 2012a). 
However, their contribution to global environmental challenges 
including climate change and the degradation of natural resources 
such as biodiversity is substantial (Newbold et al., 2015; Crippa et al., 
2021). The present dilemma evokes a strong call for more sustainable 
management and use of natural resources (Caron et  al., 2018; 
Springmann et al., 2018; Rockström et al., 2020). Principle 6 and its 
sub-principles stress the importance of utilizing and managing natural 
resources in a sustainable and circular fashion.

Actors in agrifood innovation occupy a key role in shaping the 
transition toward sustainable natural resource management but they 
rarely follow environmental objectives (Prasad et al., 2023). Key here 
is the preservation of natural areas outside agrifood systems, which 
innovation can impact positively and negatively (Pirard and Belna, 

2012; Villoria et al., 2014).8 When innovators deliberately address the 
use and management of natural resources, positive contributions to 
environmental outcomes can be  made [for example, mitigating 
biodiversity loss and global warming, ensuring clean air and water, 
and maintaining soil health (Hebinck et al., 2021)].9 Moreover, the 
Taskforce highlighted that agriculture can contribute to regenerative 
processes in ecosystems which is especially relevant for – but not 
limited to – soil health (Schreefel et al., 2020).

In implementing these environmental considerations, circular 
approaches to natural resource management have the potential to 
alleviate environmental pressure (Muscio and Sisto, 2020). While 
there is a split between theory and practice in applying circular 
economy approaches in many fields, agrifood systems are a suitable 
ground for testing and implementing this concept, building on 
existing examples (Fassio and Tecco, 2019).

 Principle 7: Consider contribution to a viable economy and 
sustainable livelihoods.
 7.1. A viable agrifood systems sector contributing to the 
wider economy.
7.2. Secure and stable livelihoods of actors within the agrifood sector.

The agrifood sector remains of central importance to the 
economies of both the Global South and Global North (van der Ploeg 
et al., 2019). The businesses and public entities within those economies 
must innovate and take up transformative practices (FABLE, 2020; 
Herrero et al., 2020) to permit the economy’s continuous harnessing 
of the various benefits arising from the agrifood sector. However, in a 
market-economy, sustainable innovations often have higher 
immediate production costs or require more initial investments. This 
means actors prioritizing private benefits (allocating resources in 
accordance with technical and allocative efficiencies), are less likely to 
apply sustainable innovations, even if public benefits are significant in 
the long run. However, the economic pathway to supporting welfare 
in a broad sense (which is the ultimate purpose of the economy) 
requires balancing market priorities with the creation and sustainable 
management of common goods (Johansson, 1991). Therefore, 
together with policy makers, innovators should consider how they can 
contribute to a healthy and stable economy at large, characterized by 
financial and price stability, the effective use of natural resources, and 
employment opportunities (among other characteristics).

A key issue in global agrifood systems is that the distribution of 
economic benefits is unequal. Negative developments (e.g., the 
COVID-19 pandemic) affect poor and marginalized populations more 
severely than their wealthier counterparts, especially in the Global 
South (Power et al., 2020; Swinnen and McDermott, 2020). In aiming 
to promote the mitigation of this inequality, the Taskforce included a 
principle emphasizing that the economic development and 
opportunities resulting from innovations need to create secure and 

8 Mechanization and pesticides can drive increased deforestation through 

increased labor efficiency but increased productivity per hectare can 

simultaneously reduce the demand for additional land (Vadez et al., 2008).

9 Various tools exist to address the use and management of natural resources 

such as the drivers, pressures, state, impact, and response model of intervention 

(DPSIR) or the Tool for Agroecological Performance Evaluation (FAO, 2019).

186

https://doi.org/10.3389/fsufs.2023.1059063
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Zurek et al. 10.3389/fsufs.2023.1059063

Frontiers in Sustainable Food Systems 09 frontiersin.org

stable livelihoods of actors. Innovation-driven productivity increases 
in farm labor will raise wages but also reduce labor demand. Many 
smallholder farmers will therefore be forced to switch to work outside 
the farm sector requiring a gradual transition based on education, 
mobility and urban development (FAO, 2014).

 Principle 8: Consider contribution to an ethical, equitable, and 
adaptive agrifood system for current and future generations.
8.1. Human rights and decent working conditions.
 8.2. Distribution of risks, benefits, and decision-making power 
within the household and along the value chain.
8.3. Inclusiveness.
8.4. Animal welfare.
 8.5. Adaptation, that is equitable, including to climate and 
environmental change.

Ethics and equity represent a typical blind spot of innovation in 
agrifood systems (Hebinck et al., 2021; Herrero et al., 2021; Porciello 
et al., 2021; Zurek et al., 2021; Prasad et al., 2023), with the notable 
exemption of agroecological innovations (e.g., Barrios et al., 2020). 
Even with appropriate trade-off tools that guide social equity 
measurement, monitoring social objectives remains highly subjective 
and context-specific (Mottet et al., 2020). Due to their frequent neglect 
and the challenge of measurability, social outcomes of agrifood 
systems tend to include trade-offs that imply direct negative impacts 
on certain, often marginalized, groups such as smallholders, women, 
youth, conflict-affected people and refugees, elderly, disabled people, 
lower castes, religious and ethnic minorities as well as indigenous 
groups (McShane et al., 2011; Adams et al., 2014; Ellis et al., 2019). 
While Principle 8 shares thematic similarities with Principle 3 (ethical 
and equitable innovation processes), ethics and equity are also 
important as outcomes of innovation.

Human rights as well as safe and healthy working conditions are 
among the direct and indirect prerequisites for achieving all food 
system outcomes (Anderson, 2008) and innovation contributing to 
SAFS must therefore abide by them (Caron et al., 2018). Though, 
despite the transformative potential of national and international 
human rights systems, in practice, they are still not strong enough to 
effectively protect various agrifood actors from harm, especially from 
non-state actors (Kennedy and Liljeblad, 2016). This deficit is evident 
in the increasing precariousness of employment conditions in the 
agrifood sector which is closely linked to value chain power dynamics 
(Malanski et al., 2022a). Resultingly, innovations must consider how 
they are contributing to or affecting human rights and working 
conditions, both directly and indirectly.

Power imbalances between groups significantly influence 
decisions within agrifood systems including on innovations’ risks, 
benefits, and associated decision-making power (Davila and Dyball, 
2017). Therefore, innovations need to address inherited privileges and 
discursive disadvantages among the target population – and the 
intersectionality of these – including on economic, geographic, 
demographic, and other social levels (Allen, 2010; Kepkiewicz et al., 
2015). Without these considerations, there is a considerable risk of 
agrifood systems transformation being carried out ‘on the backs’ of the 
poor and other marginalized groups (Mustafa et al., 2021; Davis et al., 
2022). Currently, global value chains shift power away from local 
producers and toward retailers and supermarkets, mostly by 
establishing market standards (Barrett et al., 2020; Malanski et al., 

2022a,b). Deliberately addressing power differences (e.g., in the 
household) makes agricultural interventions more impactful in 
various areas (Gillespie and van den Bold, 2017). Innovations and 
their complementary resources, such as access to land and markets, 
must therefore be created and distributed in a way that is accessible to 
low-income and other vulnerable populations (WRI, 2018). Inclusive 
innovation can help people escape intergenerational cycles of poverty, 
hunger, and malnutrition and contribute to education and political 
stability (Fan and Swinnen, 2020).

Animal welfare is another ethics-related outcome of agrifood 
systems with links to the sustainability and customer acceptability of 
a product (Blokhuis et al., 2019; Willett et al., 2019). Across all types 
of animal production systems, harmful conditions continue to 
constitute a problem despite the existence of protocols and indicators 
to monitor and avoid these (Fraser, 2008; Buller et  al., 2020). 
Production in all countries can benefit from changes and innovations 
to alleviate poor conditions for animals (Temple and Manteca, 2020). 
While digital technologies hold promises in this areas, current animal 
welfare innovations still tend to put too much emphasis on physical 
health and productivity (Buller et al., 2020). The sustainability effects 
of related innovations are complex and need to be analyzed from an 
agrifood systems perspective (Broom, 2019).

6. Operationalizing the principles

Clear, simple, and straightforward operationalization is essential 
for ensuring a set of principles becomes a tool that facilitates 
transformational change. Current principles often do not overcome 
the status of a declaration of intent (Losch, 2022). Even in cases where 
organizations endorse principles or guidelines, without clear support 
and guidance on how to apply these in real work contexts, there is a 
risk that the principles will sit idle.

To solidify the link between theoretical guidelines and 
operationalized practice, the Taskforce developed a tool for 
operationalizing PARI. Three criteria were stipulated; the tool must 
allow for (1) an assessment of progress within any project or 
workstream, (2) a comparison across possible innovation options for 
strategic decision making, and (3) (in the longer term) benchmarking 
of one organization or company against others. To meet the first two 
criteria, PARI users must be able to assess their innovations against 
each principle. For the third, it must allow external users to conduct 
or review those assessments in a replicable manner. Adding to these 
criteria, the Taskforce called for guidance on addressing unintended 
consequences and trade-offs between principles, which was directly 
integrated as a principle of its own (Zurek et al., 2022b). Following 
this, the Taskforce developed a scoring system to support the 
integration of PARI into key decision-making processes. The scoring 
system allows users to assess the degree to which a (sub-)principle has 
been successfully applied to their innovation. To further assist users, 
the system is complemented by supporting documents, including a 
detailed step-by-step guide, a glossary, and a scoring template (CoSAI 
Secretariat, 2023).

Inspired by the scoring guideline of the Food and Agriculture 
Benchmark from the World Benchmarking Association (WBA, 2021), 
the Taskforce chose a four-step scoring system (0, 1, 2, 3) where each 
(sub-)principle is scored individually. Higher scores imply a more 
thorough and evidenced application of the (sub-)principles’ 
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components. The lowest score (0) signifies that ‘no action has been 
taken in implementing the (sub-)principle’, while the highest score (3) 
indicates that all activities align with the (sub-)principle and are 
evidenced (Table  1). To achieve a score of 3, information on the 
innovation’s application of the (sub-)principle must be regularly and 
systematically collected and analyzed and all needed changes must 
already be implemented at the point of scoring.

The overall score for a principle is the lowest non-zero score of all 
relevant sub-principles (e.g., if sub-principles are scored at 2 and 3, the 
overall score for that principle will be  2). However, if one of the 
sub-principles is scored zero, the overall score cannot be higher than 
1 (e.g., if sub-principles are scored at 0, 2 and 3, the overall score for 
that principle will be 1).10

With guidance from the scoring template, users conduct the 
scoring using evidence from their innovation processes. This helps 
determine the degree to which a (sub-)principle has been fulfilled. 
Irrelevant sub-principles can be omitted from the scoring process if 
users are able to justify that choice and support it with evidence.

The scoring process helps users identify specific process or 
outcome areas that can be improved or where they require additional 
evidence (as the basis for any score higher than 1). Through iterative 
scoring, PARI become a potent management tool for course 
corrections over an innovation’s project cycle. Users are guided to 
apply PARI from the ideation and design stages onwards and 
thereafter at strategic points (e.g., mid-term review, ex-post 
evaluation) depending on project duration and other characteristics.

The step-by-step guide (CoSAI Secretariat, 2023) informs users on 
additional aspects of PARI’s application, such as the right assessment 
level (i.e., when the scope of a project is too narrow or too broad). It 
also includes a glossary, a frequently asked questions section, and 
introduces the score aggregation feature in more detail which is 
particularly relevant for integrating PARI on the level of organizations 
or larger programs. The latter aggregates scores from a selected number 
of projects where each principle is weighted proportionally to 
project budgets.

The scoring system and supporting documents form the overall 
operational approach of PARI. They guide individuals in organizations 
or companies pursuing agrifood innovation to apply each principle in 
the context of their work. These materials are essential to concretely 
transform operational practice. Nonetheless, it is the uptake of PARI 
in the sector that is pivotal for impact and requires further reflection 
and recommendations.

10 More information and examples of how to fill in the scoring template can 

be found under (CoSAI Secretariat, 2023).

7. Actionable recommendations

Because CoSAI was an ephemeral Commission, ending in 2021, 
a new champion agency is required for improving PARI and for 
upscaling their use. Without a clear champion, there is a risk that 
PARI will only be adopted sporadically by individual organizations. 
Here, several recommendations for upscaling the use of PARI 
are presented.

An agreement to champion PARI, by an agency or set of agencies, 
is required to take them forward. Ideally, this should be  an 
organization with a wide reach in the agrifood sector, convening 
power across relevant stakeholders, a long-term and normative 
mandate, and expertise in setting standards. United Nations 
organizations such as the Food and Agriculture Organization (FAO) 
would be suitable here, particularly because FAO already champions 
other Principles for the agriculture sector.11 Other potential champions 
include organizations like CGIAR, which could bring together various 
research investors and innovators interested in the Global South, or 
the World Business Council for Sustainable Development (WBCSD), 
which could convene large companies in the food and agriculture  
space.

A key priority for the new lead agency would be to link PARI to 
new initiatives on tracking agrifood innovation. Transparent tracking 
of investment in agrifood innovation can incentivize public and 
private sector investors to focus on developing sustainable innovations 
that support agreed global goals (Compton et  al., 2022). A key 
undertaking in this space is FAO’s new Agrifood Technology and 
Innovation Outlook (FAO, 2022). In addition, the World 
Benchmarking Alliance conducts the ‘Food and Agriculture 
Benchmark’ – an assessment process that seeks to stimulate major 
agrifood companies to choose sustainable business practices 
throughout their operations. The benchmark currently does not 
integrate parameters on innovation providing an opportunity for 
PARI to complement it in the future (WBA, 2021).

The new lead agency would also have to further demarcate PARI’s 
potential role in relation to existing tools and approaches in the 
agrifood sector. It would also allow for a more in-depth justification 
of the choices made regarding sub-principles beyond their general 
importance as outlined in this article. For example, sustainable value 
chain (SVC) development similarly addresses complex systems and 
various sustainability dimensions (FAO, 2014). However, in practice 
it often suffers from the key problem that PARI addresses: the neglect 

11 For example, the Principles for Responsible Agricultural Investment 

(CFS, 2014).

TABLE 1 Scoring system to assess the implementation of principles by an innovator/organization (CoSAI Secretariat, 2022).

Score Level of implementation

0 No evidence that action has been taken to implement the principle.

1 Some activities have been carried out in line with the principle, but these are insufficient to justify a score of 2.

2 There is evidence that activities have been carried out in line with the principle and its sub-principles. Information on the issues has been regularly and 
systematically collected and analyzed.

3 There is evidence that activities have been carried out in line with the principle and its sub-principles. Information on the issues has been regularly and 
systematically collected and analyzed and needed changes have been implemented.
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of social and environmental objectives. The typical perspective on the 
immediate value chain of a particular product also tends to exclude 
elements and entire subjects that go beyond this scope. In contrast to 
PARI, SVC approaches also prioritize other procedural properties and 
mechanisms such as commercial viability, governance and behavior 
change as well as the upgrading of value chain components and 
scalability (FAO, 2014). Although PARI facilitates scalability by 
guiding innovations to intended impacts (e.g., Principle 1), it does not 
guide scaling directly and allows users to adapt the details of their 
assessment to the appropriate scale in their context. This also 
differentiates it from other tools that focus on interventions at specific 
scales such as Verra’s LandScale that is fitted for landscape-level 
assessments (LandScale, 2023).

Adapting PARI for use in the planning and reporting systems of 
large organizations – including by actors less interested in systems 
approaches to sustainability – will require further piloting and 
adaptation. Piloting to date has informed considerable improvements 
to the principles, but it has mostly been limited to enthusiastic, small-
scale users. In the future, there is a risk of losing cohesion and 
comparability as different organizations express their preferences in 
prioritizing principles over others and interpreting scores differently. 
When working with users to refine PARI, the new champion must 
ensure that principles will be coherently applied across user types 
while also responding to user demands.

Overall, upscaling PARI requires a new lead agency that defines 
PARI’s position in relation to other tools and makes improvements 
based on piloting on a large scale. Further work is also needed in the 
implementation of a systems perspective and the provision of 
assessment metrics (see Section 8).

8. Discussion

Researchers and innovators in agrifood systems must undergo a 
major shift in managing and thinking about innovation. They need to 
internalize and operationalize a systems perspective that reconciles the 
conventional focus on productivity increases with environmental and 
social objectives. To address this, a diverse international Taskforce of 
experts developed a set of principles and a complementary scoring 
system. By accounting for innovation processes (in Principles 1 to 4) 
and outcomes (Principles 5 to 8), PARI can guide innovators, 
researchers, and related actors such as investors in actualizing 
innovations that enable a transformation toward SAFS. Various 
questions and issues arise from this work that will hopefully be taken 
forward by others.

PARI is a highly flexible tool that aims to support different 
agrifood system actors and functions for various innovation types, 
stages and contexts at different scales. This broad applicability is a 
strength of PARI that enables them to address complex systems, but it 
also carries risks. Various aspects will determine eventual impact 
including the availability of context-specific guidance on 
implementing a systems perspective and selecting metrics, sufficient 
transparency, as well as a balanced approach to complexity.

Taking an agrifood systems perspective and thus considering 
multiple outcomes of an innovation was one of the central themes in 
discussions by the Taskforce. Still, PARI does not prescribe a specific 
framework because – depending on the innovation context – different 
frameworks imply different functionalities when assisting innovators. 

The principles only facilitate the identification of interdependencies 
rather than directly identifying them for the user. Given the centrality 
of agrifood systems thinking within PARI, it needs to be considered 
that some innovation actors tend to think in more linear and siloed 
manners (den Boer et  al., 2021). Lack of experience in applying 
agrifood systems thinking can therefore be  an obstacle to PARI’s 
uptake and implementation.12 A potential solution for this issue is the 
development of more context-specific guidance on complementary 
agrifood systems tools.

At this stage, matching ‘credible’ metrics to the type and stage of an 
innovation can be difficult (i.e., Principle 2). Assessing developmental 
impacts of interventions in complex environments (e.g., by adding up 
small results within a value chain) often only provides anecdotal 
evidence (FAO, 2014). While there have been some useful attempts to 
develop metrics for agrifood research (Musumba et al., 2017) more 
work is needed. An initial collection of over 300 existing metrics 
(unpublished: Yicong Luo, pers. comm.) and an expert discussion 
convened by CoSAI confirmed the lack of standards in this area as well 
as gaps in the areas of financial, policy and institutional innovations. A 
diversity of metrics is needed to cover various types and objectives of 
innovation at different stages and scales as well as from multiple 
stakeholder viewpoints, and with different levels of resources available 
for measurement. Ideally, users of PARI could choose from a large set of 
recommended metrics in order to monitor the four agrifood system 
outcome areas (Principles 5 to 8).13 Individual indicators for each 
category of metrics could be flexible and tailored to organizational needs 
and data availability.

Another challenge is to establish sufficient transparency (Principle 
2) among innovation-related actors that use PARI. When considering 
all four types of outcomes in agrifood systems, decisions on trade-offs 
are highly likely. Being transparent about why one domain has been 
prioritized over another can be challenging as actors usually have little 
incentives to elucidate negative aspects of their work. To the contrary, 
there is a lot of pressure to report positively on sustainability aspects 
depending on institutional, cultural and legal norms which may lead to 
‘greenwashing’ (Coelho, 2023). Transparency in decision making is 
however of critical importance for PARI and, generally, for ensuring 
favorable outcomes for those affected by an innovation in the long term. 
As pointed out by Mausch et al. (2020), it is important to clarify societal 
values and thus the priorities given to certain principles, since trade-offs 
are inherent in the process of developing innovations.

When addressing the complexity and uncertainty regarding 
potential outcomes, relevant actors need to overcome the increased 
risk of ‘paralysis by analysis’ and be aware that accounting for multiple 
goals tends to make innovation processes and their management more 
complex, time consuming and onerous. PARI needs to tap into 
mechanisms that make the assessment process as accessible and 
straightforward as possible without reducing complexity to an extent 
that undermines functionality.

12 This limitation extends to trade-off analyses recommended under 

Principle 4.

13 The idea of a small set of high-level metrics may be attractive but assuming 

causality between an innovation and a high-level outcome (e.g., district-level 

poverty) is problematic.
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The complexity of interdependencies furthermore poses the 
question whether innovators should only `consider’ the potential 
unintended consequences or whether they also have to ensure they 
`do no harm’ (possibly integrating mitigation measures). For either 
option, establishing practical processes and monitoring frameworks 
for organizations and companies needs careful consideration.

As discussed by the Taskforce, having a single index for PARI 
would allow actors to compare various innovations more easily (or 
projects that include several innovations) and thus, simplify the 
identification of those innovations with the highest potential for 
sustainable impact. However, aggregating scores across principles 
masks details that can contribute to an informed decision (e.g., specific 
strengths and weaknesses as indicated by individual principles). In 
addition, the question of how to aggregate the scores of distinct 
principles has no clear answer. Would organizations that prioritize 
certain (sub-)principles apply different weightings? There is a clear 
need for further reflection in this area.

The challenge of encouraging wider adoption of PARI needs 
further deliberation and other barriers will have to be explored along 
the way. Their integration into planning and decision-making 
processes will not be easy as current innovators typically do not apply 
a systems perspective. PARI are a promising tool in this space.
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