
ARTICLES
https://doi.org/10.1038/s41477-020-00783-z

1Cornell University, Ithaca, NY, USA. 2CIMMYT, Mexico City, Mexico. 3World Bank, Washington, DC, USA. 4University of Notre Dame, Notre Dame, IN, 
USA. 5USDA-ARS, East Lansing, MI, USA. 6International Institute for Sustainable Development, Winnipeg, Manitoba, Canada. 7Michigan State University, 
East Lansing, MI, USA. 8These authors contributed equally: Kevin Pixley, Nkulumo Zinyengere. ✉e-mail: ma934@cornell.edu

A
griculture and food production are highly vulnerable to 
climate change. Extreme weather events such as droughts, 
heat waves and flooding have far-reaching implications for 

food security and poverty reduction, especially in rural communi-
ties with high populations of small-scale producers who are highly 
dependent on rain-fed agriculture for their livelihoods and food. 
Climate change is expected to reduce yields of staple crops by up to 
30% due to lower productivity and crop failure1. Moreover, the pro-
jected global population growth and changes in diets toward higher 
demand for meat and dairy products in developing economies will 
stretch natural resources even further, increasing demands on food 
production and food insecurity2. To cope with climate change, farm-
ers need to modify production and farm management practices, 
such as adjusting planting time, supplementing irrigation (when 
possible), intercropping, adopting conservation agriculture, access-
ing short- and long-term crop and seed storage infrastructure, and 
changing crops or planting more climate-resilient crop varieties.

This scoping review examines the conditions that have led to the 
adoption of climate-resilient crops over the past 30 yr in lower- and 
middle-income countries. For all countries, but especially those that 
rely on domestic agriculture production for food security, one of 
the most critical and proactive measures that can be taken to cope 
with food insecurity caused by unpredictable weather patterns is 
for farmers to adopt climate-resilient crops. Climate-resilient crops 
and crop varieties have enhanced tolerance to biotic and abiotic 
stresses3 (Box 1). They are intended to maintain or increase crop 
yields under stress conditions and thereby provide a means of 
adapting to diminishing crop yields in the face of droughts, higher 

average temperatures and other climatic conditions4. Adoption of 
climate-resilient crops, such as early-maturing cereal crop variet-
ies, heat-tolerant varieties, drought-tolerant legumes or tuber crops, 
crops or varieties with enhanced salinity tolerance, or rice with sub-
mergence tolerance, can help farmers to better cope with climate 
shocks. Climate-resilient crops and crop varieties increase farmers’ 
resilience to climate change, but despite their benefits, adoption 
rates by small-scale producers are not as high as expected in some 
cropping systems4–6. In this study, we focus on scoping (review-
ing and synthesizing) the published evidence on the adoption of 
climate-resilient crops and crop varieties from climate-vulnerable 
countries and countries that have experienced climate-related 
impacts as determined by 45 indicators established by the Notre 
Dame Global Adaptation Initiative.

Overall, we find that the most important determinants of adop-
tion of climate-resilient crops are the availability and effective-
ness of extension services and outreach, education level of heads 
of households, including some awareness of climate change and 
adaptation measures, and farmers’ access to inputs, especially seeds 
and fertilizers. On the basis of the collected evidence, this scop-
ing review presents a series of pathways and interventions that can 
contribute to higher adoption rates of climate-resilient crops and 
reduce dis-adoption (Box 2).

Results
A scoping review aims to explore the key concepts underpinning a 
research area and the main sources and types of evidence available7. 
Established scoping review methods provide an evidence-based 
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framework for systematically searching and thematically character-
izing the extent, range and nature of existing evidence. A PRISMA-P 
protocol for this scoping review8 was registered on 4 June 2019 on 
the Open Science Framework. We performed double-blind title 
and abstract screening of 5,649 citations, selecting 568 papers for 
full-text screening using a  priori inclusion and exclusion criteria; 
202 papers met the inclusion criteria for data extraction. The inclu-
sion and exclusion criteria are available in the protocol (Methods 
and Supplementary Information), and the data-extraction proce-
dure and the PRISMA flow diagram of included and excluded stud-
ies are presented in the Supplementary Information.

Of the 202 papers included, 89% were published in peer-reviewed 
journals and 11% were published in the grey literature. Eighty-seven 
studies used mixed methods, 82 used quantitative methods and 33 
studies used qualitative methods.

Evidence of adoption of climate-resilient crops. Of the 29 evaluated 
potential social and economic factors related to adoption, interven-
tions related to the availability, effectiveness and access to agricul-
tural extension services were the most prominent determinants of 
the adoption of climate-resilient crops in low- and middle-income 
countries. Nearly 50% of the studies identified extension services 
and awareness outreach as important factors for the effective adop-
tion of climate-resilient crops in low- and middle-income countries 
(Fig. 1). The individual figures per characteristic are presented in 

detailed summary graphs in Extended Data Figs. 1–5. The deter-
minants are plotted in bar charts to provide additional context and 
visualization. The unit of analysis is per study, and a single study can 
report on multiple determinants.

The principal factors determining adoption of climate-resilient 
crops or crop varieties were largely consistent across the three 
regions with robust numbers of publications: sub-Saharan Africa, 
South Asia and East Asia. The most important determinants across 
these regions were, in order of importance: (1) access to extension 
services or information about options, (2) education level of head 
of household, (3) access to needed farm inputs, (4) experience and 
skills of farmer, (5) social status, and (6) access to climate informa-
tion (Fig. 2). Access to extension services and information about 
options, and education level of head of household were among the 
top five determinants for adoption for all three regions. Access to 
farm inputs was the first and second most important determinants 
for adoption in South Asia and sub-Saharan Africa, respectively, 
but was only sixth most important for East Asia. Experience and 
skills of farmers were first and third most important determinants 
for adoption in East Asia and sub-Saharan Africa, respectively, 
and sixth most important in South Asia. Social status was highly 
important in South Asia and sub-Saharan Africa, but only moder-
ately important for determining adoption of technologies in East 
Asia. Although there were few papers and thus limited information  
for Latin America and Middle East and North Africa regions, the 

Box 1 | Definitions and assumptions

•	 Small-scale food producers. De�nitions of small-scale food 
producers in the literature are mostly based on four criteria: 
land size, labour input (especially of family members), mar-
ket orientation and economic size2. Land size is the most 
commonly used criterion. �e clear majority of de�nitions 
of small-scale food producers are based on the acreage of the 
farm and/or a headcount of the livestock raised. Sometimes an 
arbitrary size is created (commonly 2 hectares or less), but oth-
erwise a relative measure is used, which considers the average 
size of landholdings in the country, as well as a poverty meas-
ure (farms that generate 40% or less of the median income). 
A second important criterion of small-scale producer is the 
source of the labour used on the farm (whether it is provided 
by the household that runs the farm or workers who are paid a 
wage). A third criterion is the extent to which the farm output 
is sold to market rather than consumed by the farm household 
or bartered with neighbours (some authors caution that this is 
also contextual and many small-scale producers are engaged in 
commercial markets). A fourth criterion is economic size (the 
value of the farm’s production)56.

•	 Climate-vulnerable countries are countries that are con-
sidered to be vulnerable to climate change. �e ND-GAIN 
index presents a list of countries ranked by vulnerability to 
climate change and readiness to respond (https://gain.nd.edu/
our-work/country-index/rankings/).

•	 Climate resiliency is the capacity for a socio-ecological system 
to absorb stresses and maintain function in the face of external 
stresses imposed on it by climate change, and adapt, reorgan-
ize and evolve into more desirable con�gurations that improve 
the sustainability of the system, leaving it better prepared for 
future climate change impacts.

•	 Climate change adaptation includes planned or autonomous 
actions that seek to lower the risks posed by climatic changes, 
either by reducing exposure and sensitivity to climate hazards 
or by reducing vulnerabilities and enhancing capacities to 

respond to them. Adaptation also includes exploiting any ben-
e�cial opportunities presented by changing climates.

•	 Climate-resilient crops are crops and crop varieties that have 
enhanced tolerance to biotic and abiotic stresses. �ey are 
intended to maintain or increase crop yields under stress con-
ditions such as drought, �ooding (submergence), heat, chilling, 
freezing and salinity, and thereby provide a means of adapting to 
diminishing crop yields in the face of droughts, higher and lower 
than seasonal temperatures, and other climatic conditions3,57.

•	 Climate-smart agriculture is an approach or set of practices 
aimed at increasing agricultural productivity and incomes 
sustainably, while building resilience and adapting to climate 
change conditions and reducing and/or removing greenhouse 
gas emissions where possible6.

•	 Conservation agriculture is a farming system that promotes 
minimum soil disturbance (that is, no tillage), maintenance of 
a permanent soil cover, and diversi�cation of plant species; for 
instance, through crop rotation58.

•	 Adoption is the stage at which technology has been selected 
and is being used over a sustained period by an individual or 
an organization. Adoption is more than acceptance; it is inclu-
sion of a product or innovation among the common practices 
of the adopter.

•	 Gender refers to the social relations between men and women, 
boys and girls, and how this is socially constructed. Gender 
roles are dynamic and change over time.

•	 Agricultural extension is a form of outreach that shares 
research-based knowledge with farmers and communities in 
order to improve agricultural practices and productivity. �e 
approach to delivering these services varies in terms of farmer 
participation and engagement. �is range includes technol-
ogy transfer, advisory, experiential and iterative learning, 
farmer-led extension services (such as farmer �eld schools), 
and facilitation, in which farmers de�ne their own problems 
and develop their own solutions.
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education level of the head of household was cited as the most 
important determinant for adoption in both regions.

The climate-resilient crops are included in this scoping review 
on the basis of data found in the included papers (Fig. 3). We clas-
sified them as cereals (maize, rice, grain (general), wheat, millet, 
sorghum barley and teff), legumes (soybean, chickpeas, cowpea, 
common beans, mung beans and groundnut), vegetables and fruits 
(tomato, eggplant, pepper, cocoa, mango, clover, garlic, mustard, 
pea, onion, saffron, green grams and cola nut) and roots, tubers and 
bananas (banana, plantain, yam, sweet potato, cassava and potato). 
Thirty-three per cent of the studies did not report on a specific 
crop or variety in their research; of the studies that did report on 
a specific crop or variety, 67% reported on cereals only. Despite 
their importance for food security and nutrition, less than 1% of the 
studies reported on legumes only and 25% reported on a combina-
tion of cereals and legumes, roots, tubers, bananas, vegetables and 
fruits. We also assessed the 202 papers to determine the purpose of  

the crops as primarily for human consumption (44%), for human 
consumption and animal feed (26%) or not clearly stated (30%).

Climate-resilient crops and crop varieties were adopted to cope 
with abiotic stresses such as drought, heat, flooding, salinity and 
shorter growing season (early-maturing crops), as well as pests 
associated with changes in weather or climate patterns (disease and 
pest resistance) (Fig. 4). Climate-resilient crops and crop varieties 
were also adopted to address general challenges associated with 
climate change and crop system sustainability, such as to improve 
moisture retention in soil, improve soil quality, and reduce erosion 
(planting of cover crops and legumes and to reduce vulnerability to 
food insecurity). The most studied trait in the dataset was drought 
tolerance, followed by water-use efficiency and earlier maturity. 
Adoption of early-maturing crops enables farmers to cope with cli-
mate change-induced weather variability by allowing them to adjust 
planting dates when rains are delayed and reducing the chances of 
yield losses caused by drought or heat waves late in the growing sea-
son. Changing of planting dates was identified in 32% of the papers 
as a strategy to cope with climate change.

In general, the evidence suggests that farmers do not adopt a 
new crop or crop variety without changing other practices. A total 
of 136 papers (67%) describe that farmers adopt climate-resilient 
crops in conjunction with other climate-resilient technologies such 
as climate-smart agriculture (CSA) schemes and conservation agri-
culture (CA). Other climate-resilient technologies included: plant-
ing of trees and shrubs, reduced or increased investment in livestock 
and modified planting dates and irrigation (Table 1).

Seed and adoption of climate-resilient crops. Seventy-three 
papers mentioned the topic of seed. The major themes associated 
with seed that emerged with direct evidence drawn from the papers 
are summarized in Table 2. Access to and availability of seed were 
the most prevalent themes, with 60% of papers mentioning these as 
issues in the adoption of climate-resilient strategies. Social networks 
such as farmers’ organizations or co-operatives, as well as access to 
information, were also reported as facilitators of adoption. These 
themes refer to different social groups and ways in which farmers 
can exchange seed or get information about seed.

Social differences and adoption of climate-resilient crops. About 
53% of studies reported that social differences (such as sex, educa-
tion and age of household head) influence adoption of varieties or 
crops as mitigation strategies against the effects of climate change, 
whereas 30% of studies did not report any effect of social difference. 
Fifteen per cent of studies did not include data on social differences. 
Of the studies that identified social differences as influencing adop-
tion of climate-resilient crops and crop varieties, education (22%), 
sex (28 %), age (24%) and family size (14%) emerged as the most 
important factors. Income (6%), access to information (5%), marital 
status (2%) and experience (2%) were also mentioned, but much less 
frequently. We examined the papers for sex disaggregation of data, 
in which sex of household heads was considered. Forty-five per cent 
of studies reported on the sex of respondents, with 39% reporting 
on both male and female household heads, 5% including men only, 
and only 1% of studies including only female respondents. Most of 
the studies explored social differences only superficially, by includ-
ing variables in surveys, but few substantiated these findings with 
follow-up qualitative research to understand the social dynamics 
driving the observed adoption decisions.

The studies largely concur that socio-economic status of farmers 
plays a large part in their adoption of climate-resilient technologies. 
Thirty-one per cent of the studies highlighted the socio-economic 
status of farmers. Various studies indicated that a nuanced under-
standing of the socio-economic status of farmers is vital for the tar-
geting of climate-resilient crop technology interventions and their 
adoption and sustainability in practice. Thirteen studies reported a 

Box 2 | Summary methods

•	 A double-blind title and abstract screening was performed 
on 5,650 articles that were identi�ed through a compre-
hensive search of multiple databases and grey literature 
sources and then uploaded to the systematic review so�-
ware Covidence. �e full search protocol is described in 
the Supplementary Information.

•	 �e resulting 886 articles were subjected to a second round 
of full-text screening, and 684 articles that did not meet the 
inclusion criteria were excluded, leaving 202 articles that 
were read in full and included in the qualitative synthesis.

•	 We performed data extraction on each of the 202 included 
studies. A data-extraction template (available in the Sup-
plementary Information) was developed to document  
the data, study type and context of each citation and all 
themes of interest.

•	 �e extracted data were qualitatively summarized on the 
basis of emerging themes and with the aim of providing rec-
ommendations to donors and policy makers.

•	 Among the 684 articles that were excluded at the full-text 
screening phase, 230 were excluded because they did not 
include an explicit analysis of factors for climate-resilient 
crop adoption and 204 were excluded because there was  
no explicit focus on crops, varieties, seed, planting materials 
or germplasm.

�e inclusion criteria for this study were:

 (1) �e study focus includes population of small-scale food pro-
ducers, as de�ned in the protocol

 (2) �e study was published a�er 1990 (1990 was the year the 
Intergovernmental Panel on Climate Change (IPCC) pro-
duced its �rst report on climate change).

 (3) �e study includes original research (qualitative and quan-
titative reports) and/or a review of existing research, includ-
ing grey literature.

 (4) An explicit focus or clear relevance on climate change  
resilience or climate change adaptation, as de�ned in  
the protocol.

 (5) An explicit focus on crops, varieties, seed, planting materials 
or germplasm.

 (6) �e study mentions factors for adoption, as de�ned in  
the protocol.

 (7) �e area of focus of the study includes target populations 
in lower- and middle-income countries, as de�ned by the 
World Bank.
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positive effect of farmer income on adoption. Farmers with access 
to finance, such as risk transfers (for example, insurance or remit-
tances) and credit (for example, bank loans or community loans), 
were more likely to adopt climate-resilient crop technologies. 
Farmers who reported constrained credit were less likely to grow 
modern crops and more likely to cultivate local varieties9. This is 
partly because the lack of cash or credit may prevent farmers from 
using purchased inputs10.

Evidence on the dis-adoption of climate-resilient crops. 
Dis-adoption of climate-resilient crops and crop varieties was dis-
cussed in 12 of the 202 papers included in our evidence synthesis. 
The major reasons for dis-adoption included technology not meeting 
expectations due to poor performance or quality of the technology 

or variety (8 papers), government policies (3 papers), technical con-
straints (2 papers), labour shortages (1 paper) or financial constraints 
(1 paper). Eight of the twelve studies indicated that dis-adoption was 
specifically due to the performance of a crop variety, and four of these 
eight studies indicated that the varieties’ performance under stress 
conditions did not meet farmers’ expectations10–13.

Discussion
The primary goal of this scoping review was to identify factors in 
adoption of climate-resilient crops in climate-vulnerable countries. 
Insights into these factors may inform the design of interventions 
aimed at equipping farmers to adopt climate-resilient technolo-
gies before experiencing devastating impacts of climate change and 
encourage adoption best practices14,15.
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Fig. 1 | Summary of determinants of adoption of climate-resilient crops and crop varieties by farmers. The inner ring outlines the five broad categories to 

which the 29 social and economic factors are mapped. The outer ring shows the factors within each broad category that were most frequently mentioned 

across the included studies. The relative area occupied by categories indicates their relevance. Charts with the full data and frequencies for each category 

are presented in the Supplementary Information. For illustrative purposes, factors mentioned in less than 20% of studies as determinants of adoption were 

excluded from this figure.
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We show that there is a predominance of cereals in reported 
studies on adoption of climate-resilient crops (67%). Only 1% of the 
studies report on legumes only; otherwise, they are considered only 
in combination with other crops. This may reflect the dominance of 
cereals in staple foods across the world and biases towards the study 
of such crops and in the development of improved climate-resilient 
crop varieties. However, this is a concerning trend given that some 
legumes, roots and tuber crops (for example, cassava, bambara 
groundnuts and beans) that are largely neglected in the studies have 
known climate resilience, are sources of high-quality nutrition and 
provide more well-established environmental benefits than cereals, 
such as soil enrichment.

About 50% of the studies included in this scoping review iden-
tified agricultural extension and awareness outreach as the most 
relevant factor for adoption of climate-resilient technologies in low- 
and middle-income countries. Agricultural extension links farmers 
with the latest research and engages in a translational practice to 
make complex information more accessible to farmers. It has been 
shown that farmers who have access to early-warning systems such 
as weather forecast systems can better cope and adapt to a chang-
ing climate16. Farmers plan better for farming activities, including 
choice of crop varieties to plant, after having had access to weather 
forecast information (for example, from a community-managed 
weather station). Emerging digital technologies provide an opportu-
nity to use information and communications technology-enhanced 

extension and climate services that can provide timely informa-
tion that farmers can use for decision making and to adapt their 
farming practices. These could also improve efficiencies of exten-
sion services while also reducing their cost. Poor funding for 
extension services in the developing world have limited farmers’ 
access to training and expert guidance on emerging technologies17. 
Partnerships with other emerging players in information exchange, 
such as telecommunications companies and non-governmental 
organizations, will be key.

Farmers generally tend to be risk averse, which leads to lim-
ited investment and adoption of improved agricultural production 
technology18. Experienced farmers use precautionary strategies to 
protect against the possibility of catastrophic loss in the event of a 
climatic shock and thus optimize management for average or likely 
conditions, but not for unfavourable conditions. These ex ante, pre-
cautionary strategies include selection of crops and cultivars and 
improved production technology18.

In general, there is widespread agreement that aside from the 
useful experience that farmers gain from the time they have spent 
in farming, their experience with climatic shocks is key to their 
adoption of climate-resilient technologies. Many studies showed 
that farming experience is influential in adoption and utiliza-
tion, and previous experiences with environmental shocks such 
as drought can influence adoption of climate-resilient crops and 
crop varieties. The more experience farmers have with climatic 
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are ranked from highest to lowest number of studies in the regions: East Asia and Pacific (a), Latin America and the Caribbean (b), Middle East and North 

Africa (c), South Asia (d) and sub-Saharan Africa (e).
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shocks, the more likely they are to be receptive to the adoption of 
related climate-resilient technologies. For example, experience with 
drought shock in the agro-ecological zone of Brong Ahafo, Ghana, 
increased the probability of adoption of drought-tolerant varieties 
by 15%, and farmers reported that drought shock was the primary 
reason for adoption of drought-tolerant varieties19.

It has been widely acknowledged that education levels of farm-
ers have a positive correlation with technology adoption, and our 
synthesis demonstrates that this is also relevant for the adoption of 
climate-resilient crops16,20–22. Highly educated heads of households 

are more likely to readily accept and access information about new 
technologies in a shorter period of time than less educated heads of 
households; education was measured as educational attainment and 
reported in 49% of the studies. A study based in Zimbabwe showed 
a 52% decrease in production of traditional sorghum varieties in 
favour of new varieties better suited to drier conditions for every 
additional year of schooling, and a 5% increase in growing new 
early-maturing varieties23.

Changing crop varieties is one of the most frequently cited 
climate-resiliency strategies for both men and women farmers, but 
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Fig. 3 | Map of evidence distribution by country and crops. a–d, Countries are colour-coded from yellow to red based on number of relevant studies 

involving cereal (a), legumes (b) vegetables (c) and roots, tubers and bananas (d).
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women are more likely to adopt such strategies when they are aware 
of climate-adaptation options24. Other intersectional variables such 
as marital status, education and age, in combination with gender, 
influenced whether improved seed was grown by households25. A 
major shortcoming of the reviewed literature is that most studies 
included women only when they were household heads. Definitions 
of household headship are variable, and when women are only 
included as household heads, their views do not necessarily repre-
sent the views of women who live in male-headed households26. A 
large majority of women live in male-headed households, and their 
views are rendered invisible through this practice27. For example, 
young, poor women who were household heads were the least likely 
to adopt drought-tolerant maize in Uganda, whereas spouses of 
male household heads influenced adoption decisions on their hus-
bands’ fields9. Only a few studies paid attention to intra-household 
dynamics, gender roles and relations, and how these shape adapta-
tion decisions9,28. This limited attention on intra-household gender 
dynamics and decision making around climate-resilient seed adop-
tion skews the conclusions and recommendations, as the literature 
does not equally represent the challenges and views of women.

Seed policies in many countries focus on strengthening formal, 
national seed systems that rely on variety-release mechanisms, seed 
certification policies and seed companies for distribution. These 
types of seed systems remain difficult to access for many farmers, 
and evidence from the papers in this scoping review suggests that 
strengthening local seed systems is essential. Local seed systems rely 
on social networks to ensure multiple options to access seed of a 
range of climate-resilient crops and varieties, including local land-
races and improved seed. Thus, context specificity is important for 
seed systems, as it is for almost all factors influencing adoption of 
climate-resilient crops and varieties.

The determinants of adoption that we identified are, in many 
cases, context-specific and therefore implementation of specific 

interventions is most successful when they are tailored to their 
environment and the cropping system. Seemingly contradictory 
or opposing (positive and negative) effects of each determinant 
of adoption were commonly reported among—and sometimes 
within—studies. Sex, age, education, years of farming experi-
ence and indicators of socio-economic status or wealth (assets) 
all affected decisions to adopt climate-resilient technologies in 
context-specific and sometimes opposite ways, depending on inter-
acting environmental, policy and household factors. For example, 
equal and sizable numbers of studies (13 each) identify positive and 
negative effects of age on adoption. Whereas some studies identi-
fied older farmers to be more reluctant to adopt new technologies, 
other studies found that the earned experience, broad social net-
works and accumulation of wealth associated with older farmers 
may explain a positive effect on adoption. Extension and access 
to information about climate-resilient technologies and weather 
might be exceptions to this trend, as these determinants seem to 
transcend context-specific implementation. The resulting conclu-
sion is that there is no ‘one size fits all’ recommendation to ensure 
adoption of climate-resilient crops and crop varieties, and interven-
tions are unlikely to uniformly benefit all climate-vulnerable farm-
ers (Table 3). This is consistent with the large number of papers in 
this study that reported farmers adopting climate-resilient crops as 
part of broader climate-resilient strategies.

Climate resiliency at farm level is essential to achieve food secu-
rity and improve livelihoods of rural communities, especially in 
countries and communities that depend on local agricultural pro-
duction to ensure household income and achieve daily adequate 
caloric intake and balanced nutrition. Understanding the factors 
contributing to adoption and dis-adoption of climate-resilient 
crops provides opportunities to increase adoption and reduce 
the impact of climate change on rural communities in develop-
ing countries. The most important determinants of adoption of 
climate-resilient crops based on our analysis are the availability 
and effectiveness of extension services and outreach, followed by 
education levels of heads of households, farmers’ access to inputs, 
especially seeds and fertilizers, and socio-economic status of 
farming families. Building resilience to climate change requires a 
cropping-systems, and more often a farming-systems approach. 
The results from this scoping review show that the adoption of 
climate-resilient crops and varieties, in most cases, happens as part 
of whole-farm and climate-smart agriculture strategies to cope 
with changing climate. Farmers adopting multiple complementary 
strategies under climate-smart agriculture help to build highly 
resilient and sustainable agriculture systems that can respond 
to shocks associated with climate change and other agricultural 
challenges29–31. Single component intervention programmes or 
projects are therefore less likely to realize widespread adoption 
and improvement of resource-poor farmers’ resilience to climate 
change compared with more holistic, multifaceted approaches that 
take into consideration the physical, human and socio-economic 
circumstances of the targeted farmer or farming community. 
Specific policy recommendations are presented in Box 3.

Methods
Unlike a typical narrative review, a scoping review strives to capture all the 
literature on a given topic and reduce authorial bias. Scoping reviews offer a unique 
opportunity to explore the evidence in agricultural fields to address questions 
relating to what is known about a topic, what can be synthesized from existing 
studies to develop policy or practice recommendations, and what aspects of a topic 
have yet to be addressed by researchers.

Evidence synthesis methodology and protocol pre-registration. This 
scoping review was prepared following guidelines from the PRISMA extension 
for scoping reviews (PRISMA-ScR)32. This framework comprises five steps: 
identifying the research question; identifying relevant studies; study selection; 
extracting and charting the data; and collating, summarizing, and reporting 
the results33. The protocol for this scoping review was registered on the Open 

Table 1 | Adoption of climate-resilient crops as part of broader 
climate-resilience strategies

Type of response to 
climate change

Percentage of 
papers that list 
the responsea

Examples of specific activities 
associated with each response 
to climate change

New variety planted 24% Introduction of a new variety of 
an existing crop to the farmer

Modified planting 
activities

32% Change in planting date, crop 
diversification, crop rotation 
and intercropping

Irrigation and water 
management

32% Water conservation strategies, 
irrigation, micro-irrigation, 
water harvesting and improving 
drainage

Seeking off-farm 
work or migration

5% Outmigration, seeking off-farm 
employment and diversification 
of activities beyond the farm

Storage and 
infrastructure 
development

5% Crop storage development 
and improvement, community 
sharing and road building

Use of fertilizers 
and pesticides

16% Use of fertilizers, including 
manure and pesticides, and 
change in use of fertilizers, 
compost manure and green 
manure

Planting trees 12% Planting shade trees and 
agroforestry

aMost papers listed multiple types of response to climate change; thus, the total is above 100%.
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Science Framework before study selection8. The full protocol is available in the 
Supplementary Information.

Research question. The guiding question for this scoping review was, ‘what are 
determinants that lead small-scale producers in low-and middle-income countries 
to adopt climate-resilient crops and crop varieties?’.

Information sources, search methods and citation management. An exhaustive 
search strategy was developed to identify all available research pertaining to 
facilitators that lead small-scale producers in low- and middle-income countries to 
adopt climate-resilient crop varieties. Search terms included variations of the key 
concepts in the research question: small-scale producers, germplasm and climate 
resilience. The search algorithms were formatted for compatibility with each 
database so that they may be reproduced in their entirety, and they can be accessed 
at https://osf.io/sfzcm/. Searches were performed in the following electronic 
databases by K.G.K.: CAB Abstracts and Global Health (accessed via Web of 
Science), Web of Science Core Collection (accessed via Web of Science) and Scopus 
(accessed via Elsevier). A comprehensive search of grey literature sources was 
also conducted. Search results were de-duplicated to remove redundant citations 
identified from multiple sources. To facilitate acceleration of the screening process, 
machine-derived metadata were added to individual citations, for example, 
identifying populations, geographies, interventions and outcomes of interest.  
This enabled accelerated identification of potential articles for exclusion at the  
title- or abstract-screening stage.

Eligibility criteria and study selection. Studies were included for data extraction 
and analysis if (1) their focus included a population of small-scale food producers; 

(2) they were published between 1990 and the start of the search (1990 is when 
the IPCC first met and produced their first report on climate change); (3) they 
presented original research (qualitative and quantitative reports) and/or reviewed 
existing research, including grey literature; (4) they explicitly focused on or were 
clearly relevant to climate change resiliency or climate change adaptation; (5) 
they explicitly focused on crops, varieties, seed, planting materials or germplasm; 
(6) they mentioned factors for adoption; (7) they included target populations in 
countries classified as lower and middle-income by the World Bank. Studies that 
did not meet all of the aforementioned inclusion criteria were excluded.

Study selection was performed in two stages. In a first step, articles were 
uploaded to the systematic review software Covidence, and title and abstract 
screening was performed by all authors to exclude articles that did not meet all 
inclusion criteria. Each article was reviewed by two independent authors, and 
discrepancies were resolved by a third independent author. Full-text screening was 
then performed by M.A., K.C., S.M., N.Z., H.T., K.P., L.B. and K.I., and inclusion 
decisions were made by a single reviewer. Studies included in full-text screening 
were those that met all inclusion criteria or those whose eligibility could not be 
established during title and abstract screening. The PRIMSA flow diagram in the 
Supplementary Information presents the study selection process and indicates the 
number of articles excluded at each phase of screening.

Data extraction and analysis. A data-extraction template (available in the 
Supplementary Information) was developed to document the data and study type 
and context of each citation and all themes of interest. The data extraction first 
collected data on the paper quality, study location, population socio-economic 
data of the population and crop and cropping system characteristics. Second, the 
data-extraction template was used to collect information about the determinants 

Table 2 | Seed factors associated with adoption of climate-resilient crops and crop varieties

Emergent themes 
about seed

Summary of the evidence

Access Access to seed or the ability to afford seed was a principal barrier for small-scale farmers’ adoption of climate-resilient varieties. 
Several papers mentioned that cost was even more challenging for women and farmers with fewer assets, smaller parcels of land or 
lower economic status. At least four papers suggested seed subsidies as a strategy to improve access to seed35–38.

Availability Availability, or the ability to acquire seed on time, in the quantity needed and within reasonable proximity, was a determinant of 
adoption related to seed. Community seed banks also enhanced availability of seed.

Social networks Participation in social networks that enable the exchange of seed was a climate-resilient strategy for farmers. Participation in social 
networks, which included community-based seed banks, seed organizations, farmer groups and intra-village or neighbour networks 
improved the adoption of seed (or new varieties for climate resilience), and these social networks also increased the spread of 
seed that was distributed as part of development projects. Conversely, one paper reported that seed did not spread beyond the 
immediate beneficiaries of the project39. Another report stressed the importance of reciprocity within strong social networks 
as important for maintaining access to seed40, and several others recommended supporting social networks to strengthen seed 
systems40–44. According to three papers, community seed banks strengthened social networks for exchange, provided landraces for 
participatory crop improvement, and increased the availability of seed44–46. Integration of informal and formal seed system elements 
is important because most of the seeds planted by small farmers are uncertified and sourced through informal seed system 
channels or social networks47. Social networks also have an important role in enhancing farmers’ access to information.

Information Farmers lacked information about varieties, adaptation and attributes, or did not know where to acquire seed. Extension services, 
seed companies, seed suppliers and seed traders were a source of information about seed, and in some cases increased use of seed 
and other management practices. In a few cases, there was evidence that access to extension services positively influenced the 
use of certified seed, and in another, the authors suggested that extension services could help farmers become aware of different 
adaptive strategies and help in the distribution of seed of improved varieties.

Gender Few papers explicitly linked gender and seed. Improved seed was more difficult to acquire for female-headed households and 
women were less likely to use improved seed or have access to extension services; small, affordable seed packs were suggested as a 
potential solution.

Strategy Improved or hybrid seed and exchanging seed with other villages were considered to be climate-resilience strategies for farmers.

Policy A few papers discussed agricultural policies related to seed, arguing that policies should enable the seed sector to provide suitable 
varieties and aim to increase the availability of funds for seed distribution research and access to improved seed, and one paper 
indicated that government policies restrict farmers options for obtaining their preferred seed48–50.

Experience One paper indicated that farmers’ experience had a positive effect on adoption of new seed, whereas another indicated the 
opposite9,51.

Seed or variety 
attributes

Four papers reported on concerns related to the attributes of the hybrid seed varieties and their adaptation to the environment, 
suitability for storage, flour to grain ratio, and other processing issues52–54. One study found that farmers favour composite varieties 
and local landraces under conditions of abiotic stress55.

Seed sovereignty One paper discussed issues related to seed sovereignty, reporting that farmers wanted a say in where seed comes from and were 
resistant to the use of transgenic crops. They expressed a belief that seed industries are appropriating a resource that belongs 
to humanity. Autonomy is highly valued by these communities, and local varieties are valued in part for their contribution to 
maintaining independence from commercial hybrid seed sources40.
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of adoption and associated socio-economic factors influencing the adoption or 
dis-adoption of the climate-resilient crops. In total, 29 factors and determinants 
were selected. Additional rater observations and comments were included to 
increase analysis depth. Finally, raters also recorded policy and programmatic 
information and recommendations mentioned in the papers to support the 
adoption of climate-resilient crops. The data-extraction template was tested by the 
review team before use and data were extracted by the authors. The extracted data 
were qualitatively summarized on the basis of emerging themes and with the aim 
of providing recommendations to donors and policy makers. An assessment of 
study quality is not typically carried out as part of a scoping review7,34.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request.

Received: 4 March 2020; Accepted: 8 September 2020;  
Published online: 12 October 2020

References
 1. Jain, M., Naeem, S., Orlove, B., Modi, V. & DeFries, R. S. Understanding the 

causes and consequences of di�erential decision-making in adaptation 
research: adapting to a delayed monsoon onset in Gujarat, India. Glob. 
Environ. Change 31, 98–109 (2015).

 2. Smith, S. M. Food Crisis in the Horn of Africa: Progress Report, July 2011–July 
2012 (Oxfam International, 2012).

 3. Dhankher, O. P. & Foyer, C. H. Climate resilient crops for improving global 
food security and safety. Plant Cell Environ. 41, 877–884 (2018).

 4. Gollin, D., Morris, M. & Byerlee, D. Technology adoption in intensive 
post-green revolution systems. Am. J. Agric. Econ. 87, 1310–1316 (2005).

 5. Lin, B. B. Resilience in agriculture through crop diversi�cation: adaptive 
management for environmental change. BioScience 61, 183–193 (2011).

 6. Lipper, L. et al. Climate-smart agriculture for food security. Nat. Clim. 
Change 4, 1068–1072 (2014).

 7. Levac, D., Colquhoun, H. & O’Brien, K. K. Scoping studies: advancing the 
methodology. Implement. Sci. 5, 69 (2010).

 8. Acevedo, M. et al. What are determinants that lead small-scale  
producers in low-and middle-income countries to adopt climate resilient 
crops and crop-varieties? A scoping review protocol (Ceres 2030, 2019); 
https://osf.io/j7b6p/

 9. Fisher, M. & Carr, E. R. �e in�uence of gendered roles and responsibilities 
on the adoption of technologies that mitigate drought risk: the case of 
drought-tolerant maize seed in eastern Uganda. Glob. Environ. Change 35, 
82–92 (2015).

 10. Kabote, S. J. et al. Rain-fed farming system at a crossroads in semi-arid areas 
of Tanzania: what roles do climate variability and change play? J. Environ. 
Earth Sci. 4, 85–101 (2014).

 11. Ward, P. S., Makhija, S. & Spielman, D. J. Drought‐tolerant rice, weather 
index insurance, and comprehensive risk management for smallholders: 
evidence from a multi‐year �eld experiment in India. Aust. J. Agric. Resour. 
Econ. 64, 421–454 (2020).

 12. Yamano, T., Rajendran, S. & Malabayabas, M. L. Farmers’ self-perception toward 
agricultural technology adoption: evidence on adoption of submergence-tolerant 
rice in Eastern India. J. Soc. Econ. Dev. 17, 260–274 (2015).

 13. Fisher, M. & Snapp, S. Smallholder farmers’ perceptions of drought risk  
and adoption of modern maize in southern Malawi. Exp. Agric. 50,  
533–548 (2014).

Box 3 | Recommendations

•	 Access and availability of climate-resilient crops seeds must 
be combined with relevant and timely advisory services, such 
as early-warning systems for weather.

•	 Ensuring that farmers have multiple options to access seeds 
for a range of climate-resilient crops and varieties is essen-
tial. �is can be achieved by empowering existing social net-
works, such as farmer organizations.

•	 �ere is no single pro�le that applies to all farmers. �ere-
fore, extension services will need to continue to evolve to be 
(1) participatory, (2) information and communications tech-
nology enhanced, and (3) partnerships based. �is partner-
ship should include various actors, such as women’s groups, 
universities, the private sector and non-governmental organ-
izations in order to provide customized and appropriate 
information for diverse needs.

•	 High-quality studies are needed on how members of house-
holds—and not just heads of households—make decisions 
about how to respond to climate change. �is research will 
�ll in the evidence gaps on gender and social di�erences 
and reasons for dis-adoption of climate-resilient crops and 
related technologies, and promote a more diverse group of 
climate-resilient crops that also provide food security and 
nutrition, such as legumes and root crops.

•	 National policies need to support farmers’ access to other 
assets and services, such as education, land, �nance ser-
vices and diverse income-earning opportunities. With-
out these provisions, especially education, the adoption of 
climate-resilient crops and technologies will be limited.

•	 A multiple-interventions approach is needed if countries 
want to promote adoption of climate-resilient crops. Farm-
ers do not adopt climate-resilient crop or crop varieties 
without changing other practices, such as planting dates, 
water-conserving technologies, planting trees and shrubs, or 
increasing or decreasing livestock.

•	 Farmers will not adopt climate-resilient crops solely on the 
basis of environmental-adaptation qualities. Development 
and breeding programmes must consider farmer and market 
trait preferences.

•	 Mandating disaggregated data collection to identify strat-
egies that are working and who they are working for in  
agricultural surveys and research will enable policy  
makers and donors to respond with more appropriate and 
informed interventions.

Table 3 | What does the evidence say? Specific undertakings to 
improve adoption of climate-resilient crops and crop varieties

Types of suggested specific actions to increase 
adoption of climate-resilient crops

Number of papers 
(%)a

Providing extension programmes to support the 
uptake of climate-resilient crops

38 (15.8%)

Providing access to financial instruments (credit, 
insurance and loans)

29 (12.1%)

Implementing community programmes to support 
the uptake of climate-resilient crops

28 (11.7%)

Promoting of germplasm conservation programme 
and research

25 (10.4%)

Providing access to fertilizer, pesticides and other 
inputs

20 (8.3%)

Awareness raising about climate change, weather 
and impacts

19 (7.9%)

Awareness raising of climate-resilient crops 15 (6.3%)

Promoting infrastructure development, especially 
irrigation and roads

14 (5.8%)

Targeted programmes on youth and women to 
engage them in climate-resilient crops

14 (5.8%)

Providing access to climate-resilient seed 13 (5.4%)

Providing low-cost climate-resilient options for 
farmers

13 (5.4%)

Livestock-focused initiatives to address fodder 
development in the context of climate change

6 (2.5%)

Linking support for climate-resilient crops as part of 
poverty-reduction efforts

6 (2.5%)

aMultiple potential activities were occasionally listed together.

NATURE PLANTS | VOL 6 | OCTOBER 2020 | 1231–1241 | www.nature.com/natureplants 1239

http://www.nature.com/natureplants


ARTICLES NATURE PLANTS

 14. Roge, P., Friedman, A. R., Astier, M. & Altieri, M. A. Farmer strategies  
for dealing with climatic variability: a case study from the Mixteca  
Alta region of Oaxaca. Mex. Agroecol. Sustain. Food Syst. 38,  
786–811 (2014).

 15. Kihupi, M. L., Mahonge, C. & Chingonikaya, E. E. Smallholder farmers’ 
adaptation strategies to impact of climate change in semi-arid areas of Iringa 
District Tanzania. Biol. Agric. Healthc. 5, 123–131 (2015).

 16. Mujeyi, A., Mudhara, M. & Mutenje, M. J. Adoption determinants of multiple 
climate smart agricultural technologies in Zimbabwe: Considerations for 
scaling-up and out. Afr. J. Sci. Technol. Innov. Dev. https://doi.org/10.1080/204
21338.2019.1694780 (2019).

 17. Meena, T. & Rout, J. Macrophytes and their ecosystem services from  
natural ponds in Cachar district, Assam, India. Indian. J. Tradit. Knowl. 15, 
553–560 (2016).

 18. Hansen, J. et al. Climate risk management and rural poverty reduction.  
Agric. Syst. 172, 28–46 (2019).

 19. Abdoulaye, T., Bamire, S. A., Akinola, A. A. & Etwire, P. M. Smallholder 
Farmers’ Perceptions and Strategies for Adaptation to Climate Change in Brong 
Ahafo and Upper West Regions of Ghana CCAFS Working Paper no. 207 
(Consultative Group for International Agricultural Research, 2017).

 20. Asfaw, S., McCarty, N., Lipper, L., Arslan, A. & Cattaneo, A. Adaptation to 
climate change and food security: micro-evidence from Malawi. In African 
Association of Agricultural Economists Fourth International Conference (2013).

 21. Onu, D. O. Socioeconomic factors in�uencing farmers’ adoption of alley 
farming technology under intensi�ed agriculture in Imo State, Nigeria. 
Philipp. Agric. Sci. 89, 172–179 (2006).

 22. Tenge, A. J., De Graa�, J. & Hella, J. P. Social and economic factors a�ecting 
the adoption of soil and water conservation in West Usambara highlands, 
Tanzania. Land Degrad. Dev. 15, 99–114 (2004).

 23. Taruvinga, A., Visser, M. & Zhou, L. Determinants of rural farmers’ adoption 
of climate change adaptation strategies: evidence from the Amathole District 
Municipality, Eastern Cape Province, South Africa. Int. J. Environ. Sci. Dev. 7, 
687–692 (2016).

 24. Twyman, J. et al. Adaptation actions in Africa: Evidence that Gender  
Matters Adaptation Actions in Africa: Evidence that Gender Matters CCAFS 
Working Paper no. 83 (Consultative Group for International Agricultural 
Research, 2014).

 25. Smale, M., Assima, A., Kergna, A., �ériault, V. & Weltzien, E. Farm family 
e�ects of adopting improved and hybrid sorghum seed in the Sudan Savanna 
of West Africa. Food Policy 74, 162–171 (2018).

 26. Fuwa, N. A note on the analysis of female headed households in  
developing countries. Tech. Bull. Faculty Horticult. Chiba Univ. 54,  
125–138 (2000).

 27. Doss, C. & Kieran, C. Standards for collecting sex-disaggregated data for 
gender analysis: a guide for CGIAR researchers In Workshop on Methods and 
Standards for Research on Gender and Agriculture (Consultative Group for 
International Agricultural Research, 2013).

 28. Ngigi, M., Mueller, U. & Birner, R. Gender Di�erences in Climate Change 
Perceptions and Adaptation Strategies: An Intra-Household Analysis from Rural 
Kenya (2016); https://dx.doi.org/10.2139/ssrn.2747856

 29. Justin, C. O., Wiliams, C. E. & Vera, T. S. Understanding the factors a�ecting 
adoption of subpackages of CSA in Southern Malawi. Int. J. Agric. Econ. Ext. 
5, 259–265 (2017).

 30. Teklewold, H., Kassie, M., Shiferaw, B. & Köhlin, G. Cropping system 
diversi�cation, conservation tillage and modern seed adoption in Ethiopia: 
impacts on household income, agrochemical use and demand for labor.  
Ecol. Econ. 93, 85–93 (2013).

 31. Abegunde, V. O., Sibanda, M. & Obi, A. Determinants of the adoption  
of climate-smart agricultural practices by small-scale farming households  
in King Cetshwayo District Municipality, South Africa. Sustainability 12,  
195 (2020).

 32. Tricco, A. C. et al. PRISMA extension for scoping reviews (PRISMA-ScR): 
checklist and explanation. Ann. Intern. Med. 169, 467–473 (2018).

 33. Arksey, H. & O’Malley, L. Scoping studies: towards a methodological 
framework. Int. J. Soc. Res. Meth. 8, 19–32 (2005).

 34. Peters, M. D. et al. Guidance for conducting systematic scoping reviews.  
Int. J. Evid. Based Healthc. 13, 141–146 (2015).

 35. Fagariba, C. J., Song, S. & Baoro, S. K. G. S. Climate Change in Upper East 
Region of Ghana; challenges existing in farming practices and new mitigation 
policies. Open Agric. 3, 524–536 (2018).

 36. Lunduka, R. W., Mateva, K. I., Magorokosho, C. & Manjeru, P. Impact of 
adoption of drought-tolerant maize varieties on total maize production in 
south Eastern Zimbabwe. Clim. Dev. 11, 35–46 (2019).

 37. Vincent, K., Joubert, A., Cull, T., Magrath, J. & Johnston, P. Overcoming  
the Barriers: How to Ensure Future Food Production Under Climate Change  
in Southern Africa (Oxfam GB, 2011); https://oxfamilibrary.openrepository.
com/bitstream/handle/10546/188929/rr-overcoming-barriers-southern- 
africa-091111-en.pdf;jsessionid=C1F77A3656B59D133EB76145AAAC174E? 
sequence=1

 38. Teklewold, H., Mekonnen, A., Kohlin, G. & di Falco, S. Does adoption of 
multiple climate-smart practices improve farmers’ climate resilience? 
Empirical evidence from the Nile Basin of Ethiopia. Clim. Chang. Econ. 8, 
1750001 (2017).

 39. Gotor, E., Fadda. C. & Trincia, C. Matching Seeds to Needs—Female Farmers 
Adapt to a Changing Climate in Ethiopia (Bioversity International, 2014).

 40. Vasconcelos, A. C. F. et al. Landraces as an adaptation strategy to climate 
change for smallholders in Santa Catarina, Southern Brazil. Land Use Policy 
34, 250–254 (2013).

 41. Cavatassi, R., Lipper, L. & Narloch, U. Modern variety adoption and risk 
management in drought prone areas: insights from the sorghum farmers of 
eastern Ethiopia. Agr. Econ. 42, 279–292 (2011).

 42. Mwongera, C., Boyard-Micheau, J., Baron, C. & Leclerc, C. Social  
process of adaptation to environmental changes: how Eastern African 
societies intervene between crops and climate. Weather Clim. Soc. 6,  
341–353 (2014).

 43. Westengen, O. T. & Brysting, A. K. Crop adaptation to climate change in the 
semi-arid zone in Tanzania: the role of genetic resources and seed systems. 
Agric. Food Secur. 3, 3 (2014).

 44. Maharjan, S. & Maharjan, K. Roles and contributions of community  
seed banks in climate adaptation in Nepal. Dev. Pract. 28,  
292–302 (2018).

 45. Makate, C., Makate, M., Mango, N. & Siziba, S. Increasing resilience of 
smallholder farmers to climate change through multiple adoption of  
proven climate-smart agriculture innovations. Lessons from Southern Africa. 
J. Environ. Manage. 231, 858–868 (2019).

 46. vom Brocke, K. et al. Helping farmers adapt to climate and cropping  
system change through increased access to sorghum genetic resources 
adapted to prevalent sorghum cropping systems in Burkina Faso.  
Exp. Agr. 50, 284–305 (2014).

 47. Westengen, E. & Brysting, A. K. Crop adaptation to climate change in the 
semi-arid zone in Tanzania: the role of genetic resources and seed systems. 
Agric. Food Secur. 3, 3 (2014).

 48. Morris, M. L. Impacts of International Maize Breeding Research in Developing 
Countries, 1966-98 (CIMMYT, 2001).

 49. Clay, N. & King, B. Smallholders’ uneven capacities to adapt to climate 
change amid Africa’s ‘green revolution’: Case study of Rwanda’s crop 
intensi�cation program. World Dev. 116, 1–14 (2019).

 50. Sanchez, A. C., Fandohan, B., Assogbadjo, A. E. & Sinsin, B. A countrywide 
multi-ethnic assessment of local communities’ perception of climate change 
in Benin (West Africa). Clim. Dev. 4, 114–128 (2012).

 51. Cholo, T. C., Fleskens, L., Sietz, D. & Peerlings, J. Is land fragmentation 
facilitating or obstructing adoption of climate adaptation measures in 
Ethiopia?. Sustainability 10, 2120 (2018).

 52. Lunduka, R., Fisher, M. & Snapp, S. Could farmer interest in a diversity of 
seed attributes explain adoption plateaus for modern maize varieties in 
Malawi? Food Policy 37, 504–510 (2012).

 53. Ojwang’, P. P. O., Melis, R., Songa, J. M., Githiri, M. & Bett, C.  
Participatory plant breeding approach for host plant resistance to  
bean �y in common bean under semi-arid Kenya conditions. Euphytica 170, 
383–393 (2009).

 54. Fisher, M. et al. Drought tolerant maize for farmer adaptation to drought in 
sub-Saharan Africa: determinants of adoption in eastern and southern Africa. 
Climatic Change 133, 283–299 (2015).

 55. Raghu, P. T., Erenstein, O., Böber, C. & Krishna, V. V. Adoption and 
outcomes of hybrid maize in the marginal areas of India. Q. J. Int. Agric. 54, 
189–214 (2015).

 56. Khalil, C. A. et al. De�ning Small-Scale Food Producers to Monitor Target 2.3. 
of the 2030 Agenda For Sustainable Development (FAO, 2017); http://www.fao.
org/3/a-i6858e.pdf

 57. Saab, A. Climate-resilient crops and international climate change adaptation 
law. J. Int. Law 29, 503–528 (2016).

 58. Partey, S. T., Zougmoré, R. B., Ouédraogo, M. & Campbell, B. M. Developing 
climate-smart agriculture to face climate variability in West Africa: challenges 
and lessons learnt. J. Clean. Prod. 187, 285–295 (2018).

Acknowledgements
We thank the Federal Ministry of Economic Cooperation of Germany (BMZ) and the 

Bill and Melinda Gates Foundation for the support to conduct this study under the 

Ceres2030: Sustainable Solutions to End Hunger programme.

Author contributions
M.A., K.C., S.M., N.Z., H.T., K.P., L.B., K.I. and J.P. provided expertise on content, 

extracted data and wrote the manuscript. K.G.-K. and J.P. provided systematic review 

methods and information retrieval.

Competing interests
The authors declare no competing interests.

NATURE PLANTS | VOL 6 | OCTOBER 2020 | 1231–1241 | www.nature.com/natureplants1240

https://doi.org/10.1080/20421338.2019.1694780
https://doi.org/10.1080/20421338.2019.1694780
https://oxfamilibrary.openrepository.com/bitstream/handle/10546/188929/rr-overcoming-barriers-southern-africa-091111-en.pdf;jsessionid=C1F77A3656B59D133EB76145AAAC174E?sequence=1
https://oxfamilibrary.openrepository.com/bitstream/handle/10546/188929/rr-overcoming-barriers-southern-africa-091111-en.pdf;jsessionid=C1F77A3656B59D133EB76145AAAC174E?sequence=1
https://oxfamilibrary.openrepository.com/bitstream/handle/10546/188929/rr-overcoming-barriers-southern-africa-091111-en.pdf;jsessionid=C1F77A3656B59D133EB76145AAAC174E?sequence=1
https://oxfamilibrary.openrepository.com/bitstream/handle/10546/188929/rr-overcoming-barriers-southern-africa-091111-en.pdf;jsessionid=C1F77A3656B59D133EB76145AAAC174E?sequence=1
http://www.fao.org/3/a-i6858e.pdf
http://www.fao.org/3/a-i6858e.pdf
http://www.nature.com/natureplants


ARTICLESNATURE PLANTS

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41477-020-00783-z.

Supplementary information is available for this paper at https://doi.org/10.1038/

s41477-020-00783-z.

Correspondence and requests for materials should be addressed to M.A.

Peer review information Nature Plants thanks Chiedozie Egesi, Christine Foyer and the 

other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 

published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 

Attribution 4.0 International License, which permits use, sharing, adap-

tation, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, provide a link to 

the Creative Commons license, and indicate if changes were made. The images or other 

third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in a credit line to the material. If material is not included in 

the article’s Creative Commons license and your intended use is not permitted by statu-

tory regulation or exceeds the permitted use, you will need to obtain permission directly 

from the copyright holder. To view a copy of this license, visit http://creativecommons.

org/licenses/by/4.0/.

© The Author(s) 2020

NATURE PLANTS | VOL 6 | OCTOBER 2020 | 1231–1241 | www.nature.com/natureplants 1241

https://doi.org/10.1038/s41477-020-00783-z
https://doi.org/10.1038/s41477-020-00783-z
https://doi.org/10.1038/s41477-020-00783-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/natureplants


ARTICLES NATURE PLANTSARTICLES NATURE PLANTS

Extended Data Fig. 1 | Access to advisory networks and knowledge about climate change. Social determinants captured in this graph are a small-scale 

producers access to demonstration plots, access to weather and climate info, education of the head of household or respondent if not head of household, 

experience and skills of head of household or respondent, access to extension and outreach, access to social networks including co-operatives, and a 

knowledge and perceptions of crops and traits.
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Extended Data Fig. 2 | Crops fit for purpose. Social determinants captured in this graph include farmer’s selection of a CR crop or variety based on 

environmental and agro-ecological conditions, cultural practices and preferences about CR crops and varieties, and selection based on knowledge  

about a crop traits.
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Extended Data Fig. 3 | Education, experience and household characteristics. The social determinants captured in this graph include age of head of 

household or respondent, family size, gender, social and economic status of household, and diversification of household income.
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Extended Data Fig. 4 | Enabling environment. The determinants captured in this graph include a farmer’s reported power and agency, access to 

institutions, and access to government programs.
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Extended Data Fig. 5 | Access to finance and technical resources (not advisory). The determinants in this chart include access to energy and electricity, 

access to labour, access to water, distance to market for inputs and outputs, farm infrastructure, farm inputs (seeds and fertilizer), land (size and tenure), 

non-farm infrastructure, access to finance (transfers and credit).
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Extended Data Fig. 6 | Prisma Flow Diagram.
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