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Foreword

Eradicating poverty, ending hunger, and taking urgent action to combat climate
change and its impacts are three objectives the global community has committed to
achieving by 2030 by adopting the sustainable development goals. Agriculture, and
the way we manage it in the years leading up to 2030, will be a key determinant of
whether or not these objectives are met. Agriculture has been, and can be further,
used as an important instrument in eradicating hunger, poverty, and all forms of
malnutrition. Climate change however is expected to act as an effective barrier to
agricultural growth in many regions, especially in developing country contexts
heavily dependent on rain-fed agriculture.

Climate change impacts agriculture through a number of pathways. According to
the 2013 IPCC report, all four dimensions of food security are potentially affected
by climate change through their effects on agricultural production and the incomes
of rural households, food prices and markets, and in many other parts of the food
system (e.g., storage, food quality, and safety) (IPCC WGII AR5 Ch 7). Reducing
the vulnerability of agricultural systems to climate change — including the increased
incidence of extreme weather events — and strengthening its adaptive capacity are
therefore important priorities to protect and improve the livelihoods of the poor and
allow agriculture to fully play its role in ensuring food security. Reducing emissions
that contribute to global warming is crucial to securing global wellbeing, and the
agricultural sector has considerable potential for emissions reductions while at the
same time playing its important role in poverty reduction and food security. In short,
agriculture lies at the nexus of resolving urgent global priorities.

FAO is actively working to support countries in grappling with the challenge of
managing agriculture to reduce hunger and poverty in an increasingly climate-
constrained world. FAO launched the concept of climate smart agriculture (CSA) in
2009 to draw attention to linkages between achieving food security and combating
climate change through agricultural development, and the opportunities for attain-
ing large synergies in doing so. In practice, the CSA approach involves integrating
the need for adaptation and the potential for mitigation into the planning and imple-
mentation of agricultural policies, planning, and investments. The point of depar-
ture for the CSA approach is the emphasis on food security and poverty reduction
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as the priority in developing countries through enhanced capacity of their agri-food
sectors and institutional and technological innovations. This capacity cannot be
attained without adaptation to changing conditions. At the same time, reducing the
emissions associated with conventional agricultural growth models is one of the
largest and most cost-effective means of reducing GHG emissions, and thus the
CSA approach integrates the potential for obtaining mitigation co-benefits from
agricultural growth strategies.

The CSA concept has gained considerable traction at the international and
national levels; however, there is still a fair amount of confusion regarding the con-
cept and its theoretical underpinning. In addition, the empirical evidence base to
support country implementation strategies is lacking. In particular, there is a need
for defining and operationalizing the concept of resilience and adaptive capacity in
the context of agricultural growth for food security. For these reasons, the Economic
and Social Development Department of FAO has supported the development of this
book, which represents a significant step forward in shedding light to the issues
raised above. This volume brings together research, analysis, and opinions of lead-
ing agricultural and resource economists and policy experts to develop the concep-
tual, empirical, and policy basis for a better understanding of CSA and enhanced
potential for achieving it on the ground.

The first section of this book provides conceptual frameworks as well as method-
ological approaches for operationalizing CSA at the country level. Its main focus is
comparing and contrasting the conceptual approaches to risk management and resil-
ience used in the agricultural development context with that used in the context of
climate change and proposing a consistent approach. It also provides an overview of
the development of the CSA concept, the controversies it has sparked, and how they
relate to the broader debate of sustainable development.

The second section consists of 19 case study chapters focusing on issues of vul-
nerability measurement and assessment, as well as ways of improving the adaptive
capacity at farm and system level and what could be some of the policy responses to
achieve them. These empirical studies showcase a wide range of options (policy
instruments) that contribute to building resilience to climate risk. They include pol-
icy instruments aimed at changing agricultural practices but also policy instruments
in other sectors. Examples include social protection, micro-finance, input subsidies,
micro-insurance, and agricultural knowledge and information systems. The case
studies cover a wide geographic range and scale, from Asia to Africa and the USA
and from households to markets and institutions and the national and global econ-
omy. They draw upon the CSA project work of FAO, as well as that of other agen-
cies applying the CSA approach. The breadth of the case studies provides a basis for
lessons learned in which contribute to a more comprehensive understanding of
policy options to improve the resilience of livelihoods of the rural poor to climate
change. They indicate that we do have considerable tools available to measure,
reduce, and effectively react to climate change—related vulnerability in the agricul-
tural sector, and that it is essential to utilize these instruments in seeking to improve
the agriculture sector’s capacity to support hunger, poverty eradication, and sustain-
able development.
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The third and final section of this book presents the results of a consultation with
a panel of leading thinkers and practitioners on agricultural and climate change
policy. This section is comprised of the responses of these experts to a set of ques-
tions based on the main findings, conclusions, insights, and questions that emerged
from the set of case studies and conceptual papers. Their varied responses to the
issues provide considerable insights into the different approaches and policy priori-
ties for CSA across varying contexts, as well as practical ideas on how to operation-
alize them.

The FAO is committed to providing support to agricultural and climate change
policy-makers and the agricultural producers they serve in their ongoing efforts to
end hunger and poverty and effectively combat climate change effects now and in
the future. This book offers tools and insights for a range of stakeholders to help
meet these challenges in the many forms they are manifested.

Rome, Italy Kostas Stamoulis
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Part I
Overview and Conceptual Framework



Introduction and Overview

Solomon Asfaw and Giacomo Branca

Abstract The climate-smart agriculture (CSA) concept is gaining considerable
traction at international and national levels to meet the challenges of addressing
agricultural planning under climate change. CSA is a concept that calls for integra-
tion of the need for adaptation and the possibility of mitigation in agricultural
growth strategies to support food security. Several countries around the world have
expressed intent to adopt CSA approach to managing their agricultural sectors.
However there is considerable confusion about what the CSA concept and approach
actually involve, and wide variation in how the term is used. It is critical to build a
more formal basis for the CSA concept and methodology and at the same time pro-
viding illustrations of how the concept can be applied across a range of conditions.
This book expand and formalize the conceptual foundations of CSA drawing upon
theory and concepts from agricultural development, institutional and resource eco-
nomics. The book is also devoted to a set of country level case studies illustrating
the economic basis of CSA in terms of reducing vulnerability, increasing adaptive
capacity and ex-post risk coping. It also addresses policy issues related to climate
change focusing on the implications of the empirical findings for devising effective
strategies and policies to support resilience and the implications for agriculture and
climate change policy at national, regional and international levels. The book pro-
vide development agencies and practitioners, policymakers, civil society, research
and academia as well as private sector with tested good practices and innovative
approaches of promoting CSA system at country level.

S. Asfaw (24)
FAO of the UN, Rome, Italy
e-mail: Solomon.Asfaw @fao.org

G. Branca
Department of Economics, University of Tuscia, Viterbo, Italy
e-mail: branca@unitus.it

© FAO 2018 3
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Climate change poses a major and growing threat to global food security. Population
growth and rising incomes in much of the developing world have pushed demand
for food and other agricultural products to unprecedented levels. FAO has estimated
that, in order to meet food demand in 2050, annual world production of crops and
livestock will need to be 60% higher than it was in 2006. In developing countries,
about 80% of the required increase will need to come from higher yields and
increased cropping intensity and only 20% from expansion of arable land'.

Meeting food demand for a growing population is already a formidable chal-
lenge for the agriculture sector, but it will be further exacerbated by climate change.
The expected effects of climate change — higher temperatures, extreme weather
events, water shortages, rising sea levels, the disruption of ecosystems and the loss
of biodiversity — will generate significant effects on the different dimensions and
determinants of food security by affecting the productivity of rainfed crops and for-
age, reducing water availability and changing the severity and distribution of crop
and livestock diseases. The fifth assessment report of the IPCC released in 2014
found that climate change effects are already being felt on agriculture and food
security, and the negative impacts are most likely in tropical zones where most of
the world’s poor agricultural dependent populations are located. Through its impacts
on agriculture, climate change will make it more difficult to meet the key Sustainable
Development Goal of ending hunger, achieving year-round food security, and ensur-
ing sustainable food production systems by 2030.

The magnitude and speed of climate change, and the effectiveness of adaptation
and mitigation efforts in agriculture, will be critical to the future of large segments
of the world’s population. Integrating the effects of climate change into agricultural
development planning is a major challenge. This requires technology and policy
measures to reduce vulnerability and increase the capacity of producers, particu-
larly smallholders, to effectively adapt. At the same time, given agriculture’s role as
a major source of greenhouse gas emissions and the high rate of emissions growth
experienced with recent conventional intensification strategies, there is a need to
look for low emissions growth opportunities and adequate policies. Policymakers
are thus challenged to ensure that agriculture contributes to addressing food secur-
ity, development and climate change.

In this frame, Climate Smart Agriculture (CSA) is an approach that calls for
integration of the need for adaptation and the possibility of mitigation in agricultural
growth strategies to support food security. The concept was launched by FAO in
2010?, gaining rapid and widespread interest and attention. CSA goes beyond agri-
cultural practices and technologies to include enabling policies and institutions as
well as identification of financing mechanisms. There are significant intellectual
and policy gaps to be filled in CSA literature. An economic decision-making frame-
work will also assist in identifying challenges for CSA application.

'See http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed_the World_
in_2050.pdf.

2See http://www.fao.org/docrep/013/i11881e/i1881e00.pdf.
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Introduction and Overview 5
1 Overview of the Book

This book expands and formalizes the conceptual foundations of CSA drawing
upon theory and concepts from agricultural development, institutional and resource
economics. The book focuses particularly on the adaptation/resilience dimension of
CSA, since this is the least well developed in the economics literature. A mixture of
conceptual analyses, including theory, empirical and policy analysis, and case stud-
ies look at: (1) ex-ante reduction of vulnerability, (2) increasing adaptive capacity
through policy response, (3) increasing adaptive capacity through system level
response and (4) increasing adaptive capacity through farm level response.

The book provides a wide array of case studies to illustrate that these concepts
have strong real-world applicability. The case study approach will provide concrete
illustrations of the conceptual and theoretical framework, taking into account the
high level of diversity in agro-ecological and socioeconomic situations faced by
agricultural planners and policy-makers today. Some case studies assess issues of
measurement of vulnerability to climate change and damage caused by it. Others
address issues of improving adaptive capacity, and the ex-post impact of different
policy measures.

In the book, economists and policy-makers will find an interpretation and opera-
tionalizing of the concepts of resilience and adaptive capacity in the context of agri-
cultural growth for food security. The combination of methodological analysis of
CSA and an empirical analysis based on a set of case studies from Asia and Africa
is unique. We are not aware of other books that contain all of this integrated knowl-
edge in one place and provide a perspective on its lessons.

The book is structured as follows. Part I illustrates the conceptual framework,
giving an overview of CSA concept, approach, and its main components. This part
relates the main features of the CSA paradigm to core economic principles and
seeks to clarify how the concepts of resilience, adaptive capacity, innovation, tech-
nology adoption and institutions relate to each other and the economic principles of
CSA. Part II reports a set of case studies from leading agricultural development
economists aimed at illustrating the economic basis of CSA in terms of reducing
vulnerability and increasing adaptive capacity. It makes a clear distinction between
responses to building adaptive capacity at policy, system and farm levels. Last, part
IIT addresses policy issues related to climate change and provides a synthesis of the
key messages of the book. A detailed overview of each part is presented next.

1.1 Part 1. Conceptual Chapters

Chapter 2 presents an overview of the evolution of CSA concept, introduces its
major components, and summarizes the key issues associated within the context of
climate change and agricultural policy debates. The main message of this chapter is
that CSA concept has been reshaped through inputs and interactions of multiple
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stakeholders involved in developing and implementing it. The first section provides
an overview of international climate change policy followed by an introduction and
analysis of CSA and its history. This is then followed by a discussion of three broad
controversies related to CSA, namely the role of mitigation, the relationship of CSA
to sustainable agriculture, and how biotechnology is treated in the CSA approach.
CSA provides a tool to identify locally appropriate solutions to managing agricul-
ture for sustainable development and food security under climate change.

Chapter 3 tackles the economic considerations of CSA in addressing sustainable
agricultural growth for food security under climate change. It addresses the lack of
coherence of the CSA approach by building a conceptual framework to rooted in
agricultural development economic theories and concepts. The chapter begins by
highlighting the key features of climate change that require a shift in emphasis in
research, and for innovations in technologies, institutions, and government policies
and programs to consider heterogeneity of impacts and implications of decision-
making under uncertainty. The chapter does this by posing a dynamic constrained
optimization problem wherein a social planner seeks to maximize expected dis-
counted welfare associated with agriculture of the population they serve, both now
and in the future. The objectives are the four pillars of food security, food availabil-
ity, accessibility, utilization, and stability, as well as reducing emissions growth. The
problem is also characterized by current constraints that bound the feasible out-
comes, including bio-physical, behavioral, political, institutional and distributional
constraints. The chapter stresses that the nature of the optimization, and thus
adaptation strategies, are context specific and highlight that the solution to the social
planner’s problem for climate change must balance adaptation and responsiveness
to uncertain climate change with the needed growth and food security objectives of
the agricultural sector.

Chapter 4 provides more detailed guidance on the key role of innovation to
address the negative impact of climate change. Innovation in agriculture is clearly
an important response for effective and equitable adaptation and mitigation — and
the chapter highlights the need for managerial and institutional changes that pro-
mote innovation to address the heterogeneity and uncertainty of climate change
impacts. The chapter discusses the main features and the nature of innovation
needed to align these actions with a CSA strategy, suggesting several principles to
guide the introduction of innovation and develop capacity and policies to address
climate change.

1.2 Part I1. Country Case Studies
1.2.1 Vulnerability Measurement and Assessment
Chapter 5 shows that near real-time satellite observations can be used to mitigate

impacts of extreme events and promote climate resilience. First, the early detection
of growing conditions and predicting the availability of food directly improves
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climate resilience and food security. Second, insurance (risk management) pro-
grams can use the indexes in triggers for a quick release of catastrophic bonds to
farmers to mitigate impacts of crop failure. Third, these tools provide information
useful for farmers in assessing yield potential from various crops under current and
changing climatic conditions. Fourth, an early warning system distributed across
the globe can help identify and expedite the exportation of food supplies from areas
where they are in excess into areas where a deficiency is likely to occur. The chapter
also discusses ways of integrating these products with various datasets, such as in
situ surface temperature, the greenness index, and soil moisture data, in order to
expand their complementary value and utility.

Chapter 6 presents key findings from advanced econometric models of long-term
impacts of climate change on rice production in Lao PDR. Results are consistent
with previous work in the region, where there is weak evidence that elevated mini-
mum night-time temperatures are highly damaging to rice yields. Conversely, it is
found that elevated maximum daytime temperatures increase yields. Overall, the
size of the impact and statistical significance is larger for increased maximum tem-
peratures, suggesting that elevated temperatures might have a net positive impact on
rice yields in Lao PDR. The chapter also discusses some major caveats to these
findings in particular the limitation with the quality data used for the analysis.

The perception of climate change and adaptation choices made by farmers are
important considerations in the design of adaptation strategies. Chapter 7 uses a
comprehensive dataset of farm households from Thailand and Vietnam to show that
farmers do perceive climate change, but describe it in quite distinct ways. Further,
adaptation measures are informed by perception and, at least in the case of Vietnam,
perceptions are shaped by the respondent’s characteristics, location variables and
recent climate related shocks.

Chapter 8 illustrates how to assess the yield growth rate requirements needed to
compensate yield losses due to climate change. The crop statistical model employed
allows for nonlinear effects of temperature on yields. In line with the literature, it
suggests that exposure to temperature exceeding 30 °C is detrimental to maize
yields in the US Midwest. The chapter reports that a historical rate in maize yield
growth in the US Midwest of 17.4%/decade exceeds the rate (6.56%/decade) needed
to compensate a plausible warming of 3 °C within the next 3 decades. However, the
net yield trend would be substantially diminished under this scenario due to the
countervailing effect of a warming climate. The chapter also discusses the possibili-
ties of extending the analysis with a cost-benefit analysis of alternative mean-
increasing or variance-reducing technological change.

Chapter 9 shows that a fine-tuned integrative decision support tool can better
inform growers and landowners of how changes in climate will impact their opera-
tions and their environmental outcomes. The use of a decision support tools such as
AgBiz Logic can provide farmers better information on the relative impacts of adapt-
ing to a change as reflected in changes in future climate conditions, changes in
future policies, prices, and costs or changes in terms of lease arrangements. By
incorporating both climate change and environmental outcomes, these decision
tools can be used to evaluate climate smart options at the farm-scale. The authors
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discuss the use of different tools such as AgBizClimate, AgBizProfit, AgBizFinance,
AgBizLeasee and AgBizEnvironment to measure the impacts of climate change to
wheat production, the role of adaptation strategies to an annual cropping system, the
feasibility of purchasing additional equipment to farm the annual cropping system
and also estimate the trade-offs of economic returns to environmental impacts.

1.2.2 Policy Response to Improving Adaptation and Adaptive Capacity

Chapter 10 uses empirical evidence from the Index-based Livestock Insurance
(IBLI) project in the pastoral regions in East Africa to answer if insurance can cost-
effectively mitigate the increasingly deleterious impacts of climate risk on poverty
and food insecurity. The theory reviewed in this chapter suggests an affirmative
answer if well-designed insurance contracts can be implemented and priced at a
reasonable level despite the uncertainties that attend climate change. At the same
time, much remains to be done if quality index insurance contracts are to be scaled
up and sustained. Demand has often been tepid and unstable. Outreach and adminis-
tration costs have been high. Pricing by a private insurance industry made nervous by
climate change has pushed costs up. Finally, the effective quality of the IBLI contact
has been scrutinized and found wanting. The chapter concludes that insurance is not
an easy, off-the-shelf solution to the problem of climate risk and food insecurity.
Creativity in the technical and institutional design of contracts is still required.

Chapter 11 synthesizes the key findings of From Protection to Production Project
(PtoP) of FAO to show the potential role of cash transfer programmes as a tool to
support risk management and build resilience in sub-Saharan Africa. Such programs
address household resilience by building human capital and improving food secur-
ity and potentially strengthening households’ ability to respond to and cope with
exogenous shocks. This may allow households to mitigate future fluctuations in
consumption. Many of the programmes studied increased investment in agricultural
inputs and assets, including farm implements and livestock, and improved food
security indicators, though results differed across countries. This too was met by
increases in consumption and dietary diversity. Although the impacts on risk man-
agement are less uniform, the cash transfer programmes seem to strengthen com-
munity ties, allow households to save and pay off debts, and decrease the need to
rely on adverse risk coping mechanisms. Finally, using the case study of Zambia the
authors demonstrates the potential for cash transfers to help poor households man-
age climate risk.

Chapter 12 shows that Input Subsidy Programs (ISPs) may provide a poten-
tially useful means to encourage system-wide and farm-level changes to achieve
CSA objectives in Africa. While many ISPs have not contributed significantly to
ex-ante risk management at the household level, recent innovations in ISPs may
enable them to be more climate smart. In particular, moves toward open voucher
systems that induce greater private sector participation hold potential to support
the development of profitable and more sustainable input distribution systems
providing more heat-, drought- and saline-tolerant seed types. Moreover, moving
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from a limited range of options to a system that provides farmers with a wide
range of input choices has the potential to promote greater livelihood diversifica-
tion and resilience. Programs that make farmer participation in ISPs conditional
on the adoption of certain climate smart practices also have some potential but
would require more robust monitoring and setting of targets. These two require-
ments currently limit the potential of ISPs to achieve widespread CSA benefits.
Moreover, using ISPs to contribute to CSA objectives would need to be evaluated
against the potential benefits of using comparable resources for investments in
irrigation, physical infrastructure, and public agricultural research and extension
programs, which may generate higher comprehensive social benefits.

1.2.3 System Level Response to Improving Adaptation and Adaptive
Capacity

The expansion of irrigation is often considered as a complementary strategy to
enhance the resilience of agriculture to climate. However, irrigation entails large
capital expenditures and an adequate sizing of any given irrigation scheme cannot
neglect the expected changes in climate trends and variability. Chapter 13 explores
these issues using historical climate records as a basis for determining what invest-
ment is adequate in water storage or in area equipped for irrigation is likely to result
in “regrets,” because the investment will be undersized/oversized, if the climate
turns out to be drier/wetter than expected. An investment strategy that minimizes the
risk of misjudgements across multiple climate outcomes reduces regrets and allows
for greater flexibility of the system: cropping patterns, water use, or other parame-
ters can be adapted for wet or dry years to increase the return on irrigation
investment.

Chapter 14 shows how the use of the new simulation-based technology impact
assessment methods, developed by the Agricultural Model Inter-comparison and
Improvement project (AgMIP), can evaluate the potential for currently available
or prospective agricultural systems to achieve the goals of CSA. The approach
combines available data (observational and farm performance indicators), with
bio-physical and economic models and future climate and socio-economic sce-
narios. A case study of crop-livestock systems in Zimbabwe illustrates the poten-
tial for these methods to test the usefulness of specific modifications to raise
incomes, reduce vulnerability to climate change and to enhance resilience. It is
important to note that the framework presented can also incorporate greenhouse
gas emissions as part of a technology assessment. The authors point out the need
to incorporate livestock herd dynamics and interaction of crop and livestock sys-
tems into the methodology.

Chapter 15 tackles four major issues with respect to food supply chain in the
context of climate change. First, the importance of analysing climate short-term
shocks and long-term change on the full food supply chain (inputs, farms, pro-
cessing, and distribution). Second, the authors show the importance of viewing a
given supply chain as an interdependent set of segments and sub-segments.
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Climate shocks upstream in the supply chain can disrupt a wide complex of mid-
stream and downstream activities. Third, supply chain analysis is greatly bene-
fited by using “hot spots” of vulnerability to understand climate impacts, both
before and after the farm gate. Fourth, climate shocks, and strategies to mitigate
them, can be viewed from as (i) strategic supply chain design choices by actors
along the supply chain, of sourcing and marketing systems, geography, institu-
tions, and organization; and (ii) threshold investments by actors (firms and farms)
along all supply chains.

Chapter 16 uses a conceptual model and empirically-based simulations to inves-
tigate the effectiveness of extension-driven informational programs, rain-indexed
crop insurance, and the interaction of the two programs in driving adaptation and
providing a safety net for farmers. Based on options between diversification strate-
gies and land management practices, different potential welfare outcomes for agri-
cultural households are investigated. The findings show that CSA techniques,
including advanced information, about changing conditions in Malawi can mitigate
expected losses. The value of this information is greater for farmers with less-
binding subsistence constraints and under scenarios for which the effects of climate
change are larger. Rain-indexed insurance appears to drive farmers to increase their
usage of cash crops and higher yield/higher variability hybrid crop options. Such
information is even more important in addressing larger expected losses among
farmers with greater flexibility.

The mixed crop-livestock systems of the developing world will become increas-
ingly important for meeting food security challenges of the coming decades. Chapter
17 addresses the gap in understanding of the synergies and trade-offs between food
security, adaptation, and mitigation objectives based on a systematic review proto-
col coupled with a survey of experts. The chapter also discusses constraints to the
uptake of different interventions and the potential for their adoption, and highlights
some of the technical and policy implications of current knowledge and knowledge
gaps.

The effectiveness of a policy depends on specific climate, demographic, environ-
mental, economic and institutional factors. Chapter 18 introduces temporal aspects
of household vulnerability to a conceptual model building on available econometric
results. The method is based on a factorial design with two vulnerability levels and
two production methods. Farms are classified into groups based on cluster analysis
of survey data from Zambia. The chapter shows that small, vulnerable farms are
more likely to face labor and cash constraints, which may prevent them from adopt-
ing technologies that have the potential to sustainably improve food security and
enhance their adaptive capacity, i.e. be climate-smart. Widespread adoption, how-
ever, will require policies that address the barriers identified here to provide: (i)
improved techniques that are less labor intensive, (ii) improved availability of fertil-
izers, and (iii) credit to cover the up-front costs of investing in soil health that takes
several years to bear fruit.
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1.2.4 Farm Level Response to Improving Adaptation and Adaptive
Capacity

Chapter 19 uses Mali and Nigeria as case study countries to show that sustainable
land and water management (SLWM) could more than offset the effect of climate
change on yield under the current management practices. Despite the benefits,
adoption rates of SLWM remain low. The authors discuss policies and strategies for
increasing their adoption including improvement of market access, enhancing the
capacity of agricultural extension service providers to provide advisory services on
SLWM, and building an effective carbon market that involves both domestic and
international buyers.

Chapter 20 identifies the key barriers, opportunities and impacts for a wider
adoption of climate smart technologies by differentiated groups of agricultural pro-
ducers, with a focus on the poor in Central Asia. It is found that access to markets
and extension, and higher commercialization of household agricultural output, may
serve as major factors facilitating the adoption of CSA technologies. The adoption
of CSA technologies has a positive impact on the farming profits of both poorer and
richer households, although these positive impacts may likely to be higher for the
richer households. Even still, adoption rates among the poorer households are lower
than among the richer households.

Chapter 21 shows the implications of farm households’ past decision to adapt to
climate change on current downside risk exposure in the Nile Basin of Ethiopia.
Using moment-based specification to capture the third moment of a stochastic pro-
duction function as measure of downside yield uncertainty, it finds that past adapta-
tion to climate change (i) reduces current downside risk exposure, and so the risk of
crop failure; (ii) would have been more beneficial to the non-adopters if they had
adopted, in terms of reduction in downside risk exposure; and (iii) is a successful
risk management strategy for adopters.

Chapter 22 uses case studies from Zambia and Malawi to discuss the drivers of
diversification and its impacts on selected welfare outcomes with a specific atten-
tion to climatic variables and institutions. Geo-referenced farm-household-level
data merged with data on historical rainfall and temperature as well as with admin-
istrative data on relevant institutions are used to demonstrate that diversification is
an adaptation response, as long term trends in climatic shocks have a significant
effect on livelihood diversification, albeit with different implications. Access to
extension agents positively and significantly correlates with diversification in both
countries. The results also demonstrate that the risk-return trade-offs are not as pro-
nounced as might be expected.

Chapter 23 presents a case study on potential impacts and implications for adop-
tion of CSA solutions in the Northern Mountainous Region (NMR) of Viet Nam.
The authors use primary data collected through ad hoc household and community
surveys in the study area, on the costs and benefits of agricultural practices, as well
as on socio-economic information relevant for households’ adoption decisions. A
profitability estimate and technology adoption analysis indicate that the potential of
some sustainable farming practices to increase productivity and incomes and pro-
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vide adaptation benefits under the specific climate patterns being experienced in
NMR of Viet Nam, particularly in “critical growing periods” of crops. However,
such practices often have higher capital and labour requirements, which are likely
to prevent or impede adoption. The findings suggest the importance of local climate
and socio-economic contexts in determining which practices will actually be
climate-smart. Results highlight the importance of using climate information for
targeting the promotion of improved practices, and building adaptive capacity
amongst farmers.

1.3 Part I11. Policy Synthesis and Conclusion

Chapter 24 focuses on the implications of the empirical findings for devising effec-
tive strategies and policies to support resilience and the implications for agriculture
and climate change policy at national, regional and international levels. This section
is built upon the analysis provided in the case studies as well as short “think” pieces
on specific aspects of the policy relevance issues from policy makers as well as lead-
ing experts in agricultural development and climate change. Lastly, Chapter 25 is a
synthesis to identify and reconcile the common themes across all the chapters and
draws some major economic conclusions and policy recommendations.
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1 Introduction

Climate Smart Agriculture (CSA) is an approach to guide the management of
agriculture in the era of climate change. The concept was first launched in 2009, and
since then has been reshaped through inputs and interactions of multiple stakehold-
ers involved in developing and implementing the concept. CSA aims to provide
globally applicable principles on managing agriculture for food security under cli-
mate change that could provide a basis for policy support and recommendations by
multilateral organizations, such as UN’s FAO. The major features of the CSA
approach were developed in response to debates and controversies in climate change
and agricultural policy for sustainable development.

The purpose of this paper is to give an overview of the evolution of CSA, intro-
duce its major components, and summarize the key debates associated with it within
the context of climate change and agricultural policy debates The first section pro-
vides an overview of international climate change policy followed by an introduc-
tion and analysis of CSA and its history. This is then followed by a discussion of
three broad controversies related to CSA, namely the role of mitigation, the rela-
tionship of CSA to sustainable agriculture, and way biotechnology is treated in the
CSA approach.

1.1 The Evolution of Climate Change Policy

To put CSA and its controversies in context, it is necessary to understand the evo-
lution of global climate change policies over recent years. We use the framing of
Gupta (2010), who traces the history of international climate change policy, from
1979 to 2010. He distinguishes between five phases of evolution. He refers to the
pre-1990 phase as the period of framing the problem, beginning with the World
Climate Conference in 1979 and including the establishment of the International
Panel on Climate Change (IPCC) in 1988. The main focus of global climate change
policy during this period was the need for global action to stabilize greenhouse gas
(GHG) emissions, to be supported and guided by a globally cooperative frame-
work for undertaking scientific research in the form of the IPCC, and with the
understanding that developed and developing countries would bear different
responsibilities to mitigate climate change. Because of the high uncertainty associ-
ated with climate change, a precautionary approach to climate change policy was
adopted. This implies the need to take preventive action even before full certainty
about human-induced climate change was obtained, and secondly, to emphasize
no-regrets actions that would be valuable even in the absence of climate change.
The publication of the Bruntland Commission Report on Sustainable Development
in 1987 (WCED 1987) also led to the realization of the links between climate
change and sustainable development and the benefits of considering them in an
integrated fashion.
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During the second period of international climate policy between 1991 and 1996,
the initial articulation of a global policy framework was introduced, signified by the
Rio Convention in 1992 and the adoption of Agenda 21. An important outcome of
the Rio Conventions was the establishment of the UN Framework Convention on
Climate Change (UNFCCC) which entered into force on 21 March 1994. The ulti-
mate aim of the convention is preventing “dangerous” human interference with the
climate system. Article 2 of the convention says this objective should achieved
while ensuring that “food production is not threatened”. There was much debate on
equity and the principle of common but differentiated responsibilities.'

Developed countries were assumed to bear much of the responsibility for both
causing and reducing GHG emissions. However their response could also include
helping developing countries pay for mitigation actions in the developing world. As
the policy formation process moved forward, countries began to form coalitions
around common interests. For example, small island nations formed one coalition,
as did the G77, representing a block of 130 developing countries. Among the devel-
oped nations there was clear difference between the EU and the US and further-
more, the division grew between the EU and non-EU nations. Civil society
organizations became a major player in the climate change debate with a major
division between the northern organizations pursuing environmental and the south-
ern organizations emphasizing development objectives.

The period between 1997 and 2001 saw the emergence of the first global agree-
ment: the Kyoto Protocol. The Protocol emphasized comprehensive targets for
GHG reduction in terms of CO2 equivalence rather than individual GHGs.
Developed countries were assigned different GHG reduction targets and there was
emphasis on flexibility in achieving these via mechanisms including emission trad-
ing, joint fulfillment and implementation (countries could form a bloc to share
responsibilities to meet their joint targets). There was also recognition of the impor-
tance of financial mechanisms to promote the implementation of the agreements.
The clean development mechanisms (CDM) was established, which allowed devel-
oped countries to use financial incentives to finance GHG emission reductions in
developing countries and then use the credits to meet their own targets.

The establishment of the CDM provided a basis for expanding the use of pay-
ment for ecosystem services to meet GHG reduction targets. One important cate-
gory of actions for emissions reductions highly relevant to agricultural development
is that of sequestering carbon in soils and forestry. Many opportunities for agricul-
tural related carbon sequestration were identified through improved soil manage-

'The Rio Declaration states: “In view of the different contributions to global environmental degra-
dation, States have common but differentiated responsibilities. The developed countries acknowl-
edge the responsibility that they bear in the international pursuit of sustainable development in
view of the pressures their societies place on the global environment and of the technologies and
financial resources they command.”

Similar language exists in the Framework Convention on Climate Change; parties should act to
protect the climate system “on the basis of equality and in accordance with their common but dif-
ferentiated responsibilities and respective capabilities.” http://cisdl.org/public/docs/news/brief
common.pdf.
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ment and forestry (McCarl and Schneider 2001). One of the challenges of
implementing the Kyoto Protocol (KP) was the need for reliable and cost-effective
mechanisms for carbon accounting, monitoring and validation which proved par-
ticularly difficult in the case of carbon sequestration. The issue of soil carbon inclu-
sion was hotly debated in the discussions on establishing the CDM (Post et al. 2001;
Ringius 2002).

The US, Canada, Brazil, and other countries advocated for the inclusion of soil
carbon sequestration as part of the Protocol and developed mechanisms to improve
its accounting (Paustian et al. 2004). Lal (2004) argued that payment for carbon
sequestration could provide farmers, especially in developing countries, with sig-
nificant supplementary income. However the EU and others were against its inclu-
sion and ultimately the decision was taken to exclude this category from the
international carbon offset markets.

Even more importantly, the global significance of the Kyoto Protocol suffered
with the US withdrawl from it in 2001, since the two biggest carbon emitters (US
and China) were not a part of it. Nevertheless, the Protocol provided a foundation
for international collaboration and established many principles for future policy
implementation.

The period between 2002 and 2007 saw a retreat from a global agreement to
many bi- and multi-laterial agreements, many of which were initiated by the
U.S. The period was characterized by competition for leadership among countries
regarding climate change policy strategies. While the EU continued to push for
extension and expansion of the Kyoto Protocol, the U.S. emphasized multi-lateral
agreements. In particular, the Asia-Pacific Partnership on Clean Development and
Climate, signed in 2005 (and concluded, with many of its projects canceled, in
2011) emphasized the desire to introduce technological solutions to reduce green-
house gases (GHG) through, for example, collaboration on R&D aiming towards
‘clean coal’ (Tan 2010).

The growing emphasis on government support to pursue alternative energy
sources also had significant impact on agriculture, especially with the introduction
of biofuel policies in much of the world (U.S., Brazil, EU and many other coun-
tries). While GHG reduction was one justification for the subsidization of biofuels,
perhaps more important was the need to combat rising energy prices, to improve the
balance of trade, and to increase the income of the agricultural sector (Zilberman
et al. 2014). The increase in the price of food in 2008 as well as the concern about
indirect land use led to the curtailment of biofuel policies, but some studies (Huang
et al. 2012) found that biofuels can be beneficial for the poor, as long as mechanisms
exist to protect vulnerable populations against extreme price shocks. Since national
governments were not able to initiate potent global climate change actions during
the period, subnational entities like U.S. states and Canadian provinces have estab-
lished their own climate change programs. Both national and provincial plans have
significantly impacted agriculture by introducing demand for biofuel and biomass
as well as subsidizing carbon sequestration activities.

The final period of climate policy evolution considered by Gupta (2010) is the
financial crisis period (from 2008 and on). In this time period the UNFCCC has
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moved away from a system where mitigation actions were solely the responsibility
of rich countries, to one where mitigation actions in developing countries are now
being articulated as part of national policy processes to meet the nation’s own miti-
gation aspirations. The policy and financing issues are significantly different in this
context, compared with the situation when developing countries were only partici-
pating in greenhouse gas reductions on behalf of rich countries, in the form of a
carbon offset.

The main issue on the international climate policy agenda for the UNFCCC COP
15 negotiation held in Copenhagen in 2009 was agreement on a global climate
treaty which would lay out responsibilities for reducing emissions. Although COP
15 failed to achieve a global climate agreement, it did produce the “Copenhagen
Accord” which called for developing countries to develop mitigation targets to 2020
and included financing commitments of $100 billion/year by 2020 as well as $30
billion for urgent actions up to 2012. In the following year at COP 16, the Green
Climate Fund was established as an operating entity of the Financial Mechanism of
the UNFCCC to support projects, programmes, policies and other activities in
developing countries. Developing countries — including both emerging and least
developed countries — have articulated mitigation actions through Nationally
Appropriate Mitigation Actions (NAMAs) (result of COP 18 2011), as well as more
recently through their Intended Nationally Determined Contributions (INDCs).

It is also important to note that during this period, CDM operations had expanded
considerably, with new methodologies and accounting procedures accompanying
the expansion. At the same time the volume and value in the voluntary (e.g.
non-compliance) carbon offset markets, which generally does allow for the inclu-
sion of agricultural soil carbon, also expanded rapidly, although still only represent-
ing a small percentage of the value of the trading in compliance markets (Hamrick
and Goldstein 2016) Opposition to soil carbon credits in the context of developing
country agriculture was raised by civil society actors. This opposition was based on
the argument that soil carbon offsets were a means of putting the mitigation burden
on low income developing country farmers and that farmers were unlikely to see
any benefit from participating in such markets, but rather could be exposed to losing
rights to their land (Action Aid 2011).

In the most recent period of climate policy development, there is a growing real-
ization that significant impacts of climate change are already being felt, and are
likely to continue and deepen. The Paris Agreement reached at the 21st Conference
of Parties of the UNFCCC in 2015 signifies an increased global commitment to
address climate change, as countries agreed to establish legally binding constraints
on GHG emissions that aim to contain average global temperature rise by the use of
a mixed market approach that induces both introduction of clean energy and conser-
vation (Cooper 2016). All parties recognize the urgency of establishing adaptation
strategies, especially to protect the poor and the vulnerable. As of 31 March 2016,
188 countries had submitted “Intended Nationally Determined Contributions”
(INDC:s) to the UNFCCC which includes statements of intended actions for mitiga-
tion as well as adaptation. More than 90% of the countries explicitly include agri-
culture in their mitigation and adaptation plans, with a particularly strong focus



18 L. Lipper and D. Zilberman

amongst least developed countries (LDCs) (FAO 2016). Adaptation in the agricul-
ture sector is given high priority, and mitigation from agriculture, including seques-
tration is also quite prominent in the submissions. Thus the importance of considering
adaptation and mitigation together and capturing the potential synergies between
them is more important than ever. The potential of the CSA approach for supporting
this is also increasingly recognized; 31 of the INDCs explicitly mention CSA in the
context of seeking joint poverty reduction and environmental benefits (FAO 2016).

2  Overview of CSA

The CSA concept emerged at a moment in time of considerable controversy around
the concept and approaches to sustainable agricultural development, and when the
specificities of agriculture and its role in food security were not well articulated in
the climate change policy process. The former was clearly reflected in the debates
and controversies of the development of the International Assessment of Knowledge,
Science 2009) Technology for Development (IAASTD) which ran from 2003 to
2008 (Scoones 2009). The main arguments in this fora centered around the role of
top-down expert assessments versus local participatory approaches to knowledge
generation, as well as the role of biotechnology and specifically transgenic crops in
sustainable development. In the global climate change policy arena, agriculture’s
key role in food security was not clearly articulated and the consideration of adapta-
tion and mitigation in two separate negotiation streams limited capacity to build
synergies between them.

The first articulation of the CSA concept was presented in the 2009 FAO report
entitled “Food Security and Agricultural Mitigation in Developing Countries:
Options for Capturing Synergies, which was launched at the Barcelona Climate
Change workshop held in November of that year. In 2010, the FAO paper entitled
“Climate-Smart” Agriculture, Policies, Practices and Financing for Food Security,
Adaptation and Mitigation” was released as a background paper for the Hague
Conference on Agriculture, Food Security and Climate Change held in October of
that year (FAO 2010). The conference was organized as a follow up to the Shared
Vision Statement agreed at the Seventeenth Session of the Commission on
Sustainable Development (CSD-17) in May 2009 and to further develop the agricul-
ture, food security and climate change agenda.

These first expressions of the climate smart agriculture concept argue that the
agricultural sector is key to climate change response, not only because of its high
vulnerability to climate change effects, but also because it is a main contributor to
the problem. It also argued that sustainable transformation of the agricultural sector
is key to achieving food security, and thus it is essential to frame climate change
responses within this priority. Analysis of the state of knowledge on the adaptation,
mitigation and food security benefits of a range of agricultural practices, as well as
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their potential tradeoffs was given as well (e.g. see table 2.2 of the 2009 report as
well as FAO 2010). Finally these reports focussed on one of the key issues that arose
in CSD-17 discussions — how to finance the transformative changes needed. The
CSA work focused on the potential for linking the emerging and potentially huge
new sources of climate finance — including but not limited to carbon markets — to
support the transition to sustainable agriculture. However, important barriers such
as high transactions costs for smallholder agricultural producers to access and ben-
efit from climate finance were clearly identified as major issues (FAO 2011).

The CSA concept sparked considerable attention and debate in international and
national agricultural and climate change policy arenas, and it was quickly taken up
as a rallying point for mobilizing actions on climate change and agriculture. In the
wake of the Hague conference, two parallel global processes related to policy and
science of CSA were established. The policy process involved follow up confer-
ences in 2012 in Hanoi Vietnam and 2014 in Johannesburg South Africa. The global
CSA science process was initiated with a global CSA science conference at
Wageningen in 2011, with subsequent CSA science conferences held at University
of California at Davis in 2013 and at CIRAD Montpelier in 2015. One of the main
outcomes of these processes was the proposal to establish a global alliance on cli-
mate smart agriculture (GACSA) which would bridge the policy and science aspects
by focussing on three key action areas: (1) knowledge; (2) enabling environment
and (3) investments.

After considerable debate, the GACSA was launched in September 2014 at the
UN Climate Summit. Memberships in GACSA may include governments, civil
society member/non-government organizations, farmers, fishers and forester orga-
nizations, intergovernmental organization (including UN entities), research/exten-
sion/education organizations, financing institutions and private sector organizations.
As of January 2016 the GACSA has 122 members, including 22 countries.

CSA developments were not only at international level however, with CSA proj-
ects initiated at country and regional levels, generally in partnership with interna-
tional organizations such as FAO, World Bank, local and international NGOs and
the Climate Change and Food Security program of the CGIAR.

The rapid and widespread uptake of the CSA concept took place in advance of a
clearly defined methodology and definition of CSA, and thus differences in mean-
ings and application of the concept have arisen, and given rise to controversies,
which further clarification and development of the CSA concept could ostensibly
resolve. However much of the controversy around the CSA concept is related to
more fundamental disagreements in global policy debates on climate change and
sustainable agriculture.
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3 Key Features and Evolution of the CSA Concept

One of the main features of the CSA concept is that it calls for meeting three objec-
tives: sustainably increasing food security through increases in productivity and
incomes, building resilience and adapting to climate change, and reducing green-
house gas emissions compared to a business as usual or baseline scenario.

From its inception, recognition of possible trade-offs between the three objectives,
and the potential to increase synergies amongst them through policies, institutions
and financing was a key feature of the CSA concept (FAO 2009). The need for
locally specific solutions was also an important component. A general framework
for assessing trade-offs and synergies was provided in FAO (2009, p. 25), along
with several examples of sustainable land management practices and “modern”
inputs. However, no specific guidance was provided on how to define a CSA prac-
tice, or prioritize amongst objectives, to develop the site specific solutions. A clear
conceptual framing of the link between sustainable agriculture and CSA was also
missing, hindered by the complexity of tying together the three main objectives. The
lack of a clear methodology together with a rapid uptake of the concept resulted in
considerably variability in the use of the term and confusion, which in turn has been
a major source of controversy around the concept.

By the second global CSA policy conference held in Hanoi in 2012, the begin-
nings of a CSA methodology and principles were emerging. A CSA methodology
presented in one of the background papers to the conference consisted of three
major elements included: (1) building a relevant evidence base for assessing trade-
offs and synergies amongst the three main objectives, (2) creating an enabling pol-
icy environment that required coordination of climate change and agricultural
policies and (3) guiding investments and linking to climate finance. The methodol-
ogy was based on lessons learned from a CSA project funded by the EC in 2010 and
jointly implemented by FAO and three partner countries. As such, it focussed on
national level actions; e.g. building evidence on climate impacts and vulnerabilities
for the agricultural sector at country level; analysing the effectiveness of varying
actions on productivity and incomes and their resilience to site specific climate
shocks, and their effects on reducing emissions compared to a business as usual
agricultural growth path for the country. Enhanced coordination between national
climate change and agricultural policies and strategies is key to creating an enabling
policy environment, while analysis of the marginal abatement costs of nationally
appropriate mitigation actions gives a clear indication of where potential synergies
between the three CSA objectives can best be obtained, and the potential of using
mitigation finance to support them.

The Climate Smart Agriculture sourcebook, which was a joint effort of several
international organizations, came out in 2013 and provided principles for defining
CSA practices as well as conceptual links to sustainable agriculture processes and a
wide range of examples from livestock, cropping, fishery and forestry sectors (FAO
2013). The first chapter of the sourcebook lays out two major principles defining
CSA practices: (1) increasing resource use efficiency in agricultural systems and (2)
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enhancing the resilience of agricultural systems and the people who depend upon
them. Resource use efficiency is a key component of sustainable agricultural inten-
sification strategies. By using resources such as nitrogen fertilizer, feed for live-
stock, land and water more efficiently, the net return to farmers and thus incomes
increase, while pressure on scarce resources and emissions per unit produced are
reduced. Increasing resilience involves reducing vulnerability as well as enhancing
adaptive capacity. CSA strategies require that resilience and resource use efficiency
are pursued together, although specific technologies and institutional arrangements
may affect only one or the other. Rather, efficiency and resilience need to be consid-
ered in an overall systems perspective that considers different spatial and temporal
scales. The importance of ecosystem services provided through for example,
improved soil management, agro-biodiversity and landscape management, in
achieving resource use efficiency and resilience is also a major tenet of CSA
approaches outlined in the sourcebook.

The CSA methodology and principles were further defined through a consul-
tative process involving representatives from a broad spectrum, including inter-
national organizations such as FAO, CCAFS and World Bank, national agricultural
and climate change policy-makers, academics, and civil society. This consulta-
tive process resulted in the publication of a perspectives piece in Nature Climate
Change in 2014 that reaffirmed the key components of a CSA methodology, but
also addressed some of the emerging controversies associated with the concept
(Lipper et al. 2014). One of these was a response to the heavy emphasis on ex-
ante identification of farm level practices that could meet all three CSA objec-
tives. The paper argued that CSA did not imply that every practice in every field
would have to contribute to food security, adaptation and mitigation, but that
meeting these objectives should be considered at broader spatial and temporal
scales. It also highlighted the controversy around mitigation in developing
countries.

More recently, the World Bank and the CCAFS program have launched a set of
“country CSA profiles”.? These provide critical stocktaking of ongoing and promis-
ing practices for the future, and of institutional and financial enablers for CSA adop-
tion. The profiles provide information on CSA terminology and how to contextualize
it under different country conditions. The knowledge product is also a methodology
for assessing a baseline on climate smart agriculture at the country level (both
national and sub-national) that can guide climate smart development.

The CSA concept and methods were developed by international technical agen-
cies, including FAO, the World Bank, the Climate Change and Food Security
Programme of the CGIAR. As such, the concept was built to provide a framework
for formulating and taking actions to respond to climate change in agriculture that
was broad enough to encompass a wide spectrum of political and economic
approaches to managing agriculture. In this way, the concept could be relevant to
the wide range of clients served by international agencies and adapted to their spe-
cific needs and circumstances. At the same time however, the generality of the

2http://sdwebx.worldbank.org/climateportal/index.cfm?page=climate_agriculture_profiles.
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concept has led to multiple interpretations of its core meaning and thus some confu-
sion and controversy. In the next section we look more closely at the most promi-
nent of these.

4 CSA Controversies in the Broader Policy Context

4.1 The Role of Mitigation and Carbon Finance in CSA

One of the main criticisms of the CSA approach has been that it prioritizes mitiga-
tion over food security and adaptation, and it mandates a link to carbon offset mar-
kets (Action Aid 2011, Neufeldt et al. 2013). By explicitly calling attention to the
potential of agricultural transformation to generate mitigation benefits, and actively
pursuing links to mitigation finance, the CSA approach raised suspicions that it was
a means of pushing the mitigation burden on the world’s poorest people (Action Aid
2010). The argument was made that CSA advocated pushing carbon offsets for soil
carbon sequestration on poor farmers, and this would shift the burden of reducing
greenhouse gas emissions from rich, industrialized countries who had actually cre-
ated the problem, to poor developing countries that already are facing the biggest
burden in adapting to climate change. This argument is rooted in controversies over
soil carbon sequestration and the role of developing countries in mitigation in the
global climate policy debate (see previous section) as well as misconceptions of the
framing of climate finance in CSA.

Before discussing misconceptions and policy debates, it is useful to understand
the impetus for connecting mitigation finance to agricultural development. In 2008
the fourth assessment report of the IPCC was released. The report included a
detailed analysis of the state of knowledge at the time on the technical and economic
potential of mitigation from agriculture (Smith et al. 2008). They found an esti-
mated global economic mitigation potential for 2030 from agriculture of 1500-
1600, 2500-2700, and 4000-4300 MtCO2-eq/year at carbon prices of up to 20, 50
and 100 US$/tCO2-eq. The activities with highest economic potential were restor-
ing cultivated organic soils, cropland management, grazing land management, res-
toration of degraded lands, rice management and livestock. Sequestration of carbon
in agricultural soils is a key feature of most of these practices. Within each of these
categories the actions analysed had high correspondence with actions promoted for
sustainable agriculture, e.g. crop rotation, minimum tillage, nutrient use efficiency,
feed efficiency. This analysis from the leading science body on climate change indi-
cated the potential to capture huge synergies between mitigation and sustainable
agricultural development.

At the same time, the rapid growth in the development of international carbon
offset markets represented a major new and potentially huge source of finance to sup-
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port sustainable agricultural activities with mitigation co-benefits. At the time of the
launching of the CSA concept, the valuation of global carbon markets was $141 bil-
lion, composed principally of the clean development mechanism of the Kyoto Protocol
and the European ETS system (World Bank 2011). However, as noted in the section
on climate policy above, neither of these major financing mechanisms allowed soil
carbon sequestration from agricultural practice change as a source of mitigation.

Outside of the formal carbon markets, an alternative voluntary market for carbon
offsets was springing up, including projects sponsored by the World Bank Biocarbon
Fund, NGOs in developed and developing countries, as well as some regional
exchanges. The Chicago Climate Exchange which developed a protocol for soil
carbon offsets from reduced tillage and improved pasture management (FAO 2012).
However the financing flows through these voluntary markets was miniscule com-
pared with those of the formal carbon markets (FAO 2012).

Essentially, there was very little demand for carbon offsets from soil carbon
sequestration from developing country farmers due to their exclusion from the
major carbon financing mechanisms. However the question of whether or not they
should be allowed in order to open the doors to new financing that could generate
both mitigation and development outcomes was an important thrust of early CSA
work. If the barrier to accessing a significant new source of financing was simply a
lack of good research on how much soil could be sequestered from changes in
developing country farming systems, then surely the response should be developing
a research agenda to provide the needed science. However as research into the
potential of carbon offsets as a source of finance for developing country farmers
proceeded, it became clear that issues of weak institutional capacity in developing
countries was a more serious barrier. In particular, the rights of people with unclear
and informal systems of land tenure to reap carbon benefits was very problematic
Leach & Scoones 2015). Experience with payment for environmental service pro-
grams, and particularly the REDD+ process had indicated this was a particularly
difficult issue to address, but very commonly found. The REDD+ experience
indicated that there was indeed potential for poor farmers and land managers with
insecure title to land to be dispossesed through the implementation of a REDD+
program, but that there was also potential for stimulating improvements in tenure
systems through the impetus of such programs (Larson et al. 2013). Ultimately, it
was well recognized that weak and inequitable institutions were a key barrier to
making carbon finance work for small and poor farmers, and thus greater attention
should be given to linking international public sources of finance such as the Global
Environment Fund to support climate smart agriculture (FAO 2013). At the same
time, major shifts in the international climate policy negotiations reduced the impor-
tance of international carbon offset markets as the main source of climate finance.
The newly reconfigured international climate policy regime with its emphasis on
nationally determined contributions to mitigation and adaptation and the prominence
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of agriculture in the contributions from developing countries has created interest in
the capacity of agricultural mitigation sources to contribute to developing country’s
own nationally determined contributions. It also implies a greater need for an
approach that can identify how mitigation can be integrated into agricultural trans-
formation strategies without compromising food security, which is of course a
major focus of CSA.

To summarize, a major thrust of CSA is building the enabling conditions for a
major transformation in agriculture, and developing adequate financing streams
adapted to the specific conditions of agriculture is important in this regard. At the
time of the launching of the CSA concept, the international carbon offset markets
were the largest source of climate finance and thus much attention initially was
given to its potential for supporting agricultural transformation in developing coun-
tries. Due to the problems with linking carbon finance to smallholder agriculture
countries, together with the emergence of new funds for supporting mitigation
actions on the part of developing countries in recent years, the emphasis of CSA has
shifted away from carbon markets to international public climate finance such as the
Green Climate Fund and the Global Environmental Facility. Given the high impor-
tance of agriculture in the national expressions of mitigation actions on the part of
developing countries, the importance of identifying mitigation actions that are syn-
ergistic with food security and adaptation and building financing mechanisms to
support them is of greater importance than ever.

5 CSA and Sustainable Agriculture

Another major criticism of CSA has been the lack of clear principles by which to
define a CSA practice, and thus concerns that the concept and branding could to
be used to advance non-sustainable and non-desirable forms of agricultural devel-
opment. This debate was fuelled by the mistaken notion that CSA was essentially
a proposal for a new type of agricultural practice, giving rise to concerns directly
related to ongoing and fierce debates about technologies for sustainable
agriculture.

CSA is not intended to provide a new set of sustainability principles, but
rather a means of integrating the specificities of adaptation and mitigation into
sustainable agricultural development policies, programs and investments. CSA
strategies and practices then should adhere to the principles that underpin sus-
tainable agriculture and food systems. Recently FAO published a new set of
guidelines and approach to achieving sustainable agriculture and food systems
(SFA) as ones which meet the following criteria: (1) improving the efficiency of
resource use, (2) conserving, protecting and enhancing natural resources, (3)
protecting and improving rural livelihoods, (4) enhancing resilience of people,
ecosystems and communities and (5) responsible and effective governance
mechanisms.



A Short History of the Evolution of the Climate Smart Agriculture Approach... 25

Of course, these principles are very broad and do not mandate any specific bal-
ance or weighting between them in terms of defining a sustainable technology.
Nonetheless, the links between the sustainability principles and CSA can be seen.
Increasing resilience, conservation and protection of natural resources and increas-
ing resource use efficiency are key components of adaption and mitigation.
Protecting and improving rural livelihoods is closely related to the CSA objective of
sustainably increasing productivity and incomes. A major thrust of CSA is improve-
ment of climate change and agricultural governance through better coordination and
institutional strengthening.

With its emphasis on assessing trade-offs and synergies between its three main
objectives, as well as the barriers to adoption, CSA actually addresses one of the
most essential issues in sustainable agriculture: what will it take to actually achieve
a large scale transformation? The emphasis on explicitly identifying trade-offs in
the CSA approach is a reaction to the lack of such consideration in many of the
sustainable agricultural approaches which focus only on the benefits obtainable,
ignoring costs and barriers. The result has been disappointly low adoption of sus-
tainable agricultural techniques, despite decades of efforts and funds to support
them. In the end it is the farmers, fishers, livestock keepers and forest managers that
are assigning weights to environmental, social and economic criteria through the
decisions they make on how to manage their production systems. However the trad-
eoffs they face between the objectives are determined by the institutional environ-
ment they operate under. For example, sustainable land management techniques
such as land restoration or agroforestry can take some years to generate benefits,
and they require up-front investments and can involve reductions in income during
the initial phase. While over a 20 year time frame such actions can result in higher
economic, environmental and social benefits, in the initial phases there are signifi-
cant tradeoffs between them. This is essential to understanding how to effectively
induce transformative change — and it has all too often been ignored in the literature
on sustainable agricultural development.

A key issue in the debate on technologies for sustainable agricultural growth
focuses on the relationship between natural capital inputs (e.g. ecosystem services
such as soil quality or genetic diversity) and manufactured capital inputs (inorganic
fertilizer, machinery, improved seed) in an agricultural production system. This
debate is rooted in a reaction to the great push in capital inputs (improved seed and
inorganic fertilizers) which began in the 1960s, which to a large extent built upon a
model of substituting manufactured capital inputs for natural capital; e.g. inorganic
fertilizer use could substitute for soil quality, or pesticides for genetic diversity
(Tilman et al 2002; TAASTD 2009). Particularly in initial phases, increasing manu-
factured capital inputs to agricultural production systems was the main thrust of this
model of development, although in later phases, the focus has shifted in most cases
to increasing the efficiency of manufactured capital inputs (FAO 2012). While the
results in terms of production increases have been dramatic, these positive results
have been accompanied by high rates of natural resource depletion and degradation,
as well as negative environmental impacts on land, air and water (Tilman et al. 2002,
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TAASTD 2009). The social impacts have been the subject of much debate. On the
one hand the expansion of food production and lowering of food prices a major
benefit to the consumers, particularly the poor (Pingali 2012). On the other hand,
the model of a top down technology delivery focussed primarily on favorable pro-
duction areas, excluded many of the poorest from its benefits.

Sustainable agriculture is part of the larger concept of sustainable development
that according to the Brundtland Commission is a development strategy that aims to
ensure that future generations would not be worse off compared to the present gen-
eration. Sustainable development contains economic, social, and environmental ele-
ments, but in principle has limited restrictions on technology, per se, and the use of
technologies are judged based on their impacts. Zilberman (2014) argues that one of
the major features of sustainable development is the emphasis on conservation tech-
nologies that enhance input use efficiency and reduce pollution, introduction of
strategies that include resilience and ability to withstand environmental risk,
adoption of recycling technologies, and transition from non-renewable to renewable
technologies. Renewable technologies include both energy production using solar
and wind as well as extension of the bioeconomy, which relies on biological pro-
cesses to produce food, fuel, and fine chemicals. This approach to sustainable devel-
opment that allows some substitution among resources and encourages production
systems that enhance human welfare subject to constraints should have bearing on
the definition of CSA.

The CSA approach is criticized by some advocates of alternative development
models, because it does not explicitly exclude the use of manufactured capital inputs
and while incorporating participatory and bottom up approaches, it also allows for
integration of science-based technology transfers. The CSA literature does however
explicitly call for enhancing the complementarity between ecosystem services and
manufactured capital, such as improving soil quality to enhance the productivity
gains from inorganic fertilizer use, improving livestock breeds to enhance their feed
conversion efficiency, or planting trees in agricultural landscapes to reduce flood
risks.

The issue of biotechnology use in agriculture is perhaps the most highly con-
tested, with most of the focus on genetically modified organisms (GMOs). The use
of GMOs has been limited to few crops, used mostly for fiber (cotton) and feed and
oil (maize, soybean, canola) with limited use for direct human consumption (papaya,
maize, canola). Furthermore, while adoption of GMOs on farm has been quite broad
in the U.S., Canada, Brazil, Argentina, and South Africa, and in cotton in other
major countries (India, China), its use in Europe and most of Africa has been limited
or even practically banned. Most major national academies of science and interna-
tional organizations have argued that it poses no new health risks compared to other
sources of food, and there is evidence that GMOs have reduced the price of major
agricultural commodities as well as the extent of GHG emissions (Barrows et al.
2014). There is also significant evidence that it has improved the well-being of poor
farmers, especially in cotton production (Kliimper and Qaim 2014; Qaim 2015).
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Nonetheless, significant concern about environmental and social effects of
GMOs persists and there is ongoing debate on the application of the precautionary
principle by opponents of the technology. Another source of concern is the large
role of the private sector in the development of the technology and its control of
intellectual property rights. But the heavy regulatory requirements associated with
the development of GMOs has led to the concentration of the industry in the hands
of a few major companies (Bennett et al. 2013). More recently however, the reduc-
tion of the cost of genome mapping and the introduction of new technologies like
gene editing increase the capacity of a broader range of stakeholders to utilize and
control modern biotechnology to provide effective and quick solutions to address
the challenges of climate change.

The issue of which technologies to consider, and specifically whether biotech-
nologies should be included has been addressed in different ways under current
applications of the CSA approach. To a large extent, the technologies and practices
considered under CSA approaches are ones that governments have already included
in their national agricultural plans, which often do not include biotechnology at
present. Under the EC funded FAO CSA project, consultations with national policy-
makers and stakeholders including representatives from farmer’s associations and
other civil society groups have been held to identify a set of possible options for
further detailed analysis. The World Bank/CCAFS profiles analyse a range of tech-
nologies and practices that are currently being practiced in the country or that are
likely to be beneficial under projected climate change conditions, including from
traditional as well as science based sources. They also provide a set of country spe-
cific criteria for identifying climate smartness of the technologies which also give
information on the economic, environmental and social impacts of the technologies
in that country. Ultimately, CSA neither mandates nor excludes the use of biotech-
nology or GMOs for any specific user of the approach, but it can provide a basis for
helping potential users identify the risks and benefits of its use in addressing the
challenges of achieving food security under climate change.

6 Conclusion

Climate smart agriculture is a relatively new concept which was launched in 2009
advocating for better integration of adaptation and mitigation actions in agriculture
to capture synergies between them and to support sustainable agricultural develop-
ment for food security under climate change. The rapid uptake of the concept after
its launch indicates the tremendous demand for a framework to guide policy and
technical interventions in agriculture that integrates the effects of change, the chal-
lenges of achieving sustainable agricultural development and the critical role of
agriculture in attaining food security. At the same time, the widespread adoption of
the CSA term prior to the development of a formal conceptual framing and
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methodology has lead to considerable variation in meanings applied to the term, as
well as confusion and controversy.

The CSA concept has been reshaped through inputs and interactions of multiple
stakeholders involved in developing and implementing the concept. At this point
there is greater clarification on the definition of the concept and methodology for its
application. However controversies over CSA remain. Most of these are related to
the controversies in climate change and sustainable agricultural policies. In particu-
lar, the role of agricultural mitigation and its financing in developing countries, as
well as the development and deployment of technologies for agricultural
development are two key areas of continuing controversy in the respective policy
circles. CSA does not attempt to provide a prescription to any user of the approach
for resolving the controversies, but rather a tool to identify locally appropriate solu-
tions to managing agriculture for sustainable development and food security under
climate change. Ultimately the utility of the concept and its implementation will be
judged by its effectiveness in integrating climate change responses into sustainable
agricultural development actions on the ground.
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Economics of Climate Smart Agriculture:
An Overview

Nancy McCarthy, Leslie Lipper, and David Zilberman

Abstract Climate change, especially through greater frequency and intensity of
climate extremes, is expected to negatively impact agriculture and food security,
particularly in developing countries highly dependent on rain-fed agriculture.
Promoting growth and food security must draw on the rich literature of the past
50-60 years while also addressing potential structural shifts in the factors that pro-
mote growth. This paper summarizes the economic considerations of Climate Smart
Agriculture, a concept developed by the FAO to address the complex issue of how
to achieve sustainable agricultural growth for food security under climate change. It
addresses the lack of coherence on the CSA approach by building a formal basis of
the CSA concept and methodology. We do this by posing a dynamic optimization
problem wherein a social planner seeks to maximize expected discounted welfare
associated with agriculture of the population they serve, both now and in the future.
We analyze constraints, choices, and features of design of CSA to illustrate on the
concept can be applied across a range of locations and conditions. This has implica-
tions for research, innovation, and policy design.

1 Introduction

Climate change is expected to have negative impacts on agriculture and food secu-
rity in many regions, particularly in developing countries highly dependent on rain-
fed agriculture. The fifth assessment report of the [PCC released in 2014 found that
climate change effects are already being felt on agriculture and food security, and
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the negative impacts are most pronounced in tropical zones where most of the
world’s poor and agricultural-dependent populations are located (IPCC 2012). And
yet in the next 20 years, increasing the rate of agricultural growth in these regions is
essential to reach the goals of eradicating poverty and meeting growing food demand
associated with population growth and dietary transitions.

Over the last 50-60 years, a rich and extensive body of work on agricultural
development economics has been developed, aimed at supporting agricultural
growth and food security. Over time this work has been augmented with insights
and techniques from natural resource and environmental economics, as well as
behavioral and institutional economics. The evidence base has also expanded dra-
matically due to advancements in empirical research design, econometric tech-
niques, data availability and computing power. At the same time, the public sector
has invested in agricultural and rural development, accumulating practical experi-
ence and knowledge.

Climate change, with its potentially transformative impacts on agricultural sys-
tems, means that we need to revisit the key tenets of this accumulated body of
knowledge and experience in order to identify its applicability to current and chang-
ing circumstances. Does climate change actually require a change in how we go
about planning and investing in agricultural growth for food security and poverty
reduction? The answer is not obvious — much research and policy design in agricul-
tural development has been concerned not only with enhancing productivity, but
also with reducing negative environmental impacts and providing public goods, as
well as managing trade-offs between risk and returns and reducing vulnerability of
farm households to a wide array of shocks. These are also some of the major con-
cerns raised, perhaps to a more urgent level, with respect to addressing climate
change in agriculture. However we need to consider whether the potential magni-
tude and scale of climate change will result in a structural shift in the factors that
will promote growth — and thus how we go about promoting growth and food
security.

The increased frequency and intensity of extreme events is clearly one of the
most important game-changing effects of climate change. Recent work by Fischer
and Knutti (2015) on the link between climate change and extreme events estimated
that 75% of extreme hot days and 18% of days with heavy rainfall worldwide can
be explained by the warming we’ve seen over the industrial period. The same study
also finds that the probability of extreme events increases nonlinearly with increas-
ing global warming. For instance, the probability of an extreme hot day under a
scenario of 2 °C increase over pre-industrial levels is almost double the probability
at a 1.5 °C increase, and is more than five times higher than with today’s climate.
Essentially, the vulnerability of the agricultural sector to adverse events is increas-
ing at a rapid, steep and broad scale, which implies a need for innovative measures
to reduce the exposure and sensitivity of the agricultural sector, and also to increase
adaptive capacity.

Greater frequency and intensity of climate extremes has implications for research,
innovation, and policy design. With respect to research, though the empirical evi-
dence on households’ responses to weather shocks is fairly large, most of the data
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collected has been undertaken under relatively normal weather conditions, with spa-
tially limited idiosyncratic weather shocks. Thus, little is known about the impacts
of generalized climate shocks on households’ wellbeing, and even less is known
about which mechanisms are most effective at minimizing those impacts.
Additionally, evidence is lacking on which measures are most effective at increas-
ing the resilience of the agricultural sector as a whole. Part of the problem is the lack
of capacity to mobilize resources needed to collect relevant data in the immediate
wake of disasters that occur at significant scale, as well as logistical, and potentially
ethical, issues involved with collecting data under such circumstances. Valuable
information could be obtained by those involved in disaster relief activities, but such
information is generally not collected in a systematic manner nor widely shared. As
noted by Scott et al. (2016), though everyone agrees that monitoring and evaluation
(M&E) should be a critical element in disaster relief, most M&E systems remain
weak and data collected remains little shared.

With respect to innovation and policy design, increased frequency and intensity
of climate extremes dramatically increases the value of innovations and policies that
increase the range of cost-effective options that allow rapid adjustments in the face
of climate extremes. This implies a need for a strong shift towards investing in tech-
nological and institutional innovations that create options and increase flexibility.
This also implies a need for designing policies and regulations that enable different
actors — including government agencies as well as the private sector — to exercise
various options in response to climate extremes.

The second potential game-changer arises from the possibility of major regional
shifts in weather patterns, or “migration” of climate. This effect may be due to spa-
tially and seasonally heterogeneous increases in average temperature and altered
rainfall patterns. Such changes may have major consequences in terms of movement
of pests and diseases, as well as loss of coastal and certain inland agricultural lands.
We can expect that migration of climate will disproportionately affect resource-poor
and marginalized farmers who have less adaptive capacity but depend primarily on
agriculture for their livelihoods (Hitz and Smith 2004; Thornton et al. 2011).
Experience has indicated that intensifying labor migration is a common response to
prolonged and chronic environmental degradation, with permanent resettlement
less common and generally considered less desirable. However this option is
increasingly considered as an adaptation strategy in response to major shifts, such
as sea level rise. Current empirical evidence indicates that the poor and most vulner-
able to climate risks are again the least capable to undertake effective migration,
since they lack the assets and social networks required (Adger et al. 2014; Taylor
and Martin 2001).

Successfully adapting to emerging major shifts in weather means that research
needs to focus on which factors facilitate the transition to new climate patterns
while maintaining growth rates and reducing poverty. Research is needed to evalu-
ate both adaptive, marginal changes within the system to confront such shifts, as
well as far-reaching transformational changes. Research is also needed to generate
sufficient evidence to compare the relative merits of pursuing incremental adapta-
tion strategies versus transformational strategies. For instance, access to new crop
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varieties, more suitable livestock, irrigation systems, and pest management strate-
gies can enable farmers to successfully adapt to new climate patterns. At the same
time, enabling farm households to relocate may well be a better strategy, especially
under more extreme shifts in climate patterns. While there is a fair amount of
household-level research on internal and international migration and its impacts on
migrant households, much less is known about which institutional structures and
mechanisms best support peaceful relocations. While processes of movement in and
out of agriculture are ongoing (Taylor and Martin 2001), future research should aim
to understand the institutional challenges and planning requirements to address cli-
mate related migration within ongoing population transition processes.

More broadly, the interaction between climate change induced changes in agri-
cultural production patterns and structural transformation in the larger food system
and rural non-farm sectors need to be better understood (c.f. Haggblade et al. 2007,
Reardon and Timmer 2007; Gollin et al. 2002). Given the systems-level focus of
such research, this calls for greater integration of sub-discipline research, e.g. link-
ing agro-ecosystem or agri-food sector-wide models with evidence from household
surveys. To date, however, such models capture institutional structures and mecha-
nisms in a fairly rudimentary way. While institutions are important for understand-
ing marginal changes, they are particularly important for understanding and
promoting transformational changes.' Large-scale household surveys and random-
ized experiments will be of limited value in answering many key questions about
systems-level outcomes and optimal institutional structures and mechanisms.
Instead improved methodologies for analyzing limited data, e.g. using case studies
across disciplines will be required, echoing recommendations of Reardon and
Timmer (2007) with respect to agrifood systems.

A third major transformation climate change imposes on agricultural develop-
ment planning is the need to decouple agricultural growth from emissions growth,
given the high share of agriculture in contributing to global emissions. World
Resource Institute (WRI) estimated that emissions from agriculture could grow
from approximately 6.5 GT in 2010 to 9.5GT per year in 2050 under a conventional
agricultural growth strategy. At the same time, the development of the nationally
appropriate mitigation actions (NAMAs) and Intended Nationally Determined
Contributions (INDCs), has shown that developing countries are interested in pursu-
ing low-emissions agricultural growth strategies, if financing to support such actions
can be made available. Reducing emissions from the agricultural sector requires
technologies and practices to increase efficiency and reduce leakage from agricul-
tural production systems, and also enhance the sequestration capacity of the sector
by increasing trees and shrubs. Improved soil management, sustainable rice intensi-

!'Certain institutional mechanisms are relatively well-studied, such as various aspects of property
rights. The impacts of increased access to institutions has also been well-studied but mostly in a
rudimentary way, e.g. dummy variables capturing access to a health care center, credit, extension,
etc. But, specific delivery mechanisms, the range of services offered, service quality, contract
clauses etc. are much less well-studied. Such information is crucial to policy design. New research
tools and methods are needed to help build this evidence base.
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fication, precision farming, and restoration of degraded lands can all contribute to
reduced GHG emissions and/or soil carbon sequestration under certain conditions
(Burney et al. 2010; Lal 2004; Paustian et al. 2004; Antle and Diagana 2003). But,
as many researchers have documented, there has been limited adoption of sustain-
able land management (SLM) practices that could also contribute to a low-emis-
sions agricultural growth path, particularly in sub-Saharan Africa and parts of
Southeast Asia (Barbier 2010; Pender et al. 2006; Barrett et al. 2002).

In terms of research, there is a great deal of evidence on the benefits to adopting
SLM, but much less evidence on the costs and barriers that farmers face in adopting
such practices (McCarthy et al. 2012; Pender et al. 2006; Nkonya et al. 2004). Given
these costs and barriers, there is a need for the public sector to develop innovative
policies and mechanisms that alter incentives for actors in the agricultural sector to
pursue such strategies. One mechanism that has received a great deal of attention is
a carbon-sequestration based payment (Seeberg-Elverfeldt et al. 2009). However,
such programs often fail because of the difficulty in monitoring and verifying com-
pliance, and with making and enforcing contracts with, and delivering payments to,
many smallholders (Lockie 2013; Alix-Garcia et al. 2012; Cacho et al. 2005).
Research needs to shift towards generating better evidence on a wider range of spe-
cific institutional structures and mechanisms that link smallholders to financing
opportunities, including expanding the innovative use of information and communi-
cation technologies (ICTs) and geo-spatial information. This type of evidence is
critical if poor smallholders are to benefit from international mitigation financing. At
the country level, many governments are still leery of promises of mitigation financ-
ing — and the bureaucracy and conditionalities it brings — and there is a clear need to
refine the international institutional mechanisms associated with such financing.

To summarize, the need to address an unprecedented level and magnitude of
uncertain change poses a challenge to economic analyses aiming to support agricul-
tural growth and food security, particularly as these changes will clearly differ
across regions. Research that will identify methods to improve agricultural resource
allocation and management strategies to address emerging climate change patterns,
as well as empirical research that will identify the effectiveness of existing manage-
ment tools in addressing some of the early manifestations of climate change, will be
of high value. This research needs to be part of multidisciplinary efforts needed to
expand the feasible set of technologies and agronomic management practices,
explicitly accounting for decision-making under uncertainty. In addition to tech-
nologies and management practices aimed at the farm level, research will also be
needed to assess the net benefits from investments in public infrastructure and ser-
vices, and to evaluate the potential benefits from creating or reforming laws and
regulations critical to the agricultural sector, such as those related to public and
private land use, as well as the finance, communications and insurance sectors.
Research is also needed to understand the role of key institutions in meeting growth
objectives while minimizing negative impacts of climate change and securing GHG
reductions where possible, and what new institutional forms may be required. Land
tenure and property rights, water rights, extension and weather information dissemi-
nation services, cooperatives and farmers’ unions, and credit and insurance markets
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are but a few such key institutions. Finally, we emphasize that the responses to cli-
mate change may consist both of incremental adaptation, primarily based on scaling
up existing technologies and modifying institutions, laws and regulations, and
transformative adaptation, including new institutions and major reallocation of
resources over space and time. These responses vary in their time dimension and are
interdependent (Nelson et al. 2007).

Since policy planning addresses multiple objectives, such as higher incomes,
more stable incomes, and lower emissions, one of the key areas of focus is high-
lighting potential trade-offs in meeting multiple objectives. The goal is to be able to
evaluate which policy actions can ameliorate trade-offs and harness synergies
amongst the multiple objectives. The latter is particularly important since meeting
increasing global food demand and local food security objectives requires contin-
ued growth in the agricultural sector. There are a number of potential trade-offs that
can arise due to impacts from climate change. For instance, increased frequency of
extreme weather events increases the value of policy actions that reduce household
vulnerability to such events, but may also compromise strategies to enhance average
growth levels of agricultural productivity and farmer incomes. Similarly, policies
and public investments to address uncertain longer-term shifts in weather patterns
can shift resources away from addressing current poverty alleviation goals. Pursuing
low-emissions growth strategies can also involve trade-offs with near-medium term
growth objectives, which need to be clearly understood — and externally financed —
in order to avoid placing additional burdens on smallholders in developing
countries.

Understanding the potential impacts of climate extremes and shifting climate
patterns and evaluating how different options and strategies can best address these
is a complicated process. As a beginning step, the Climate Smart Agriculture (CSA)
concept was developed in order to address the complex issue of how to achieve
sustainable agricultural growth for food security under climate change (FAO 2009,
2010; Lipper et al. 2014). The concept calls for integration of the need for adapta-
tion and the possibility of GHG mitigation in agricultural growth and poverty reduc-
tion strategies. However there is considerable confusion about what the CSA
concept and approach actually involve, and wide variation in how the term is used.
At this time, it is critical to build a more formal basis for the CSA concept and meth-
odology and at the same time provide illustrations of how the concept can be applied
across a range of conditions. This is the primary focus of this book.

2 CSA: The Objectives of the Social Planner

The design of CSA can be analyzed as an economic decision-making problem from
the perspective of a social planner. We will not solve the problem formally, but will
identify its main features and some of the characteristics of potential solutions. The
social planner is concerned with optimizing the welfare of the population they
serve, both now and in the future. CSA then is a way of laying out this dynamic
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optimization problem and its constraints that explicitly incorporates effects of cli-
mate change. A plausible objective is maximization of expected discounted welfare
associated with agriculture, from a basket of “goods” provided by agriculture. Of
course, the agricultural sector is but one sector in the economy, and as noted above,
the best option may be to help people transition out of agriculture. Thus, while we
emphasize the agricultural sector, other sectors are clearly important. Welfare is
comprised of several components. Here we focus on the four pillars of food secu-
rity: food availability, access, utilization (e.g. food safety), and stability of food
supplies. Stability of food supplies is related both to household-level vulnerability
as well as resilience of the agricultural system.? Finally, we can include environ-
mental objectives, including the global objective to reduce GHG emissions growth
as well as local objectives related to improved land quality and water resource
management.

The dynamic nature of the optimization problem captures potential trade-offs
between choices to improve welfare now versus choices made now to improve wel-
fare under uncertain future outcomes. It also highlights the impacts of uncertainty
on decisions made now, and thus the value of additional information and/or the
value of choices that increase the flexibility to adapt as more information becomes
available. A dynamic framework also enables us to evaluate costs and benefits asso-
ciated with alternative “weather-migration” scenarios and lower emissions growth
strategies.

3 The Constraints Facing the Social Planner

When deciding on the extent and means of pursuing avenues for improving welfare
outcomes, the social planner must take into consideration constraints in the form of
biophysical relationships and behavioral, institutional and political constraints. The
biophysical relationships consist of several elements. First is the production func-
tion, which links outputs to ecological inputs and weather. One of the key chal-
lenges in designing agricultural policies is in understanding the heterogeneous
impacts of climate change on productivity. Furthermore, modeling of the produc-
tion function needs to consider both continuous as well as discrete variables. This
approach allows us to investigate technology adoption in response to climate change
(Mendelsohn and Dinar 1999; Antle and Capalbo 2010; Arslan et al. 2015).
Understanding the stochastic nature of the production function, particularly due to
weather realizations, will also be important in designing programs, such as insur-
ance and inventory, to address the challenges of climate change. The second bio-
physical element is the externality function, which expresses the relationships
between economic activities and the various externalities generated by them

2We basically adopt the IPCC WGII ARS definitions of vulnerability and resilience, as provided in
Appendix 1. However, for conceptual convenience, we are defining vulnerability as a household-
level characteristic, and resilience as a system-level characteristic.
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(Zilberman 2014). In the context of CSA, the greenhouse gas emissions are the
main, but not sole, externality considered. Various agricultural practices and invest-
ments also generate both positive and negative local externalities. Overuse of inor-
ganic fertilizer generates greenhouse gas emissions and can also pollute local water
sources (Norse 2012). Investment in soil and water conservation structures at the
farm and ecosystem levels can generate positive spillover benefits to neighboring
farmland productivity (Mirzabaev et al. 2015; McCarthy et al. 2012). Without effec-
tive coordination and collective action, too few positive spillovers, and too many
negative spillovers, will be generated.

In analyzing both the production and externality functions, we recognize that
agriculture is very diverse, and different sectors of agriculture (e.g. irrigated agricul-
ture, rain-fed agriculture, etc.) will experience climate change differently. Livestock
husbandry and fisheries will have unique challenges as well, and our analysis should
strive to provide appropriate solutions that recognize specific contexts.

The behavioral constraints include market choices made by risk-averse individ-
ual agents (both inputs and outputs) operating in contexts where insurance markets
are very thin or entirely absent. Our analysis will emphasize the importance of cli-
mate conditions on the supply and demand of various goods. The choices will be
dependent on risk preferences and market conditions, as well as government poli-
cies. An important category of behavioral choices relates to decisions regarding
technology adoption, including irrigation, seed varieties and production practices.
Almost all empirical evidence suggests that uninsured risk and uncertainty leads to
low levels of adoption of new technologies, and this behavioral constraint must be
addressed if hoped-for wide-scale adoption is to be realized (Antle and Crissman
1990; Dercon and Christiansen 2011). Furthermore, adopting any new technology
is often itself seen to be risky by the farmer who faces uncertainty about its perfor-
mance (Foster and Rosenzweig 2010). Zilberman et al. (2012) note that, in addition
to risk preferences, the diffusion of technology adoption as an adaptation to climate
change will also be a function of heterogeneity in farmers’ access to capital, the
underlying agro-ecology, and prevailing institutions that can foster or hinder
adoption.

Technology adoption and institutional innovations are also a function of political
constraints. As Hayami and Ruttan (1971) emphasize, innovations of new technolo-
gies are outcomes of economic choices that are responsive to incentives and poli-
cies. Thus, the literature on innovation also emphasizes the role of learning in
innovation and the evolution of new technologies, which in turn affect adoption.
Political economic modeling suggests that government policy is affected by eco-
nomic conditions as well as environmental and political considerations (Buchanan
and Tollison 1984; Shepsle 1992; Rausser et al. 2011). These suggest that individual
government policy choice problems are derived from their own political economy
constraints so that the decision to implement policies that favor certain technologies
over others will be a function of this political calculus. Where political weighting
favors high economic growth, for instance, the technologies promoted may conflict
both with resilience and low-emissions growth goals, for instance.
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In addition to political economy considerations, additional political constraints
will bound the range of feasible policy and legal actions to address climate change.
Some policy solutions to climate change may not be politically feasible, and realis-
tic policy design must consider feasibility of solutions within various local and
global contexts. For example, it will be politically easier and it makes common
sense to enact policies that improve human well-being and welfare regardless of
climate change. A no-regret constraint may bind the set of policies that would be
valuable under certain future conditions to those that also address pressing issues of
food security or sustainable land use, thereby satisfying distributional and environ-
mental objectives.

The institutional constraints include input, output and labor markets, property
rights and tenure security, information dissemination systems such as agriculture
extension and weather forecasting, credit and insurance markets and their regula-
tory framework, social safety net programs, environmental regulations, and the
international trading system and local import, export, and foreign direct investment
regulations. The institutional environment has a significant impact on farmers’
incentives and ability to invest in agriculture practices with CSA characteristics
and to adapt to climate change. Thin value supply chains limit farmers’ ability to
access inputs in timely fashion, and sell their output at a profit. Integrated supply
chains can significantly reduce market price swings in response to extreme weather
events, thereby reducing vulnerability of rural households to poor crop output and
high food prices (Reardon and Timmer 2007). As discussed above, thin or absent
credit markets, often combined with very limited insurance mechanisms, dampen
incentives to make any types of investment on-farm, and limits the choices avail-
able to risk-averse farmers to adapt. Similarly, property rights systems that result
in tenure insecurity also limit incentives to invest in land (Mirzabaev et al. 2015;
Holden et al. 2009).

The ability to adapt to climate change will also be affected by the information
dissemination system and farmers’ ability to access weather forecasts and longer-
term climate predictions and to incorporate that information into adaptation and
coping strategies. Additionally, improving the resilience of the agricultural system
as a whole will necessitate making investments and coordinating changing practices
at scales higher than the household level. The ability to invest in larger-scale infra-
structure to improve the resilience of a watershed (Bassist et al. forthcoming), or
coordinating investments in tree planting or check dams across many small com-
munities will depend on local property rights, land use regulations and powers of
eminent domain, as well as environmental regulations. The ability to coordinate
actions across communities will also be affected by collective active institutions and
local-level governance structures (Meinzen-Dick et al. 2004; Pender et al. 2006).
The ability to relax institutional constraints will be key in reducing household vul-
nerability and increasing system resilience in many contexts.

The optimization problem has several dynamic constraints as well. The first con-
straint is the dynamics of climate change. Because of the nature of agriculture, it is
important to have an adequate assessment of climatic variation over space and time in
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order to make predictions of yields and outputs. There is much uncertainty in climate
modeling and it must be incorporated into policy design. Thus, it is not sufficient to
get average predictions of climatic patterns over time, but also some indication of
variability and reliability thereof. Uncertainty of weather patterns is important
because as Dixit and Pindyck (2001) suggested, the pattern and levels of uncertainty
delay the optimal timing of investment. With uncertainty, decision-makers value addi-
tional information and are willing to wait some time for more information, which can
lead to significant delays in investments. This compounds risk-averse farmers’ disin-
centives to invest in land or adopt new technologies.

A second dynamic element is population growth, which affects demand for food
as well as urbanization patterns, both of which are important determinants of opti-
mal agricultural growth pathways. Human population growth is also behavioral to
some extent and thus population dynamics must take account of behavioral param-
eters. Furthermore, population dynamics are subject to uncertainty so we must con-
sider outcomes under several scenarios in assessing and designing climate change
policies.

The third dynamic element is the ongoing transition in agriculture associated
with globalization and the spread of information and technological advances. Global
supply chains are spread everywhere, and the expanded use of the internet, cell
phones, and improved transportation mechanisms are likely to continue.
Technological change is especially important given the role of innovation and adop-
tion in adaptation to climate change, but its diffusion will be a function of both
political constraints as well as the need to adapt technologies to site-specific charac-
teristics. One also needs to understand the workings of the supply chain innovations
in different regions and how they can be utilized to introduce new technologies in
response to climate change. While further integration and connectivity can increase
agricultural system resilience by reducing, pooling and transferring risks, positive
results will nonetheless be a function of the international and national level regula-
tory frameworks. To achieve food security objectives, such frameworks need to
incorporate regulations that limit monopolistic/oligopolistic power and instead har-
ness the risk-reducing benefits for everyone in the agricultural system, as well as
effective enforcement mechanisms.

4 The Social Planner’s Choice Set

Returning to the social planner’s problem - to maximize constrained expected
welfare - the social planner can take actions at the system level, or actions that
alter incentives for farmers and other actors in the agricultural sector to adopt
technologies and practices that improve welfare outcomes. With respect to sys-
tem-level actions, the social planner can invest in providing a wide range of
public goods that improve welfare and increase system resilience in the face of
climate change, including: investing in CSA research and development; investing
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in large-scale infrastructure projects to increase system resilience to climate
extremes and longer-term changes in weather patterns such as irrigation systems
and flood control structures; investing in weather information systems; investing
in disaster risk management systems, including restructuring social safety-net
programs to explicitly incorporate payouts related to climate disasters; and, cre-
ating or amending laws and regulations regarding property rights, land use and
zoning, contract farming, and insurance markets. At the system-level, improved
risk coping measures include the design and implementation of disaster risk
management plans at various government scales, rapid repair of damaged infra-
structure, and, development of insurance instruments targeted for national and
municipal governments.

Reducing household vulnerability and increasing system resilience can be
accomplished through expansion and promotion of ex ante risk management strate-
gies and/or ex post coping strategies. At the household level, ex ante risk manage-
ment strategies include adopting SLM techniques; irrigation; drought, heat and/or
flood resistant crop varieties and livestock breeds; and, diversifying land and labor
activities. Measures that can be undertaken to improve the capacity of farm house-
holds to cope with shocks when they do occur include access to social safety net
programs, access to attractive insurance instruments, and access to information and
infrastructure to re-allocate labor to less affected areas. With respect to actions that
affect farmers’ incentives, potential actions include payment for environmental ser-
vices programs; direct subsidies for adoption of certain investments and/or practices
such as irrigation or SLM practices; and subsidies for inputs or participation in
insurance schemes.

The social planner can also undertake actions to increase adaptive capacity and
to pursue least-cost strategies of adaptation under an uncertain future climate,
including the possibility of “weather migration”. Adaptive capacity is a function of
available risk management and risk coping mechanisms, but also includes broader
measures to improve decision-making under uncertainty. Uncertainty increases the
value of putting in place sophisticated monitoring and evaluation systems and con-
tinual learning (IPCC 2012) Greater adaptive capacity is associated with increasing
the range of options to manage climate extremes and potentially changed climate
patterns, and increasing the ability to exercise those options when needed. It should
be stressed that the ability to exercise options when needed is often as critical as
having options to begin with. For instance, many researchers find that it is precisely
wealthier farmers who are more able to diversify their income sources, reconfirming
longstanding findings in most sub-Saharan African countries (Davis et al. 2014;
Arslan et al. 2015). So, allocating labor off-farm in response to a weather shock
means not only that there are labor opportunities somewhere in the country, but also
that farmers know where those opportunities are, can afford transportation, and have
sufficient skills to be hired.

Resilience and adaptive capacity are complementary traits. Greater adaptive
capacity can increase a system’s capacity to recover from swings in climatic and
biophysical conditions. But when the pressures exceed some threshold, adaptive
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capacity can also enable systems to change completely, to adapt through structural
transformation, thereby enabling the people to survive and even flourish. Similarly,
greater adaptive capacity can enable farm households to reduce vulnerability, but at
some point, the best option may be for at least some family members to leave the
agricultural sector or diversify their livelihood in order to best adapt to changing
climate conditions. At the system-level, adaptive capacity will also be required to
address potential mass migration from areas no longer suitable for agricultural
production.

The above discussion on adaptive capacity and adaptation captures a major
potential trade-off between pursuing strategies that enable farmers to improve their
well-being in the face of climate change within the current agricultural system ver-
sus strategies that allow for the system itself to change in response to climate change
e.g. the difference between incremental and transformative adaptation strategies
(Adger et al. 2014). Insurance and safety net payments are classic examples of poli-
cies that enable people to better withstand extreme events within the current system.
Access to irrigation, improved tenure security, and investments in flood control
infrastructure all have similar impacts. In certain circumstances, particularly
changes in weather patterns that make current production systems impossible or
unprofitable, the social planner will have to determine whether to continue pursuing
incremental strategies, or whether to accommodate and manage migration or pro-
mote a structural transformation in the production system.

Finally, the social planner can assess opportunities for pursuing low-emissions
growth strategies. Certain practices, such as most sustainable land investments and
practices, can generate both greater food security and lower emissions, though as
noted above, current incentives are too low to foster wide-spread adoption in many
countries. Low-emissions growth strategies that pose greater trade-offs with both
immediate and long-term food security objectives require international financing,
particularly given that most developing countries have contributed very little to
cumulative GHG emissions. Where suitable and/or external financing is available,
adaptive capacity will need to be built to foster a switch to low-emissions agricul-
tural growth strategies.

5 Towards a Socially Optimal Solution: Expected Features
of Model Outcomes

Optimizing welfare over multiple objectives that include all four elements of food
security and potentially reduced GHG emissions first implies that the impacts of any
potential policy action be evaluated for each objective, with the aim of identifying
synergies and trade-offs. And, by inserting alternative solutions to this constrained
optimization problem, we are able to evaluate their relative merits by comparing the
balance of outcomes across a range of objectives from each of these proposed solu-
tions, under a wide range of climate change scenarios. Evaluating outcomes across
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the multiple objectives will highlight the role of weighting these objectives in arriv-
ing at a solution, particularly where there are trade-offs. Assigning weights is a
necessary step toward defining a socially optimal solution. The modeling exercise
provides a framework for highlighting these weighting choices and can thus feed
into climate change policy debates at national and international levels.

A second important outcome of this model is the implication that shadow prices
of various constraints will allow us to consider alternative policies by changing the
constraints and parameters of the system. The most valuable reforms are implied by
the solution to the constrained optimization problem and resulting shadow prices.
Business-as-usual scenarios can then be contrasted with scenarios under various
types of policy reform that relax various constraints, which may induce either incre-
mental or transformative changes.

This formulation provides us a starting point for our analysis and the type of
solutions and research needed to inform it. Because of the increased importance of
uncertainty, the solution strategy to this problem will involve adaptive learning. The
decision makers have the capacity to learn from the past—and improve their estima-
tion of key parameters over time as knowledge is accumulated—so data accumula-
tion and learning will be part of the policy making process, and decision-makers
may experiment with various policies to learn more about the system and its con-
straints. The random pressures on the system give rise to incentives to invest in
adaptive capacity—solutions that will allow decision making to respond effectively
to a wide range of potential outcomes. Adaptive capacity may include the ability to
learn, analyze, and respond effectively. In many situations, it may be through
increasing flexibility and adaptability of institutions, capital goods, and the popula-
tion through enhancing human capital and reducing transactions costs associated
with re-allocating resources (e.g. labor, money, goods), including effective informa-
tion systems that reach all actors in the system.

6 Concluding Comments

In this chapter, we have attempted to lay out a conceptual framework to underpin the
CSA concept rooted in agricultural development economic theories and concepts.
We began by highlighting the key features of climate change that require a shift in
emphasis in research, and for innovations in technologies, institutions, and govern-
ment policies and programs. These changes include: (1) increased frequency and
intensity of climate extreme events, with potentially disastrous impacts on already
vulnerable smallholders dependent on rainfed agriculture, (2) permanent changes in
weather patterns making certain areas unsuitable for agricultural production under
existing conditions, and (3) the need to reduce emissions from the agricultural sec-
tor as a whole, while ensuring growth in the sector. These changes strongly high-
light the need to consider the heterogeneity of impacts and to understand the
implications of decision-making under uncertainty. They also point to the increased
value of an expanded set of technological and institutional options to deal with both



44 N. McCarthy et al.

heterogeneity and uncertainty, and particularly to the increased value of flexibility
broadly understood.

To set the framework, we began by viewing CSA as a welfare optimization prob-
lem. The problem has multiple objectives, namely the four pillars of food security,
food availability, accessibility, utilization, and stability, as well as reducing emissions
growth in the sector as a whole. The problem is also characterized by current con-
straints that bound the feasible outcomes, including bio-physical, behavioral, politi-
cal, institutional and distributional constraints. Achieving better outcomes can occur
by directly increasing food security, for instance by introducing technologies that
increase yields and reduce yield losses in extreme years. Or, better outcomes can be
achieved by relaxing key constraints. We also stress that the nature of the optimiza-
tion, and thus adaptation strategies, are context specific.

Adaptation to climate change may take several forms: innovation and adoption
of new technologies, adoption of existing technologies, temporary or permanent
migration, changes of agricultural activities and trade patterns, and increased range
of attractive and viable insurance products. Adaptation in most cases will also
include addressing institutional failures and constraints such as reducing tenure
insecurity, increasing access to relevant information, and improving the ability to
coordinate actions across a watershed or ecosystem. And, some adaptation strate-
gies will imply a discrete system-level change realized through broad-based struc-
tural transformation. While the solution cannot provide the exact changes in
technologies or institutions that would result in the best outcomes, it can help to
define the characteristics, or principles, associated with improved technologies or
highly effective institutional structures and mechanisms.

Finally, we highlight that the solution to the social planner’s problem for climate
change must balance adaptation and responsiveness to uncertain climate change
with the needed growth and food security objectives of the agricultural sector.
Weighting the multiple objectives is essentially a political process.
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Innovation in Response to Climate Change

David Zilberman, Leslie Lipper, Nancy McCarthy, and Ben Gordon

Abstract Climate change impacts on agriculture are varied over space and time.
The effects are heterogeneous and highly uncertain. Innovation in agriculture is
clearly an important response for effective and equitable adaptation and mitiga-
tion — and we need to rethink how to promote innovation to address the heterogene-
ity and uncertainty of climate change impacts. In moving towards climate smart
agricultural (CSA) systems in developing and developed countries, innovation will
be key. For CSA we will need greater resilience in agricultural systems and also
greater efficiency of resource use for both adaptation and mitigation. Technological
innovation will need to play a key role — but its not enough. Managerial and institu-
tional innovations are likely to be even more important in dealing with the hetero-
geneous and uncertain impacts of climate change. Innovation can complement other
forms of adaptation to climate change to form CSA practices. In particular innova-
tion can enhance technology adoption, may prevent or facilitate migration of pro-
duction/population, enhance trade & aid, and increase efficiency of insurance &
feasibility of inventories. We discuss their main features and the nature of innova-
tion needed to align these actions with a CSA strategy.

1 Introduction

The evolution of agriculture in the future will be shaped by its response to climate
change. Farmers need to adapt their practices to accommodate climatic conditions,
and agricultural activities will need to be modified to reduce greenhouse-gas (GHG)

D. Zilberman (><) » B. Gordon

Department of Agriculture and Resource Economics, University of California Berkeley,
Berkeley, CA, USA

e-mail: zilber11 @berkeley.edu; benjamingordon @berkeley.edu

L. Lipper
ISPC-CGIAR, Rome, Italy
e-mail: leslie.lipper@fao.org

N. McCarthy
Lead Analytics Inc., Washington, DC, USA
e-mail: nmccarthy @leadanalyticsinc.com

© FAO 2018 49
L. Lipper et al. (eds.), Climate Smart Agriculture, Natural Resource
Management and Policy 52, DOI 10.1007/978-3-319-61194-5_4


mailto:zilber11@berkeley.edu
mailto:benjamingordon@berkeley.edu
mailto:leslie.lipper@fao.org
mailto:nmccarthy@leadanalyticsinc.com

50 D. Zilberman et al.

emissions. But climate change is only one of the major forces that will change the
future of agriculture. Others include population growth and increases in income as
well as changes in human capital, knowledge, and infrastructure. Much of the
change in agriculture will stem from new innovations, both in terms of technologies
and institutions.

This paper aims to provide the background and analyze some of the challenges
associated with the development and introduction of new innovations in agriculture
and food systems in response to climate change. The analysis will emphasize the
role of innovations in CSA. The first section will provide an overview of the impact
of climate change and possible mechanisms in response to it. The next section will
identify the major categories of innovation associated with CSA. We distinguish
between technological, managerial, and institutional innovations and between micro
(farm level) vs. macro (farm-system) innovations. This will be followed by a discus-
sion of the barriers to introduction faced by these innovations, and a conclusion.

2 The Impact of Climate Change on Agriculture
and the Implications

The research on climate change has identified several avenues that will affect agri-
culture. They include (1) rising temperatures around the world that lead to migration
of climate from regions closer to the tropics to regions closer to the poles, (2) rising
sea levels, (3) increased snowmelt and change in the volume and timing of water use
for irrigation, and (4) increased probability of extreme events. We will next analyze
the implications of each of these events and what they imply for the evolution of
agricultural systems focusing on innovations, which are a crucial component for
adaptation to climate change (Stern 2006).

2.1 Rising Temperatures and Migrating Weather

Depending on the range of mitigation actions taken in the next decades, we can
expect that climate change will lead to increased temperatures throughout the world
by 1-3 °C, which is equivalent to a shift of 300—500 km of weather patterns away
from the equator and towards the poles. Similarly, temperature variability in regions
at higher altitudes will also increase (Ohmura 2012). While climate change may
have negative overall impact on agricultural production, the distributional impacts
are much more substantial than the aggregate affect. Thus, for instance, some warm
agricultural areas in Texas, Oklahoma, Mexico, and Western Africa will become
unviable for crop production. While at the same time, regions in Russia, Canada,
and even the Arctic will become suitable for agricultural production. Innovations to
respond to changes in temperature may involve adopting new crops and varieties in
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some areas, to migration away from regions unviable for agricultural production in
others, or investment in infrastructure and other activities in new regions. The effect
of weather migration will not be limited to plants, but rather felt across multiple
species. For example, temperature serves as an important barrier to prevent pest
infestations and while insects and other pests can move in response to changing
conditions, trees are stationary. Pest migration can endanger viable tree-based econ-
omies and will require monitoring and interventions (Porter et al. 1991). The people
displaced because of these trends may not be the ones that are able to take advantage
of new opportunities presented by climate change. Development of new technolo-
gies and other economic activities to facilitate adaptation to climatic changes and
amelioration of painful displacement will be valuable. Innovations to adapt to
migration of weather will vary across location reflecting spatial heterogeneity. In
some areas, new solutions will be required to address movement of pests as well as
to modify crop varieties to adjust to changing weather conditions. In other areas,
entirely new crops may need to be introduced. Finally, in some regions mechanisms
may need to be introduced to facilitate out migration of people. The design and
implementation of these solutions is challenged due to uncertainty about magnitude
and timing of change.

2.2 Rising Sea Levels

Sea level rise (SLR) may lead to loss of high value agricultural land as well as
important infrastructure that is crucial for exporting and importing food in many
regions throughout the world. An estimated 10% of the world’s population lives in
coastal zones (i.e. at less than 10 m altitude), with wide variation in share of popula-
tion by country, representing 14% of global GDP (McGranahan et al. 2007). Most
notably, close to half of Vietnam, Bangladesh, and Egypt’s populations live in these
zones, while China and India, with a far smaller portion of overall population, con-
tain over 200 million people living in these zones. The population impacted by SLR
will vary significantly by actual rise in sea level — from 56 million people (1.28% of
world population) with a 1-m rise to 245 million (5.57%) with a 5-m rise (Dasgupta
et al. 2009). Also, large tracts of prime agricultural land will be threatened by rising
sea levels especially in tropical regions (Kurukulasuriya and Rosenthal 2013).
Given heterogeneity across location, it is important to develop location specific
solutions. In areas especially vulnerable to SLR, transformational innovation may
be required rather than incremental approaches in order to spur adaptation and pro-
tect vulnerable populations (Kates et al. 2012). In few areas, vulnerable coastal
regions may be saved by investment in protective infrastructure (e.g. dikes, dams),
but in many cases vulnerable areas will need to be abandoned causing problems of
displacement. In some areas, there may be opportunities to adopt different types of
agricultural production, but these will require innovation.
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2.3 Increased Snowmelt and Timing of Irrigation

In addition to changes in precipitation patterns, increased temperatures will increase
snowmelt, decreasing the possibility of using water stored in snow accumulated
during the wet season to be available for irrigation during the dry season.
Furthermore, the likelihood of flooding may increase. Given the relative importance
of irrigated agriculture during dry seasons in many parts of the world, this change
may have significant impact on food supply, unless some remedial measures are
taken. These solutions are dependent on the conditions at each location. Solutions
may include investment in new forms of water inventories and storage, for example
dams for flood control and storage as well as diversion of water to underground
reservoirs. These changes may also prompt changes in crop timing and selection to
adjust to water availability. Furthermore, changes in water availability may also
affect availability of hydroelectric power for irrigation, which will also affect agri-
cultural supply (Xie et al. 2015). Thus climate change will prompt re-arrangement
and new management of agricultural water supplies (Grafton et al. 2013;
Chartzoulakis and Bertaki 2015; Basist er al. forthcoming). The substitution of
snow as water storage will require significant investment under conditions of uncer-
tainty and require innovative approaches to financial, institutional, and physical
structures applying and extending the option-value approach of Dixit and Pindyck
(1994).

2.4 Increased Probability of Extreme Events

In addition to the changes in average temperature as well as water availability, cli-
mate change is likely to shift the climatic distribution that will increase the probabil-
ity of extreme events, such as heatwaves, heavy rainfall, storms and coastal flooding.
Furthermore, climate change is a gradual process. While average conditions may be
changing gradually, there may be increased variability of climatic conditions
(Fischer and Schér 2009). There is already evidence of such changes and they
require a higher degree of resilience of farmers to fast changing conditions. This
requires both innovative efforts in terms of new technologies and management prac-
tices, as well as capacity to adopt these technologies and thus enhance resilience.

Furthermore, there is a risk of climate change triggering a tipping point that will
lead to abrupt and irreversible changes that increase in severity with rising tempera-
ture (IPCC 2014; Barnosky et al. 2012). Such very low probability catastrophic
events may include, for example, drastic rise in temperature (of 6 °C and beyond)
because of sudden release of methane gas resulting from the loss of permafrost
(Lenton et al. 2008). Such extreme events may devastate agriculture throughout
much of the world. Nevertheless there is a need for continued research to develop
agricultural production and storage systems suitable for more extreme climate con-
ditions as well as institutions for emergency responses that include movement of
people and other living creatures and relocation of resources.
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2.5 Discussion

As emphasized above, the nature of innovative responses to climate change impacts
need to adapt to two characteristics of these impacts. The first is heterogeneity.
Different regions are affected differentially by climate change: for some desert or
low-lying coastal region climate change may be devastating, while for other cold
region, climate change may be perceived as “climate improvement”. These differ-
ences in impacts, as well as differences in gains and losses from engagement in
mitigation activities, may contribute to the diverse responses and willingness to
participate and contribute to coordinated efforts to avert or slow climate change.
Weitzman (2009) studies the economic significance of catastrophic climate change
and argues that regardless of the differential impacts of likely climate change sce-
narios on various regions, humanity as a whole needs to take action to prevent some
low probability catastrophic outcomes.

The second factor that affects engaging in action addressing the climate change
challenges is uncertainty. The timing, magnitudes and locations of different impacts
of climate change are not known with certainty. At the same time, there is a wide
body of literature that suggests that farmers and other agricultural actors behave in
a manner consistent with risk aversion. Sandmo (1971) suggests, in a static frame-
work, that risk aversion reduces the magnitude of actions taken by risk averse enter-
prises as the risks they face increase. The real option approach of Dixit and Pindyck
(1994) argues, within a dynamic setup, that higher uncertainty about future out-
comes will lead to a delay of actions. Thus, the uncertainty surrounding the impacts
of climate change tend to delay and reduce the magnitude of activities aimed to
adapt to and mitigate it. Uncertainty about possible impacts of climate change also
increases the need for further research (Dixit and Pindyck 1994) to reduce the
uncertainties surrounding climate change.

Heterogeneity and uncertainty will thus increase the difficulty of identifying the
full range of responses to climate change from observable data, especially at the
present when some of the impacts of climate change (e.g., migration of warm
weather toward the pole and a significant rising sea level, triggering of tipping
points leading to irreversible changes) are more likely to occur in the longer run—
2050 and beyond. Others, for example, that increase the likelihood of extreme
events, like flood and droughts, might have already started to occur and are more
likely in the near future.

The investment in innovative activities to address the challenges of climate
change will evolve over time as knowledge accumulates. The innovative approach
must consider new technological and institutional options but also the changes in
behavioral responses to climate change and related solutions over time.

We can learn from the responses thus far on some activities, the capacity to adapt
to climate change in the future, and the factors that affect responses. The empirical
case studies in these chapters cover lessons that have analyzed responses to climate
change thus far and their implications for innovation, including technology adop-
tion and adaptation, insurance schemes, and diversification of land and labor, and to
a lesser extent internal migration. While these case studies cover a subset of
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adaptation options for which there is solid empirical evidence in developing country
contexts, there is a broader range of adaptation activities that we will also cover,
including external migration, use of trade and aid policies, and physical
inventories.

3 Innovations for Climate Smart Agriculture

There are many ways to categorize innovations (Sunding and Zilberman 2001).
Economic growth theory distinguishes among technologies depending on their
impact on inputs and outputs. For example, distinctions can be made between capi-
tal saving, labor saving, quality improving, and risk reducing innovations. Another
way of distinguishing innovations is according to their form, e.g. technological,
managerial, and institutional innovations. Technological innovations are embodied
in new machinery, and can be further divided into mechanical (e.g. tractors), bio-
logical (e.g. seeds), and chemical (e.g. fertilizers) innovations. Managerial innova-
tions are not embodied in physical capital, but rather are described by better practices
such as Integrated Pest Management, improved pruning techniques, and crop rota-
tion. Institutional innovations may include new organizational forms (e.g. coopera-
tives) and arrangements for trading (e.g. future markets and contract farming).
Because of the heterogeneity and randomness of climate change impacts, there are
several types of innovation that will be especially valuable, and the following sec-
tion outlines many of these innovations. Below we present and analyze the innova-
tions that are likely to be required to adapt to climate change. We classify them in
three categories: technological innovations, managerial innovations and institu-
tional innovations. The technological and managerial innovations are divided into
micro—farm level innovations and macro-farm system innovations. All the institu-
tional innovations we consider are at the macro level.

3.1 Technological Innovations
3.1.1 Micro, Farm-Level Approaches

Resilient crops and livestock Because of rising temperatures and increased vari-
ability, development of new crop varieties and livestock breeds that can tolerate
these changes will be very important. Due to the frequency of change, it will be
important to detect change and develop genetic material that can adapt to this
change relatively fast.

Pest control The migration of pests may prompt the need to develop new pest man-
agement techniques, which are both environmentally friendly, cost-effective, easy
to use, and efficacious. A diverse approach utilizing biological, mechanical, and
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chemical control, in concert with genetic approaches, will be needed. An on going
effort to identify emerging pest problem will need to guide the development these
pest control innovations.

Input use efficiency enhancing technologies Frequently, there is a significant gap
between the level of applied inputs and the amount utilized by the crop. For exam-
ple, with flood irrigation, input use efficiency may be 50%, but with technologies
like drip irrigation, efficiency may increase to 90%. Frequently the residue (i.e. the
input not taken up by the crop) is a source of externalities. Khanna and Zilberman
(1997) suggest that adoption of input use efficiency enhancing technologies tend to
increase yield, save input, and reduce pollution. Better application technologies
may reduce water, fertilizer, and chemicals while reducing the side effect associated
with their use. The notion of input use efficiency enhancing technologies applies to
crops and even livestock. Some crop varieties may increase output while the change
in feeding regimes for livestock may decrease greenhouse gas emissions.

On-farm storage Parfitt et al. (2010) suggest that there is significant post-harvest
loss on the farm and much of it occurs among subsistence farmers in developing
countries that lack basic storage capacity. Innovative on-farm storage infrastructure
can help address yield losses brought on by increased temperature as well as
increased frequency of shocks. The challenge is to design systems that are afford-
able, easy to install and operate, and reliable. The design of the system must address
heterogeneity in bioclimatic conditions.

Higher yield and longer shelf life Crop varieties, as well as livestock, that increase
yield per area tend to reduce agricultural footprint and the effort required to com-
pensate for production loss due to climate change. Longer shelf life would decrease
transportation costs, storage costs, and, especially, waste associated with agricul-
tural distribution. Shelf life enhancement is important in the context of climate
change because increased temperatures increase the likelihood of spoilage.

Sustainable Land Management (SLM) Frequently, agricultural practices in devel-
oping countries lead to reduced soil quality. Extreme weather associated with cli-
mate change may worsen this problem unless improved agronomic practices are
introduced. SLM practices aim to increase yield without degrading soil and water
resources. In addition, they aim to sequester carbon. There are already several SLM
practices such as organic fertilization, minimum soil disturbance, and incorporation
of residues, terraces, water harvesting and conservation, and agroforestry (Branca
et al. 2013), but there are many opportunities for developing new SLM practices and
refining existing ones to accommodate spatial and climatic variability.

3.1.2 Farm System Approaches
Low-cost flood protection and water storage facilities Because of the concern of ris-

ing water level, and the resulting instability due to floods, innovation that reduces the
cost of protection against rising water levels and floods will be a priority. In assessing
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such investments, it is important to consider the benefit of avoided conflict due to
reduced climate migration.

Weather information distribution technologies There is significant evidence that
availability of weather information, including its implications on irrigation (evapo-
transpiration losses), enable farmers to modify their irrigation and pest control strat-
egies which lead to significant increases in yield and saving of water and other
inputs (Parker and Zilberman 1996). Reliable weather information will be espe-
cially important during periods of heightened climate change during which farmers
face greater uncertainty of weather patterns. But information about weather systems
requires both weather stations as well as delivery systems that provide useful and
reliable information across many users. This system must be affordable and fit the
needs and capacity of poor farmers.

Improved mitigation Reducing GHGs is a key to effective adaptation to climate
change in the long run, and an important CSA goal and thus it includes innovation
and adoption of cultural practices, crop varieties, management practices, and insti-
tutions that will accelerate mitigation. Already, the transition to no- or low-tillage
practices has been considered a major source of carbon sequestration, and adoption
of higher yield varieties and conservation technologies that reduce the land, atmo-
spheric, and fossil fuel footprint of agriculture is another important mitigation strat-
egy (Lal 2011; McCarthy et al. 2012).

3.2 Managerial Innovations
3.2.1 Micro, Farm-Level Approaches

The differences between technological and managerial innovations are not clear cut.
New machinery or input require innovative management practice to be effective and
adopted. Here we will emphasize innovation that mostly emphasize improve man-
agement — but may also involve use of new technologies.

Input use efficiency management techniques The efficiency of water use or chemi-
cal input can be significantly increased through the adoption of information inten-
sive management practices that optimize the timing and quantities of application of
inputs. Precision technologies vary variable input application over space and time
based improved monitoring of field and weather conditions. Dobermann et al.
(2004) suggest that precision farming may save input and/or increase yield and that
both mechanisms for monitoring spatial or other sources of variability and methods
to utilize this information have a large potential for further improvement.
Development of precision techniques for resource poor developing countries is a
special challenge as they may be the major beneficiary from these techniques.

Integrated Pest Management (IPM) The likely increases in pest pressure because
of climate change may require new technical solutions but also increase effectiveness
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of pest management in terms of detection and coordination of pest control activities.
IPM emphasizes measurement of pest pressure and integration of alternative
approaches (cultural practices, chemical, genetic modification and biological) to
optimize the net benefits of treatment, taking into account pest dynamic and envi-
ronmental side effects. The adoption of IPM is constrained by the cost of monitor-
ing pests and difficulty of tailor-made IPM approaches specific to bioclimatic
conditions (Waterfield and Zilberman 2012). The effectiveness of responses to cli-
mate change will benefit from the development of affordable and easy to implement
IPM strategies.

Land use and on-farm management practices Changes in both the mean and vari-
ability of climatic conditions accompanied by changes in technologies and eco-
nomic conditions will require improved management tools used to facilitate the
selection of crop types and crop varieties, allocation of land among crops, and selec-
tion and implementation of production practices. The improvement of quality of
data, computation capabilities and communication will provide opportunities for
introducing new management tools that are affordable and accessible even to small
farmers in developing countries.

3.2.2 Farm System Approaches

Local collective action for improved input use and management Management prac-
tices like IPM, SLM and improved input use efficiency require a knowledge base
that is shared by many farmers. For example, both IPM and improved water use
efficiency rely on weather information that may be collected by regional weather
stations. Developing strategies to address crop diseases as well as controlling build-
up of resistance to pest control will require collective action. Effective land use
management should take into account externalities among crops and other produc-
tion activities within a region. Therefore, development of regional institutions for
collaboration that will allow for the provision of public goods and capturing econo-
mies of scale among small producers will be of high value. Poteete, Janssen, and
Ostrom (2010) provide multiple forms of institutions to address various collective
action challenges in the development context, but different situations may require
different solutions and there are many opportunities for innovative institutional
designs to address emerging climate change challenges.

Insurance Products The decreased stability of weather due to climate change raises
the value of risk management strategies. For example, Mendelsohn (2006) suggests
that crop insurance can be a good strategy to cope with increased risk. Golden et al.
(2007) suggest that using weather derivatives and similar financial instruments can
be an effective mechanism to address climate change related risk. The story of
Joseph in the Bible illustrates the role of inventory as mitigating weather variability;
similarly, there is a large literature on the economics of storage management in
agriculture (Williams and Wright 2005) that applies to increased weather
instability.
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The implementation of insurance as an adaptation mechanism is quite challenging.
First, risks associated with climate change are difficult to quantity — risks are
dynamic, rather than static, and the parameters of key variables change over time
and cannot be predicted reliably (Patt et al. 2009). Furthermore, Millner et al. (2010)
suggest that some impacts of climate change cannot be captured well by a standard
probability distribution, which makes actuarial computation even more challenging.
Second, insurance may affect other adaptation strategies. It may lead to a moral
hazard by reducing precautionary activities, while other adaptation strategies may
reduce the need for insurance. Thus risk and adaptation strategies must be designed
simultaneously (Tol 2009). Third, implementation of insurance may require good
monitoring of behavior to overcome adverse selection. The design of mechanisms
to adverse selection is especially challenging when distributions of risks are evolv-
ing or partially unknown. Finally, agricultural insurance programs have served as
rent seeking mechanisms (transferring income) indicating that their efficiency has
been questionable (Schmitz 2010; Krueger 1990). Thus, the development of insur-
ance strategies to address climate change must proceed with caution.

Resilient supply chain management Design of appropriate supply chains is essen-
tial to enhance effective adoption (Lu et al. 2015). Agriculture in developing coun-
tries is going through a food system revolution characterized by the introduction of
new rationalized supply chains that enable better storage and allow for product dif-
ferentiation and link farmers in developing countries with super markets (Reardon
and Timmer 2012). This modern supply chain led to the adoption of many innova-
tive practices and a substantial effort must exist to enhance supply chains further to
allow for coping with the effects of climate change.

3.3 Institutional Innovations

Institutional innovations occur at the macro, farm system level. We can distinguish
between two types of institutional innovations: (1) Institutions that will enable inno-
vation processes. Some of these institutions that are part of CSA innovations them-
selves are discussed in this section. Institutional innovations that address the
limitations of the existing systems are discussed in next section on ‘Overcoming
Barriers to Innovation in the Era of Climate Change’. (2) Institutions that will allow
implementing other elements of adaptation strategies besides innovation and
adoption.

3.3.1 Innovations as Part of CSA Programs
“Climate Smart” extension programs Innovations are mostly concepts that present

new ways of doing things within a context. To be implemented, innovations must be
developed, upscaled, and then tested at the implementation level. A program of
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marketing and education is then needed to bring an innovation to practitioners.
Different countries have their own innovation systems, which are adapted to differ-
ent types of innovations and contexts (Nelson 1993). The implementation of CSA
may require innovative design of networks that will extend the technology from the
scientists to the practitioners and this extension effort should include not only the
public extension service, but also private firms, cooperatives, and NGOs.

Integrated Pest Management at relevant ecosystem scale Pest control activities
generate externalities, especially given the small scale of farms and the movement
of pests. These externalities may be positive, for instance through pollination, or
negative, for instance through the build-up of resistance. There are some activities
that require the full spatial coordination among farmers, such as pest eradication
plans (Waterfield and Zilberman 2012). The introduction of CSA pest management
programs may require innovative efforts to identify and monitor their possible
externalities and develop mechanisms to control them.

Land use regulations and management at ecosystem scale Agricultural production
have significant environmental externalities, including chemical contamination of
bodies of water and soil erosion, as well as damage to ecosystems and wildlife. The
introduction of CSA activities without considering and addressing their potential
side effects may lead to counter-productive outcomes. Therefore, innovative efforts
are required to design systems of education and regulation to design and implement
systems of regulation and implementation that will monitor the externalities of CSA
and control them.

3.3.2 Institutions for Enhancing Various Adaptation Strategies

Trade regulations International trade results from differences in relative advantage
between regions and is a risk sharing mechanism. Climatic changes and shifts in
weather patterns, may result in crop production patterns that will lead to changes in
trade. For example, Aker (2012) finds that increases in trade ameliorate the impact
of drought in West Africa. A region with a warming climate may switch from grow-
ing wheat to corn, export the corn, and import wheat. Changes in trade patterns
resulting from climate change may have significant distributional implications.
Innovative frameworks that are able to identify new trade opportunities, their impli-
cations, and barriers to its implementation will be of importance. The capacity to
utilize trade in response to climate change depends on infrastructure (e.g. availabil-
ity of transportation and processing facilities) as well as international trade policies
and institutions (Zilberman et al. 2012). New innovative frameworks can identify,
for example, new infrastructure requirements and how to implement them and
institutional arrangements that will provide an enabling environment for new trade
opportunities.

Aid distribution mechanisms While trade is an exchange between two parties, aid
is a transfer from one party to another. Even still, aid can play an important role as
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a mechanism to address risk associated with climate change. Like trade, the capac-
ity of aid to address climate change depends on the availability of efficient transpor-
tation as well as accurate detection and response systems (Donaldson 2010). Both
aid and trade could serve as substitutes to migration as a response to climate change.
Research and development may lead to innovations that enable trade or to mecha-
nisms that facilitate provision of aid in times of crisis while maintaining overall
social welfare. Innovative approaches that reduce the cost of implementation and
increase the effectiveness of aid mechanisms is especially important given financial
constraints on such efforts.

Movement of water resources (management and conflict resolution) Climate
change may drastically change precipitation patterns, as well as lead to significant
melting of snow packs, and thus lead to changes in water availability over space and
time, water movement and storage patterns. These changes will occur both within
and between countries. It will raise issues of property rights that have to be sought
and solved before they lead to conflicts. Furthermore, the institutions that currently
own and distribute water will lose capacity, and some of them will get into severe
financial troubles, as they would not be able to meet their obligations. At the same
time, there will be a need to design and develop new water facilities and water dis-
tribution organizations that will be able to address the new reality.

Addressing these challenges require significant institutional innovations. There
will be a need to develop insurance mechanisms for water districts and other water
suppliers against the hydrological risks faced, as well as the resulting financial
losses. As the knowledge about the changes in water supply and storage patterns
emerge, there will be a need to rethink water infrastructure and supply. Designing
water systems is a lengthy process and an early start may provide significant edge.
The work of Xie and Zilberman (2016) shows that the investment in water project
capacity is affected both by changes in water availability as well as the investment
in water technology and thus regional planning of water systems is needed prior to
the investment in water system modification.

One of the most challenging aspects of water resource management is the assign-
ment of water rights. Traditional water rights systems, established during periods of
water abundance and under colonial arrangements, can be an obstacle to efficient
development of water resources (Schoengold and Zilberman 2007), and water right
reform is essential for improvement to allocation. Legal and policy research that
lead to innovative water right reform will be an important step in designing and
implementing strategies to address water supply implications of climate change.

Insurance regulations Risk and uncertainty are the most challenging aspects of
climate change. New designs of institutions to address these two facets are a major
challenge. It is especially important to develop mechanisms that ensure farmers
have insurance against extreme events. Much of the literature on crop insurance
argues that it serves frequently as a subsidy rather than insurance per se, and farmers
tend to undersubscribe to insurance schemes that are self-supporting. Furthermore,
subsidized insurance may lead to engaging in risky and environmentally damaging
behavior (see survey by Smith and Goodwin 2013). There are new forms of
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index-based agricultural insurance, but thus far, the quality of their performance has
been questionable and there remains a significant need to redesign them (Binswanger-
Mkhize 2012). With new sources of information and improved communication
technologies, the continued redesign of various forms of insurance is a major chal-
lenge for interdisciplinary research and practitioners alike.

Social safety nets A higher frequency of extreme events and loss of livelihood due
to changing weather may cause farmers to loss their main sources of income, and in
many cases food for subsistence. Society will need to design innovative approaches
to sustain individuals and communities that experience significant loss as a result of
climate change. These approaches must enable them to survive through tough tran-
sitional periods while also providing the foundation for re-engaging in the economy.
The design of safety net mechanisms may consist of emergency intervention, relo-
cation, insurance arrangements, credit and financial products, and job training.
These mechanisms need to be able to adjust to varying conditions and to recognize
the limited capacity of the poor to utilize such assistance and insurance while also
having rapid response times in order to be effective (Dercon 2002).

Incentives for farmer-level adoption The most important factor that affects adop-
tion of new technologies is incentives. There is growing research to introduce inno-
vative policies that will provide farmers the incentives to utilize new technologies,
engage in preventive practices to reduce the risks of climate change, and adopt
resilient new varieties and activities most appropriate for the challenges posed by
climate change.

Adoption of existing and new technologies is a crucial element of mitigation of
and adaptation to climate change. There is evidence that many barriers to adoption
of new valuable technology exist, which are discussed in the literature (Zilberman
et al. 2004). New information and communication technologies provide new oppor-
tunities to improve the ways that new technologies are introduced and marketed to
enhance adoption. These technologies can be used to improve the information that
farmers have of new technologies, accelerate the learning curve of using technolo-
gies efficiently and effectively, and reduce the fit and reliability risk associated with
these technologies. Innovative approaches may be applied by cooperative extension
as well as the private sector.

Migration Since climate change will result in relocation of people, design of mech-
anisms and institutions to facilitate peaceful migration and relocation will become
important. As the 2015 migration crisis!, resulting from the Syrian war and other
problems, in Europe suggests, accommodating immigrants is a major policy chal-
lenge. Mechanisms to address the increase in migration due to climate change will
be a priority of climate smart policy. According to Docherty and Giannini (2009),
there is an urgent need to develop innovative approaches to address the climate
change refugee problem. They call for a new legal instrument that will establish the

'See for example: “How Climate Change is Behind the Surge of Migrants to Europe” Time
Magazine, September 7, 2015.
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human rights of climate refugees, mechanisms for humanitarian aid, and develop
criteria to share the burden of relocating climate refugees, as well as financing the
relocation efforts. Because climate change will also create new agricultural oppor-
tunities, it will be ideal to develop an institutional framework that will enable farm-
ers, especially within regions, to relocate from locations that suffer from climate
change to ones that offer new opportunities. The development of institutions to
address migration and relocation requires multi-disciplinary efforts and interna-
tional collaboration and it is a major and urgent challenge.

4 Overcoming Barriers to Innovation in the Era of Climate
Change

Practitioners have been a major source of innovations throughout history. For exam-
ple, the wheel, crops for cultivation, and initial farming practices were identified
and improved by practitioners. However, science and research are becoming major
sources for new innovations in the modern era (Harari 2014). Still further, in the
case of climate change, it is important to accelerate the innovative process so that
new solutions will be available when and where climatic changes materialize.
Scientific research has contributed to the development of new forms of engines,
electric appliances, and new medicines, as well as fertilizers and new crop varieties.
The innovation process goes through multiple stages. In the case of technological
innovation, the process begins with research activities that lead to discoveries of
ideas, which are at the core of new innovations. Then through the development pro-
cess, ideas are refined, tested, and scaled up through further experimentation. For
many biological and chemical innovations, the development process also includes
government approval for use before commercialization. Upon product feasibility
and approval, it is commercialized through activities of production and marketing.
Consumers begin to adopt the product, both using and evaluating it, and their feed-
back leads to product refinement and further innovations. This mostly linear charac-
terization ignores feedbacks and interactions (Etzkowitz 2010) but provides a useful
framework to consider some of the major challenges faced by new innovations. In
the case of managerial and institutional innovation, the innovation process may also
start with research activities that identify alternative options to solve a problem, for
example, through economic research or decision theory. Once solutions are identi-
fied, there will be a process of experimentation. Managerial and institutional inno-
vations are frequently introduced gradually, for example the reforms in China were
first introduced in one location and then spread gradually (Rozelle 1996). The recent
increasing use of randomized controlled trials is another mechanism that exist for
the introduction and diffusion of new managerial and institutional innovation.

A viable and effective research infrastructure contributes significantly to the
introduction of new innovations. The theory of induced innovation suggests that the
selection of research priorities is affected by the potential economic gains from
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innovation and the relative effort required to attain the desired outcome. But
obtaining basic research results is not sufficient to achieve practical innovations.
The stage of development in scaling up results often requires more funding than the
basic research. It requires organization that has the resources necessary to carry out
this process. In the developed world, the public sector is more dominant in the
research stage while the private sector (start-ups and multinationals) is more domi-
nant in product development and commercialization. Because of the significant
investment associated with development, companies would not otherwise engage in
it absent some assurance of economic benefit from its outcome, such as intellectual
property rights. This assurance is a major reason behind technology transfer from
universities and research institutions, through offices of technology transfer, to the
private sector (Graff et al. 2002).

The commercialization effort and investment in establishing a supply chain,
which includes manufacturing, distribution, and retail outlets, for new product dis-
tribution may be more significant than the development of the product itself
(Reardon and Timmer 2012). The development of the supply chain, and its subse-
quent patterns of production and marketing, may vary across products and loca-
tions. The private sector will not engage in development of such supply chains
without the expectation that investment will result in a positive net return of capital.
The private sector is more likely to invest in innovations that are directed to the
needs and wants of the developed world than the developing world. For example,
the higher willingness to pay by consumers in developed countries for high quality
agricultural products may lead the private sector to invest more in innovations that
are targeted towards these markets. Research may lead to innovation that will reduce
the cost of establishing new supply chains that facilitate a faster adaptation to cli-
mate change as part of CSA.

The above analysis suggests that several barriers exist to selecting and imple-
menting climate smart agriculture innovations that will meet the need for growth in
agriculture to meet food demand and contribute to poverty reduction in developing
countries. The following section presents specific barriers organized by (i) research,
(i1) refinement, and (iii) commercialization, approximating the rough order of pro-
gression of an innovation.

4.1 Research and Refinement

Knowledge and technology The development of production practices as well as
new crop varieties that may enable adaptation to climate change require knowledge
that combines understanding of crop systems, current and alternative practices, and
biophysical constraints for a given location. Thus, it is important to invest both in
basic research as well as applied development efforts especially because the private
sector is less likely to tend to the problems of developing countries. The Consultative
Group on International Agricultural Research (CGIAR) centers emphasize research
on the challenges of the developing world, and national agriculture research centers
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are supposed to focus on the application of innovations to local needs. However,
while this bifurcated system had significant achievements during the Green
Revolution, it is unclear to what extent it can meet the challenges posed by climate
change. The system was not designed to withstand larger shocks and the increased
degree of uncertainty and variability that are associated with climate change. It has
not emphasized climate science and building large capacity to adapt to varying con-
ditions. While this system provides a good foundation to local research and innova-
tion, the extra benefit from extra knowledge because the growing risk of climate
change suggests that this system should be reevaluated and strengthened (Sanchez
2000).

Many of the technologies required to adapt to and mitigate climate change are
developed at universities in the developed world. Developing of mechanisms to
accelerate the transfer of knowledge to action in developing countries coping with
climate change problems is a major challenge. But to be effective, technology trans-
fer should include local adaptation and adjustments. Furthermore, a key challenge
is to develop systems that will incorporate local and traditional knowledge in agri-
cultural production systems. Thus, new systems will incorporate modern methods
with traditional models adjusted to local conditions (Nyong et al. 2007). It requires
enhancing human capital and research capacity at universities in developing coun-
tries, engaging developing mechanisms to identify local knowledge to innovation
systems and providing ongoing support for collaborative research between
universities.

Intellectual property rights One of the main challenges associated with transfer of
information is that much of it is proprietary and thus protected by intellectual prop-
erty rights. However, several mechanisms exist to address this situation. First, much
of the innovation, especially in the area of biotechnology, was generated at universi-
ties that sold some of these rights to the private sector (Graff et al. 2003). However,
the licensing frequently does not cover application to crops for use in developing
countries. And thus, establishment of a clearinghouse would serve to facilitate the
transfer of public control intellectual protection rights for use in developing coun-
tries can go a long way to solve the IPR challenge (Graff and Zilberman 2001).
Indeed, some facilitating organizations for technology transfer exist, including
Public-Sector Intellectual Property Resource for Agriculture (PIPRA) and African
Agricultural Technology Foundation (AATF). Here should also raise the interna-
tional treaty for plant genetic resources.

Fit One of the major barriers of technology is that technologies may not fit the
specific needs, preferences, or capacities of the intended adopters. Much of the
effort of marketing is to reduce fit risk (i.e. probability that the technology is not
adopted) through demonstrations, return policies, education & training, etc. (Zhao
et al. 2012). However, lack of fit may arise from inappropriate design that does not
take account of the needs and desires of the particular population. Therefore, there
exists a place for participatory research and wide engagement of community in
product design and introduction. This approach builds a bridge between the innova-
tion and extension of the technology. One of the major factors of success of drip
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irrigation in some regions is that cooperative extension worked with practitioners to
redesign complementary aspects of the production system so that the new irrigation
system would fit with other components of the extant system. Venot et al. (2014)
argue that for a technology to be successfully adopted, the production system and
technology must be re-designed to incorporate the multiple contexts and practices
of the specific location.

Financing The innovation process serves as an investment to produce new proce-
dures and institutions that can help address climate change. Each stage of the inno-
vation process requires finance, often in unique ways for research, development,
production, and adoption. Because mitigation and adaptation to climate change
have properties of public goods (as we argued, climate change may result in damage
to public infrastructure and human life throughout the world), the finance should
rely on public sources in addition to private ones. The role of public finance may be
more essential in some aspects of the innovation process (e.g. basic research). But
since much of the technological innovations associated with climate smart agricul-
ture will be introduced in developing countries, development of targeted funds to
facilitate adoption will be a major priority. For example, this can be accomplished
through financial mechanisms? that support innovations and adaptations to climate
change in the developing world.

4.2 Commercialization/Adoption

Knowledge dissemination systems Dissemination of new technologies in devel-
oped countries is done jointly by the public and private sector (Wolf et al. 2001).
Farmers receive information about new technologies from agricultural media, com-
mercial vendors, cooperative extension, and commodity associations. Frequently
media processes information obtained from cooperative extension. Different sources
of information have varying degrees of reliability while also highlighting different
aspects of some technology (Just et al. 2002). In many developing countries espe-
cially vulnerable to climate change, the knowledge dissemination system may be
lacking. For example, the private sector may not invest in distribution networks,
extension services may be understaffed and underfunded, and access to information
from media may be limited. Frequently, the introduction of new technologies will
require the development of a dissemination system. Dissemination will improve
with investment in extension services and a communication network.

Limited incentives for farmers to adopt innovations Many of the innovations that
are associated with CSA address problems of externalities and public goods. For
example, innovations that lead to a reduction of GHG emissions provide a public
good. When externalities or public goods exist, there are likely to be problems of
market failure. In particular, adopters will not capture the social benefit associated

2a la the Clean Development Mechanism of the Kyoto Protocol that is well-designed.
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with reduction of externalities or provision of public goods. Thus, policy
interventions are needed to incentivize and enhance adoption. Mechanisms sug-
gested by environmental economists (e.g. financial incentives, direct control, subsi-
dies, voluntary agreements) require design of policies that take into account financial
and institutional arrangements (Hanley et al. 2007). The new knowledge of behav-
ioral economics suggests the value of nudges (positive reinforcement and indirect
suggestion) as a mechanism to enhance adoption and utilization of new innovations
(Thaler and Sunstein 2008).

Limited incentives for governments to adopt progressive regulatory regimes Because
climate change may require introduction of new varieties and new crop production
systems at various locations, and changes may occur frequently over time, capacity
to innovate and adopt in a timely matter will be important. One of the major barriers
to introduction of new varieties is a regulatory that hinders dynamic growth.
Regulations are of prime importance because much of agricultural technology may
pose unforeseen risks. However, the regulatory process may be too lengthy and
costly and hinder the creation of institutions that accelerate innovation, such as CSA
practices. Efficient regulation should balance risks and benefits, taking account of
precautionary measures,’ but also take into account the cost of not implementing a
new technology.* A regulatory system should be designed to avoid bureaucratic
redundancy and to be transparent. One of the challenges of introducing a portfolio
of technologies within CSA is to design and build human capital and procedures to
ensure effective implementation with appropriate safety mechanisms (Rennings
2000).

The challenge of regulatory systems is in adjustment of regulation and policy to
account for variability of conditions within agriculture and the heterogeneity of
impact as well as the uncertainty not only with technology vis-a-vis climate change
but also the need for technology to be able to adjust to diverse conditions and
respond to unexpected random shocks. A flexible system of regulation would
include insurance, credit, land use and property right regimes similar to those
described in this chapter, thus acknowledging the challenges of implementing inno-
vations that adequately address the impacts of climate change.

Finance The literature on adoption recognizes credit constraint as a major obstacle
to adoption of new agricultural technologies, especially for the poor in developing
countries who are further among the most vulnerable to the effects of climate change
(Zilberman et al. 2012). Availability of credit depends on an individual’s capacity to
repay loans with income generated by the technology financed. When CSA does not
increase significantly the expected profitability or earned income, but mostly serves
to decrease risk or reduce externalities, financial constraints will be even more bind-
ing. This constraint can be relaxed through policies that provide increased availability

3For example, using a risk threshold that may occur at 1%, or even lower, for risk analysis
(Lichtenberg and Zilberman 1988).

“The regulatory delay on the introduction of golden rice is an example of the cost of excessive
regulation of a new technology that has the potential to benefit the poor.
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of credit directly or by paying for environmental services associated with adoption
of the technology.

Certification Innovation or adoption of strategies that will enable mitigation of or
adaptation to climate change is likely to be greater if the innovators or adopters are
rewarded. Economists prefer to use financial incentives to encourage environmental
stewardship. But, when mandatory environmental policies are not feasible, volun-
tary policies may be attractive. For example, innovative environmental certification
has enhanced environmental practices and tourism in Costa Rica (Rivera 2002). In
the case of climate change, economists have advocated for introduction of a carbon
tax because it provides incentives to reduce emissions of GHGs and enhance miti-
gation. However, carbon tax mechanisms in agriculture do not yet exist. An alterna-
tive mechanism to encourage adoption of climate change reducing strategies is to
develop a voluntary mechanism such as certification that increases the value of
products produced with practices deemed to effectively address climate change
challenges.

A key component of CSA may be to identify practices that are desirable within
this context and to develop a mechanism for certification that will reward policy
makers that pursue such practices. While this approach has much merit, its imple-
mentation is challenging due to issues of fraud and the cost of monitoring (Hamilton
and Zilberman 2006). For example, de Janvry and Sadoulet (2015) show how the
implementation of a certification program, in this case Fair Trade, may not lead to
the desired outcomes. Furthermore, in the case of CSA, the program may backfire
if it does not correctly identify activities that contribute to effective management of
climate change challenges. Therefore, the design of any certification program must
be done in consultation with the latest scientific information available and the per-
formance of the program must be reassessed periodically to ensure it takes into
account new knowledge.

Unintended consequences of conservatism While environmental groups are among
the most concerned about climate change, and were on the forefront of developing
mechanisms to finance mitigation, sometimes they may oppose many innovative
technologies and institutions that may be part of the solution to the challenges of
climate change. This cautious response is not surprising because the traditional
instinct of such groups is to protect and conserve (Douglas and Wildavsky 1983).
Yet scientific progress may lead to new outcomes that may change reality and have
uncertain outcomes. It is prudent to develop regulatory systems to pre-test new tech-
nologies, monitor and reevaluate their performance and then design regulations. But
over regulation may lead to underinvestment in research that may stymie the devel-
opment and implementation of new innovations. The risk of implementing new
innovative concepts should be compared with the cost of not utilizing them. There
are some special examples where strong objection to new innovations on environ-
mental grounds may be especially counter productive. Changes in weather may lead
to initiatives to change land use and in some cases conversion of wilderness areas to
agricultural production. These initiatives should be considered and adopted if their
expected benefits significantly exceed their costs. New technologies that take



68 D. Zilberman et al.

advantage of modern molecular biology, including genetic modification, should be
considered as part of the solution to climate change (Zilberman 2015) These new
technologies have significant potential for fast adaptation and reduced human foot-
print, and the resistance to such technologies can be counterproductive.’

The notion of sustainable development recognizes that dynamic processes are
occurring and realities are changing. It aims to enhance human development and
growth while protecting human well-being and environmental quality (Zilberman
2014). A defensive environmental strategy justifies mitigation and mechanisms to
address it, such as carbon tax, but may provide obstacles to adaptation. For example,
with climate change, some areas that are considered wilderness will have to be con-
verted to agricultural use. Thus, zoning will need to be flexible to accommodate
changing conditions.

4.3 Discussion

Barriers to innovation may vary across different categories of innovation, as well
as over space and time. Scientific knowledge in the biophysical fields may be a
significant barrier to cutting edge technological innovation and thus require sig-
nificant investment in research. Furthermore, the knowledge gap varies across
fields and different types of innovation. The knowledge gap in social sciences on
understanding human behavior may hinder the development of management inno-
vations. It can be addressed by both advanced conceptual understanding as well
as experimentation with various types of management schemes under different
conditions. Lack of information on behavior of both socioeconomic and biophysi-
cal systems under different conditions is another constraint on further develop-
ment of innovations and especially refining it to address the specific needs of the
end users. Thus improved data collection and methods can reduce these con-
straints. Financial constraints may be especially limiting for the development of
capital intensive technological innovation but also may limit the development of
managerial or institutional innovations that require investment in infrastructure.
For example, the introduction of a carbon tax or incentive for carbon reduction
that would lead to carbon saving practices, might require investment in monitor-
ing to implement the policy.

Policies to reduce barriers to innovation require significant amounts of research
on the institutional framework, technology transfer and adoption. This research
should investigate the design of institutions that allocate research funding to

SThe case of genetically modified (GM) organisms is one example. As Bennett et al. (2013) have
shown, GM technologies increase yield and reduce agricultural footprint as well as having a big
potential to have environmental protection and adaptation to climate change. Their further use is
slowed down by objections from environmental groups. Some of the objections to adoption of
GMOs are based on the fact that much of the technology was developed by private sector. Yet there
are mechanisms that allow access to the technology to develop new varieties for farmers in devel-
oping countries (Graff et al. 2003).
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innovative activities in a fair, efficient manner that take into account both costs
and benefits as well as various levels of assessed risk. The allocation of resources
must have a strong spatial element capable of addressing the needs of remote
areas, local communities, and have a cultural understanding to get buy-in for new
solutions. Furthermore, a key element in developing policy is alliance between
the private and public sector that will allow smooth technology transfer and effi-
cient commercialization of new innovations.

5 Conclusion

Climate change is a dynamic process and its evolution and impacts depend on
human actions. Without mitigation and with continuing build up of GHGs in the
atmosphere, the severity of climate change impacts increase over time. At the early
stages of climate change, adaptation may be incremental. It mostly consists of
responses to changes in variability, increased mitigation efforts, better learning and
understanding of climate change, development of new technologies and design of
infrastructure and more transformative adaptation in anticipation of more drastic
changes (Sea level rise, significant migration of weather). During these periods the
challenge is in the response to crisis, mitigation, and development of capacity that
may allow for adaptation to more drastic changes.

At future dates for many parts of the world, the new capacity and preparation in
terms of technology and institutions in the near future will allow regional transfor-
mations of agriculture, peaceful migration and resettlement, and new reallocation
and better management of water and other resources in response to more drastic
changes. However, the timing for transformational adaptation varies by location.
For instance, in low-lying coastal areas, such as Bangladesh, this form of adaptation
may be required in the near future (Kates et al. 2012).

Adaptation to climate change does not occur in isolation, but rather in parallel
with other dynamic processes. The impact of climate change, and the design of
adaptation strategies, depends on these processes. Three processes are of particular
mention: technological change, population growth, and consumption per capita. If
technological change in agriculture is moving relatively fast and productive capac-
ity outpaces growth in demand for agricultural products (resulting from population
growth and growth in per capita demand), then adaptation to climate change will be
less painful in terms of its impact on social welfare. If overall demand for agricul-
tural production outpaces the rate of technological change in agriculture, then the
attempts to adapt to climate change will be more painful and the challenges of cli-
mate smart agriculture will be exacerbated. If and where migration from rural to
urban areas continues in many parts of the world and average farm size increases
over time,® then climate smart agricultural strategies may be more affordable and
the impact of climate change may be less harmful than when the landholding of

©As the next generation of people that grew up on farms leave them for the cities.



70 D. Zilberman et al.

individual farmers declines. The overall geopolitical situation will be crucial to the
ability of technology transfer and peaceful relocation programs in response to
climate change. Thus a more peaceful, collaborative world is a necessary condition
for the implementation of climate smart agriculture.

While climate change affects average conditions and variability at each location,
the impacts of climate change are heterogeneous and uncertain. The heterogeneity
suggests that some regions gain, others lose and the magnitude of the impacts vary
as well. Furthermore, adaptation and the innovations that are associated with it vary
by location.

Climate change will increase the value of good management and flexibility, espe-
cially in agriculture. Adaptation, including mitigation, to climate change will require
a high degree of technological innovation, both in terms of physical technologies as
well as institutions and policies. Thus, a key element to develop policies to adapt to
climate change is investment in R&D as well as international collaboration. As CSA
requires investments, namely some sacrifice in the present for future benefit, it
requires buy-in, education, and building awareness about climate change and the
gain from adaptation.

The analysis here suggests several principles to guide the introduction of innova-
tion and develop capacity and policies to address climate change. First, pick up the
low-lying fruit. Namely, identify no-regret strategies of R&D and innovation that
will address climate change and other pressing needs as well as emphasize cost-
effective strategies to mitigate and delay the effects of climate change. Second,
invest in R&D focused on the development of resource-conserving technologies
and monitoring technologies. Third, emphasize innovations (technological, mana-
gerial and institutional) that increase the resilience of agriculture and allow it to
withstand severe weather events. Fourth, take advantage of the frontier of knowl-
edge of all types and utilize technologies that enhance human welfare and improve
capacity to mitigate and adapt to climate change. Restricting the set of allowable
solutions will reduce the capacity to sustain the effects of climate change. Fifth,
emphasize the use of efficient mechanisms to incentivize farmers and other con-
tributors to the agricultural sector to adopt smart agricultural practices. Sixth,
emphasize adaptive management, which includes continuous monitoring, learning
through experience, and adaptation of policies as you go. Seventh, distinguish
between short-term emphasis on improved resilience in response to increased vari-
ability and long-term changes in spatial patterns that may include relocation of
activities and people. Finally, harmonize agricultural and climate change policies
that aim towards consistent outcomes.
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Use of Satellite Information on Wetness
and Temperature for Crop Yield Prediction
and River Resource Planning

Alan Basist, Ariel Dinar, Brian Blankespoor, David Bachiochi,
and Harold Houba

Abstract Satellite derived measurements are essential inputs to monitor water
management and agricultural production for improving regional food security. Near
real-time satellites observations can be used to mitigate the adverse impacts of
extreme events and promote climate resilience. Population growth and demand of
resources in developing countries will increase vulnerability in agriculture produc-
tion and are likely to be exacerbated by the effects of climate change. This paper
introduces wetness and temperature products as important factors in decision and
policy making, especially in regions with sparse surface observations. These objec-
tive satellite data serve as: (1) an early detector of growing conditions and thus food
supply; (2) an index for insurance programs (i.e. risk management) that can more
quickly trigger release of catastrophic bonds to farmers to mitigate crop failure
impact; (3) an important educational and informational tool in crop selection,
resource management, and other adaptation or mitigation strategies; (4) an impor-
tant tool in food aid and transport; (5) and management of water resource allocation.
The two new indices (surface wetness and temperature) are meant to complement
currently available datasets, such as the greenness index, soil moisture measure-
ments, and river guages.
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1 Introduction

As world population grows and income increases in developing countries, food
consumption habits change, requiring more feedstock for animal production.
Furthermore, climate change will have a direct impact on primary and secondary
food production, caused by extreme temperatures, precipitation and river flow. This
variability will have a direct impact on regional and global food and water supplies.
To help vulnerable regions of the world cope with such challenges the concept of
climate smart agriculture (CSA) directly addresses the need for adaptation in order
to mitigate exposure to the hazards associated with interannual variability and cli-
mate change.

The information contained in this chapter demonstrates the value of satellite data
(the wetness and temperature products) for monitoring crop production, food secu-
rity, river flow, and river basin planning in many regions of the world. These prod-
ucts can serve as valuable climate smart decision-making tools in CSA. Specifically,
there are several benefits to monitoring growing conditions from objective satellite
derived observations:

1. They provide early warning to the available food supply, which mitigates the
impact of reduced yields;

2. The wetness and temperature anomalies can be used as indexes in insurance
programs as triggers in catastrophic bonds used to compensate the farmers for
their losses in near real time;

3. The historic record of growing conditions can be used to identify the return
period for various levels of crop failure, which can be used to define vulnerabil-
ity and return periods for various levels of crop failure, which is essential infor-
mation for risk management and premium calculation in the insurance industry;

4. Use of the climatology identifies the viability of alternative crop production,
beyond the crops traditionally grown in the region. The production of multiple
crops is a valuable hedge against catastrophic crop failure. Benefits may be com-
plementary to mitigation activities, agricultural productivity, climate resiliency
and natural resource management (Larson et al. 2015).

Since clouds at any one time covers over half of the world, clouds impact most
of the surface signal of remotely sensed data across the world (Jackson 2005).
Therefore, this study uses satellite derived microwave signals, since they penetrate
through most cloud types. Consequently, they are effective in monitoring the sur-
face through most sky conditions. In contrast, before infrared and visible signals can
be used, they must be processed by sophisticated and complex cloud clearing algo-
rithms, and can only effectively detect the surface under clear skies (Tucker et al.
2005). Moreover, the most interesting weather usually occurs under partly cloudy to
overcast conditions. The microwave signal allows us to observe these events.

In an effort to derive surface temperature from microwave observations, it is
necessary to overcome the primary source of noise in the satellite signal: water near
the surface. Therefore we developed a technique to identify the magnitude of the
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water and filter its influence (liquid water reduces emissivity in the microwave
spectrum). Specifically, in order to detect land surface temperatures, this low tem-
perature bias must be removed. In the process of accurately identifying the emissiv-
ity reduction associated with liquid water and removing its effect on reduction in
temperature observations, we were able to accurately identify the magnitude of lig-
uid water near the surface. This byproduct may be more relevant and useful than the
surface temperature product we were attempting to observe. Therefore, this chapter
will primarily focus on the utility of the surface wetness product and its applica-
tions. The wetness product detects: (1) Upper-level soil moisture; (2) Water accu-
mulating into the drainage basins (rivers) of the world; (3) Melting snow packs; (4)
Lakes and bogs; (5) Water in the canopy. Upper level soil moisture is effectively
used to monitor agricultural yields and river discharge. Consequently, these mea-
surements are essential to water resources management and food production.
There is a need for improvements in crop prediction models, both at high (field
level) (Becker-Reshef et al. 2010) and moderate (district level) resolution (Deryng
et al. 2011). The satellite-derived wetness index provides data at a moderate spatial
resolution. It has been applied in the insurance industry for monitoring likelihood of
crop failure throughout the world, and by various governmental and international
organizations (e.g. United States, Canada, China, World Bank and UNDP) for
assessing yield and food security around the globe, as well as to monitor flow dis-
charge in rivers (e.g. Blankespoor et al. 2012). The goal is to expand the application
to a larger client base and provide accurate yield predictions during the growing
season. The product can also provide valuable information about adversity thresh-
olds for various levels of crop failure, which is essential for determination of rates
for crop insurance underwriting. Moreover, accurate near real monitoring program
has several important benefits for CSA: (1) The prediction of yield directly impacts
food security and activates infrastructure to move food from where it is in surplus to
areas in need; (2) Knowing the wetness and temperature and how they impacts
development of the various crops, can be used to optimize the crop types to field
conditions, the information can be spread by agricultural extension agents; (3)
Planting is one of the most important periods in crop production, it has been shown
that the wetness and temperature can be used to optimize planting decisions.
Weather, climate, topography, and vegetation cover have the greatest impacts on
the hydrology of a river basin and the variability of natural flow. However, human
diversions on river discharge and the effects of climate change confound the predict-
ability of water in the future (Jury and Vaux 2005; Miller and Yates 2006). Since
changes in flow affect populations and society in profound social and economic
ways, our lack of confidence in future water resources requires mitigations strate-
gies to address the uncertainty (Palmer et al. 2008). Specifically, hydrologic vari-
ability creates a significant challenge to countries, since high or low flow events
may lead to flooding damage, severe drought, destruction of infrastructure, and/or
fatalities. These events promote economic shocks and even generate intra-state vio-
lent conflict (Drury and Olson 1998; Nel and Righarts 2008; Hendrix and Salehyan
2012). Moreover, water variability affects international political tensions (Adger
et al. 2005; Intelligence Community Assessment 2012). This may even occur in
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basins where mitigating institutions (like water treaties) have been negotiated
(Drieschova et al. 2008). In other words, uncertainty and lack of predictability in
flow increases tensions between sectors within a society, as well as between riparian
states (Ambec et al. 2013), and the availability of water resources is central to CSA
in many areas of the world.

The importance of having a good estimate of the water supply is the foundation
of allocation and distribution of irrigation supplies. Since the wetness index is
highly sensitive to liquid water near the surface, it effectively quantifies the melting
snowpack, and this water feeds many irrigation supplies around the world. Since the
origin of the water is monitored, there is a valuable lead-time to communicate with
decision makers and allocate the water based on CSA principals and guidelines.

Lakes and bogs are generally permanent features observed by the wetness index,
although they may slowly change in size. Since they are a significant component of
the surface wetness signal, it is useful to remove these permanent features from the
variable signal observed by the index:. specifically, water on the upper section of the
soil and held in the canopy. Since water in the canopy has an association with leaf
area, part of the signal represents the health of the crop. Our goal is to filter the
permanent features, the climatology, and the annual cycles, and focus on the inter-
annual variability in wetness, which is driven by the weather. Anomalies are the best
tool to achieve this goal. Therefore, the crop models are based on anomalies.

The wetness product is hereafter noted as the Basist Wetness Index (BWI), which
detects water near the surface from multiple sources (as mentioned above). In order
to simplify the interpretation of the BWI, it is calculated as the percentage of the
radiating surface that is liquid water. A reasonable spectrum of this value would be
zero percent in desert regions, while agricultural areas have values ranging between
2 and 10% of the surface that is liquid water. Values above 10 usually indicate a very
wet surface, such as recently melted snow cover or recent rain.

The following section presents the methodology used to define the BWI, and
as well as how it can be used to estimate present and future water supplies under
situations where traditional (surface based) observations of surface water are not
available, as is the case in many countries. Section 3 illustrates the use of these
satellite drived monitoring tools in three different applications (predicting yield
of agricultural crops, estimating river flow, and planning in a river basin). The
chapter discusses several other applications without demonstrating them, for
space consideration.

2 Methodology

The BWI index is derived from a linear relationship between channel measurements
(Eq. 1), where a channel measurement is the value observed at a particular fre-
quency and polarization, i.e. the Special Sensor Microwave Imager (SSM/I)
observes seven channels (Basist et al. 1998).
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BWI =Ae-T. = 3, [Tb (v,)-T, (v, )]+ﬁ, [T,, (v,)-T, (v, )] (1)

where the BWI is the percentage of the surface that is liquid water (Basist et al.
2001), Ae, is empirically determined from global SSM/I measurements, 7 is sur-
face temperature from station measurements, 7, is the satellite brightness tempera-
ture at a particular frequency (GHz), 9, (n = 1, 2, 3) is a frequency observed by the
SSM/T instrument, 3, and f3, are estimated coefficients that correlate the relationship
of the various channel measurements with observed in situ surface temperature at
the time of the satellite overpass. Specifically, as wetness values increase, the differ-
ences between the observed surface temperature and the observed channel measure-
ments also increase (Williams et al. 2000).

Weekly and monthly average BWI values are very good indicators of the magni-
tude of water near the surface, which has a relationship to water at greater depths.
These observations have proven valuable in agricultural monitoring during the pre-
vious 25 years of analytical work. The wetness anomalies have proven valuable in
predicting agricultural yields in many areas of the world (Curt Reynold USDA,
personal correspondence). Research indicates the wetness product has a gamma
distribution, much like precipitation (Gutman 1999); therefore a gamma distribution
is used to derive the variation of wetness from the expected value.

Since most regions of the world have annual cycles associated with their liquid
water near the surface, it is best to calculate anomalies for each pixel, location and
time of year. The resolution of the pixel is 33 km by 33 km, and anomalies are cal-
culated on a monthly and weekly basis. A value of 0.01 means that only 1 year in a
100 would realize a value so low (extremely dry) at the location for a particular time
of year. Conversely, a value of 0.99 corresponds with an excessively wet event that
only occurs one out of a 100 years. In summary, values progressively less than 0.5
indicate increasingly drier conditions and values progressively greater than 0.5 indi-
cate increasingly wetter conditions than the expected value (Fig. 1).

The period of record for these wetness and temperature products begins in 1988
and they have been maintained in near real time for decades.! There is a period of
2 years, 1990 and 1991, when the stability of the microwave satellite instrument was
deemed unreliable. Therefore, these 2 years are removed from the analysis. The
climatology we use is based on the 23 years of data from 1988 to 2010. A series of
operational satellite instruments flown by the United States Meteorological Satellite
Service comprise the period of observations. Great effort has been made to seam the
observations between the various satellite instruments into one contiguous record.
A daily set of observations is composed of 14 orbits across the globe. These obser-
vations are sun synchronous over the equator, at an overpass time around 6 a.m. and
6 p.m. every day. The morning and afternoon overpasses are processed indepen-
dently and then combined together into one set of observations across the globe.
Each set of observations is added to this record in near real-time, as both weekly and
monthly fields of temperature and wetness values.

'SSMI based temperature and wetness data and algorithms discussed in this chapter are a propri-
etary technology owned by WeatherPredict Consulting, Inc.
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SATELLITE DERIVED SURFACE WETNESS ANOMALIES — GLOBAL
STANDARDIZED ANOMALIES FOR JULY, 2015
BASE PERIOD 1988 — 2010
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Fig. 1 Global surface wetness anomalies for July 2015. Note: The grey shade of the legend cor-
responds with the expected value, while values to the left (right) of the grey shade correspond with
increasingly drier (wetter) than average conditions. For example, the value of 0.05 means that only
5% if the time is it that dry at a location and time of year. Inversely, a value of 0.95 mean that only
5% of the time is it that wet at a location and time of the year

The actual wetness observations (not the anomaly) are valuable for measuring river
discharge. These values identify the percentage of the radiating surface that is liquid
water. Moreover, in many river basins there is 1-2 months lag in the time it takes for
water in the upper section of the watershed to pass a monitoring gauge in the lower sec-
tion of a river basin (where most people live and economic activity takes place). This lag,
which averages prior month(s) BWI with the concurrent month (hereafter noted as the
cumulative lag) improves the skill of the model to predict the flow passing through a
river gauge. It also provides valuable lead-time to predict and mitigate the magnitude of
drought or flood heading into the lower basin, where the impacts are generally most
severe. Therefore, the early warning can be used to mitigate the impact of extreme
events on society. An added advantage of applying a quantitative flow model, which can
predict flow downstream, is that a consortium of riparian states can use the information
to determine how the water resources will be distribution under various flow regimes.
Therefore, treaties have the capacity to allocate water as a function of an independent
and quantitative measure of flow, providing a simple and accurate predictive model for
a fair and transparent distribution of water under times of scarcity.

The observations of the BWI spanning national borders allows for an objective
(independent of national influence) calculation of water resources under almost all
sky conditions. Since the wetness index is an independent tool that integrates the
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accumulation of water across large areas, it has the potential to be used as an index
and/or trigger for: (1) implementation or call to action in mitigation strategies; (2)
insurance compensation; (3) allocation of water between sectors of society; (4) dis-
tribution of water between riparian states. These are important applications that
warrant further research.

The following section demonstrates the use of the BWI tool for: monitoring crop
yield, monitoring river flow, and river basin management. The Mekong River is
used as an example. While these applications are site specific, the extrapolation
from one site to another is easily done and can be accomplished with minimal cost
to the agency.

3 Application

Currently, the wetness and temperature anomalies have proven valuable for moni-
toring crop development and assessing potential yields during the growing season,
and have been effectively applied in crop yield prediction models. These models are
statistically-based, using linear relationships between the wetness and temperature
anomalies and yield, which serves as the calibration. The statistically-derived model
parameters are used to predict yield during real time growing conditions and have
been applied by many organizations around the world to assess future yields, as well
as support planning policies related to the regional, national and global food secu-
rity (Fig. 2).

There are several limitations in applying the wetness and temperature anomalies
across various regions of the world. The first is the large footprint (33 km x 33 km),
which is about 1000 km?. This limits the application into a mesoscale analysis and
has limited value for high-resolution assessments. Another limitation is coastal
boundaries. Specifically, locations within 30 km of a coastline (ocean or large inland
water bodies) will unduly influence the temperature and wetness products, since the
presence of more than 50% water destabilizes the model, requiring that those sig-
nals be recognized and removed from the data sets. Exposed soils or rocks (dry
areas) where minerals are exposed on the surface, introduces noise in the signal.
This is particularly true when limestone is exposed on the surface. In these instances
the product should be used with caution.

3.1 Monitoring Crop Yield

The yield prediction models are uniquely calibrated for each crop and particular
locations. Specifically, yield prediction models are calibrated on historical values,
using the linear variations of temperature and wetness anomalies as predictors. In
addition, the quadratic of the wetness and temperature interaction is a predictor in
the model. The models are run as the crop enters the reproductive stage, and
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SATELLITE DERIVED SURFACE ADJ TEMPERATURE ANOMALIES — GLOBAL
ANOMALIES (DEGREES C) FOR JULY, 2015
BASE PERIOD 1988 - 2010
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Fig. 2 Global surface temperature anomalies for July 2015. Note: The grey shade in the legend
corresponds with the expected value, while values to the left (right) of the grey shade correspond
with increasing colder (warmer) than average values. For example the value of —8 means that
temperatures were —8°C colder than average at the location and time of year. Inversely, a value of
8 means that it was 8°C warmer than average at a location and time of the year

continues to be updated on a monthly basis through the maturation stage of the crop.
The most important month of the growing season is usually reproduction, and there-
fore the influence of this period has a strong relationship to yield. The benefit of the
interactive term is multifold. Specifically, linear statistical models tend to be mean-
centric, which means they are challenged to capture extreme events. The quadratic
component of their interaction generally captures these extreme events in the model.

The models are generally run at the district level. Moreover, each country is
unique in the way that it reports yield data. The spatial resolution of the yield data
provided by a country serves as the basis of calibration in the model. Both deviation
from expected yield and actual yield prediction are presented in the findings of the
report. The expected yield has been trended to account for linear improvement of
seed stock and improved agricultural practices. These trends are removed, since
they are independent of the weather. An example report or the corn belt of the USA
during the 2015 growing season is presented below.

Figure 3a shows the predicted deviation from trended (expected) corn yields for
the center of the corn-belt in the United States at the end of August 2015. The rea-
sons this region is chosen are twofold; it produces one of the highest yields and is
one of the most important growing areas for corn in the world and the sophisticated
procedure for calculating yield by the United States Department of Agriculture
(USDA) provides one of the best data sets for calibrating the yield prediction
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l ASDS Based Crop Districts

CONSULTING INC.

SSMI Data Collection Date
8/26/2015

Percent Variation from the Trended Yield 2015. August

USA Corn 2015 August

Variation from Trended Yield
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BN010-020
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N .0.20--0.10

N -040--0.20

I -0.60 - -0.40

Bl < 060
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Predicted Yield mt/ha
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I 10.40 - 10.88

Fig. 3 (a) The percentage departure from the expected (trended) yield. (b) The predicted yield in
Mt/ha. Note: Zero departures are white, and the departures are more amplified the color gets darker
towards red (below) expected, or green (above) expected yields. They are displayed percentages
from the expected value
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models. August was chosen, as it provides an early warning to projected yield, as
the crop has already entered seed-pod filling.

Generally, the predictions in this report range from average to above aver-
age yields for the primary growing regions in the United States. The exceptions are
in southeastern Minnesota, where predictions are generally below the expected
value. Yields, which have the greatest deviation above the expected values, include
much of Illinois and southern Iowa. These areas had near average wetness and
slightly below average temperatures, thereby promoting healthy growing conditions
during the corn’s development. The cooler than average temperatures allowed many
areas with some moisture deficit to achieve near average yields, since the cool tem-
peratures limited the moisture stress in the crop. Figure 3b displays the predicted
yield as metric tons per hectare. The area with the highest yields occurs in locations
where corn tends to produce some of the best yields in the world, and these areas
also had better than aveage growing conditions. Note that the low yields in northern
Indiana (where yields are near the expected value) indictate that growing conditions
are generally inferior, compared to some the neighboring crop districts.

Figure 4 shows the wetness and temperature anomalies, which are used to predict
corn yields for the center of the USA growing area. Predictions include data from
May, June, July, August, the plot in fig. 4 displays the anomalies for July, which is
the most important period in the determination of the yield. August is the time
when seed pod filling occurs, after reproduction, it is the most critical period in the
development of corn yield.

The above-average temperatures in July across areas of Iowa and most of
Minnesota introduce heat stress, which reduces potential yield. Fortunately, there
was ample moisture across most of the area, so the negative impact of excessive heat
is nominal, in terms of yield reduction. More soil mositure is available in portions of
Indiana and Illinois, and these areas are the regions with better than expected yields.

The parameters of the predictive model along with its calculation of yield are
presented in Table 1. These values are presented by crop district for the state of Iowa.
The location was chosen since it is the most important agricultural state for the pro-
duction of corn. The slope for the trend of corn yields over the period of record is
0.16 (shared across the state), which means that the average annual increase in yield,
due to improved seed stock and agricultural practices is 0.16 metric tons/ha/yr. The
intercept for each crop district is unique, since some crop districts produce higher
yields than others. The predicted yield is the model derived yield, in metric tons per
hectare, for each crop district, based upon its wetness and temperature anomalies
throughout the growing season to August 2015. The trended (expected) yield value is
based on the 2015 crop season. The last column on the right is the percent variation
from the expected yield, the parentheses means the value is negative.

Figure 5 illustrates that some crop districts are slightly below the expected value
in terms of yield. However, the majority of the crop districts had higher than expected
yield. Therefore, at the end of August the state of Iowa as a whole is predicted to have
higher than expected yield. At this time of the growing season the seedpods are
approaching maturity, and they provide a reliable measurement of the final yield.

The regression equation and statistical significance of each predictor variable in
the model are presented in Table 2. The adjusted R? for the model is 0.60 with an
F-statistic of 28.46. The model has 211 degrees of freedom. The predictive variables



Use of Satellite Information on Wetness and Temperature for Crop Yield Prediction... 87

8/26/2015
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Fig. 4 July values are presented by crop districts: (a) Surface wetness anomalies are displayed by
color, where shades towards blue (red) are increasingly above (below) the expected surface wet-
ness value (see text for more details). (b) Surface temperature anomalies are displayed by color,
where shades towards blue (red) are increasingly below (above) the expected surface temperature

are temperature and wetness anomalies from May, June, July and August. Also, the
interaction of temperature and wetness is included as an independent variable in the
model. The negative coefficients are portrayed in red and are inside parentheses.
Predictive variables that are significant at the 0.90 confidence level are checked in
the right-hand column. The most important variables in the model are the interac-
tion of temperature and wetness in June and July, and the temperature in August.
These three variables are all significant above the 99 percent confident interval.?

2The interactions of temperature and wetness for June and July are two of the strongest predictor
variables in the model.



Table 1 Regression-model derived parameters for lowa

Corn

United States, lowa

Percent variation from trended yield
Crop districts, ASDS based

SSMI collection data date 8/26/2015

Pred Trend

GeolD Slope | Intercept yield yield

Crop Percent variation
Admin region | district mt/ha | mt/ha mt/ha mt/ha from trended
Buena Vista 19_10 0.16 7.53 11.45 12.05 (0.05)
Butler 19_20 0.16 7.46 11.48 11.98 (0.04)
Allamakee 19_30 0.16 7.26 11.53 11.78 (0.02)
Audubon 19_40 0.16 7.10 12.27 11.62 0.06
Boone 19_50 0.16 7.51 12.19 12.03 0.01
Benton 19_60 0.16 7.22 12.29 11.75 0.05
Adair 19_70 0.16 6.54 12.28 11.06 0.11
Appanoose 19_80 0.16 5.69 12.81 10.21 0.25
Davis 1990 0.16 6.45 12.74 10.97 0.16

Identifies the slope and intercept for the linear trend in yield derived by the USDA yield values
from 1988 to 2014

Note: The three columns to the right are predicted yield derived from the wetness and temperature
anomalies, trended (expected) yield, and the column on the right is the ratio of the predicted/
trended yield for August 2015 (parenthesis means the values are negative).

United States, lowa, CORN Data Date
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Fig. 5 Graphical representation of the variation from trended yield, in Iowa plot is conveyed by
crop district in the state
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Table 2 Model coefficients and significance values

Corn

United States, lowa

Statistical model output
Crop districts, ASDS based
Data date 8/26/2015

# observations 225 R-squared 0.62

# variables 13 Adjusted R-squared 0.60

Degrees of 211 F-Statistic 28.46

freedom

Variables Coefficients() Significance (in Significance @ 90%
negative values percent probability) confidence

Constant 13.28 0.00 x

Temp May 0.05 0.01 X

Temp Jun 0.01 0.69

Temp Jul (0.05) 0.03 X

Temp Aug (0.17) 0.00

Wet May (0.19) 0.58

Wet Jun (1.06) 0.00 X

Wet Jul (0.57) 0.24

Wet Aug 0.11 0.78

Interact May (0.00) 0.10

Interact Jun (0.02) 0.00

Interact Jul (0.02) 0.00

Interact Aug (0.01) 0.10

The degrees of freedom in the model, along with its predictive skill, regression coefficients, their
significance level for each predictor variable Negative coefficients are in parenthesis

Finally, a scatterplot of the wetness and temperature anomalies for the months of
July and August at the crop district level is presented (Fig. 6). Note that in the month
of July the majority of Iowa had slightly below normal temperatures, while wetness
values were drier than normal during the month. The lack of heat stress during
reproduction was for yields. August continued to bring drier than average condi-
tions to the majority of the state, while near average temperatures helped minimize
soil moisture stress. Therefore yields predictions were near-normal. The forecast
generally remained the same between the end of July and the end of August, since
July is the most important month for yield prediction. Although there were changes
in field conditions across a few crops districts during the August, the addional infor-
mation in August improves the model skill as the crop reached maturity.

3.2 Monitoring River Flow

Quantitative and indepenedent measurements of river flow levels are essential for
water rights and planned allocations. Moreover, reliable and independent measure-
ments of available water resources are required for mitigation strategies and
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Fig. 6 Scatter plot of wetness and temperature anomalies by crop district for the months of July
and August. Note: Top left quadrant is above temperature and below wetness, bottom left is below
both temperature and wetness, fop right is above both temperature and wetness, and bottom right
is below temperature and above wetness

insurance compensation, which are a fundamental component of an effective treaty
(Dinar et al. 2010) that allows proper planning and allocation of the basin water to
various water consuming activities. Also, independent monitoring of flow measure-
ments is required to implement an effective treaty, which is based on triggers,
response and compensation, or to operate reservoirs used for irrigation projects.
Therefore, high quality flow data are a necessary component of effective treaty stip-
ulations and institutional mechanisms (Dinar et al. 2015), as well as infrastructure
for reservoirs that can deal with future challenges. Real time data can also provide
policy makers and researchers with the ability to predict extreme weather events,
and cooperatively address economic impacts on existing projects. In addition, mod-
els can increase institutional capacity by providing timely (near real time) flow
information to build climate resilience and effective sharing and allocation of lim-
ited water resources.

Considering the challenges to estimate flow where standard measurements are not
available, we demonstrate a simple, yet robust model to predict both present and
future flow measurements, using the wetness product in two basins: Zambezi and
Mekong. The period of record for calibration of the models is from historic river
gauge values, and these flow values are regressed on the BWI values (the predictor of
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flow). In order to keep the equation as simple as possible, yet robust, the regression is
based on one variable and tested in two basins of very different climatology’s, topog-
raphy’s, land use patterns and annual water supply cycles. An important consideration
between the gauge and BWI values is a lagged relationship between water accumulat-
ing near the surface and detected downstream at the gauge. The lag between the water
input upstream and the detection of changes in flow downtstream is based on
numerous empirical observations and theory that flow models are more accurate when
they include the prior month(s) due to the time lapse for the water accumulate into the
major stem of the river (Demirel et al. 2013). The number of prior months used in the
predictions of flows is directly related to the size of the basin, the influence of snow
melt and its topography. Therefore, a lagged term is included in Equation 2, where
Q.uswi 1s the discharge at a station for month m While n is the number of previous
month(s) averaged together with the concurrent month BWI value.

Qm(BW1) = g(d) @

n

ZfZOBWImfn
=

where d =

Table 3 lists model statistics and parameters for the two river basins. The number
of month(s) lagged prior to the gauge observations is included, along with the
parameters of the regression model. Our goal is to define a simple and robust predic-
tion from one variable and explore the utility of the predictor in areas of society that
could benefit from the models.

The Zambezi model flow signature is clearly curved (Fig. 7a); it has a quadratic
structure of high wetness values and extremely high flow. High values display con-
siderable heteroscedasticity (from the studentized Breusch-Pagan test), which
implies that numerous factors impact the high rate of flow past the gauge. In con-
trast, low BWI values (less than 1) contain a high confidence that the flow will be
near the base flow. These results compared favorably to model prediction for the
Zambezi presented by Winsemius et al. (2006), whose predictions were based on a
more complex model. As a result, the BWI can be a quantitative indicator for peri-
ods and frequencies of flow associated with limited water — of particular relevance
to obligations and commitments agreed upon in international water treaties.

Table 3 Parameters from Zambezi, Mekong predictive river flow models

Model Zambezi (BWI) | Zambezi (precip) | Mekong (BWI) | Mekong (precip)
Linear term —420.2 71.9 303.8 75.9

Quadratic term 748.6 0.78 886.6 0.297

Months lagged 2 2 2 2

month observation 148 198 44 44

Predictive skill (R2) | 0.89 0.52 0.95 0.97

Residuals 485 1020 645 523
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Fig. 7 (a) Cumulative distribution of flow using a gamma distribution (percent. y-axis) and flow
(m*/s per month. x-axis) of the Zambezi river basin sample area; (b) Map of Zambezi basin (grey)
with the selected gauge data (point), international border (line) and respective catchment
(hatched) used in the model

The lower bound of predicted flow is 288 m?*'s (BWI = 1.0) occurs approximately
28% of the time. Therefore, for the Zambezi River at the Katima Mulilo station,
approximately 28% of the time the flow is less than 288 m?/s averaged over the
3 months. The area feeding water to the gauge is defined in Fig. 7b.

Since the SSM/I instrument is currently operational, it is possible to use the fitted
model to predict recent runoff from monthly wetness values, based on the calibra-
tion period. Due to the accuracy and significance of the models, we chose to explore
the ability of the BWI to predict seasonality, low flow (e.g. droughts), and high flow
events (e.g. floods). This analysis was used to explore the utility of the model in
serving as an early warning indicator.

With regards to the Zambezi, the BWI model identified and predicted a flood in
2010, which according to the model is higher than any previous flood over the
period of the SSMI record (Fig. 8). In April 2010, there is a pattern of large positive
surface wetness anomalies in Western Zambia (Fig. 9). This broad pattern of purple
indicates that the area was extremely wet conditions. This extreme event occurred
across a large section of the basin. In rare instances, when there is an extreme flood
on the Zambezi, due to heavy rainfall on the highlands in Angola and Zambia, the
flow can actually accumulate at the Mambova fault. During this instance, the river
expands over the flat floodplain behind the fault until the waters meet the channel
cut by the Chobe River in the south. During this extreme flood, the accumulation of
water from the Zambezi River overcomes the Chobe River, and water begins to flow
upstream on the Chobe, flowing into Lake Liambezi. At the height of the flood,
water flowed directly into Lake Liambezi from the Zambezi River through the
Bukalo Channel on May 8, 2010 (NASA 2010), which is the same time the BWI
predicted the highest flow over the period of record.

Next is discussed the Mekong model, which is presented in Table 3. The section
of the river basin that feeds the Mekong gauge station is presented in Fig. 10b. The
best explanatory model has a non-linear relation. The Mekong models also used a



Use of Satellite Information on Wetness and Temperature for Crop Yield Prediction... 93

7000
6000
5000

4000 -

Flow

3000 +——

2000

1000 J

VUVUVIv

0 S —— -
J-88 J-93 D-98 J-04 D-09

——=predicted Flow - Calibrated === Predicted Flow - Model
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Fig. 10 (a) Cumulative distribution of flow using a gamma distribution (percent. y-axis) and flow
(m¥/s per month. x-axis) of the Mekong river basin sample area. (b) Map of Mekong basin (grey)
with the selected gauge data (point) and respective catchment (hatched)

quadratic form. It also implies that predicted flow below 1215 m/s (BWI = 1.0)
occurs less than 25% of the time. There is a limited period of calibration data, and
some concern about the accuracy of the model. Therefore, an evaluation of the skill
during the predictive preiod will demonstarte the robustness of this approach to
monitor flow from the BWI data.

The Mekong river model captures the seasonal hydrologic variation (Fig. 11).
The peak flows typically happen in September (end of the monsoon season), while
typical low flow is in February. The calibration period ended in 1993, while the
model predicted extremely high flow in September of 1995. We evlauated the accu-
racy of this predictions with meta data, since guage data was unavailable. Research
shows that 1995 brought an extreme flood, which was predicted by the BWI. At this
time over 100,000 ha of the Vientiane Plain was under more than a half-meter of
water for up to 8 weeks. In human terms, the 1995 flood affected 153,398 people in
the Vientiane Plain (out of a total population of 653,013 persons), 26,603 house-
holds, or 427 villages (FAO 1999). Importantly, we found that the BWI predictive
model was robust, even when derived from the limited calibration period. None-the-
less, it captured this extreme event and its magnitude. Moreover, the BWI provided
lead-time to the crest of the event, allowing a valuable opportunity to implement
mitigation strategies. This result promotes confidence in applying the BWI to other
basins where flow data is limited, which is a considerable number of the world’s
river.

3.3 River Basin Management: The Case of the Mekong

In locations where irrigation is a major component of agricultural production, eco-
nomic planning around limited water resources is critical to the success of Climate
Smart Agriculture. Specifically, it applies to allocation of river water to promote
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Fig. 11 The Mekong values of runoff (m?s per month, y-axis) and time (January 1988 through
July 2013) display seasonality and the interannual variability over the calibration (predicted) in
blue (red) period of the time series. Missing values are due to the lack of reliable SSM/I data

resilience to climate variability and optimize water allocation for economic growth.
We provide a modified version of the empirical model used in Houba et al. (2013).
The range of flow probabilities as measured by the BWI and at the gauging station
Chiang Saen in Thailand are presented. These probabilities are used to calculate the
expected value of basin benefits under various climatic scenarios. While the appli-
cation of the BWI is demonstrated with the Mekong River Basin, we argue that it is
a very simple process to apply the BWI to assist policy guidance in any of the river
basins around the world, due to the fact that the main information needed for the
analysis comes from satellite-based data, which is readily available. This applica-
tion can benefit river basin planning, economic opportunities, resource manage-
ment, and agricultural resilience.

3.3.1 Description of the Model

The model is based on a simplified hydrological structure of the basin, where water
flows from China, hereafter noted as the Upper Mekong Basin (UMB) to the Lower
Mekong Basin (LMB) and its tributaries, which originate in Thailand, Laos,
Cambodia, and Vietnam, before the river enters the Delta (estuary), as seen in Fig. 12.

Basin-wide water availability is determined by water arriving from the UMB,
and precipitation received in tributaries of the LMB. Water uses are aggregated in
each sub region of the model into (1) industry and households, (2) hydropower
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Fig. 12 Simple representation of the Mekong river basin used in our model (Modified from Houba
et al. 2013). Note: We exclude Burma (Myanmar) from the analysis because it has a negligible
share of water and land in the basin

generation, (3) irrigated agriculture, and (4) fisheries (Table 4). Water quality is
measured in terms of salinity in Houba et al. (2013). In this paper we assume that
salinity impacts fishery and irrigated agriculture. Hydropower generation is consid-
ered to be an in-flow user, while providing economic opportunities and growth.
Moreover, water entering the first reservoir of a cascade can be reused and stored,
over time, in all downstream reservoirs, which expanding capacity for economic
growth along the river.

The model is calibrated on flow data from 2010 and it is static with an annual
setup, represented by two seasons’ dynamics (wet and dry) across the entire basin.
All modifications introduced in this paper comply with the original calibration. The
water inflow for the mainstream of the LMB consists solely of the outflow received
from China. Reservoirs/dams are filled in the wet season and the water is used dur-
ing the dry season mainly for irrigation. During the wet season the Mekong water in
UMB (China) can be used for industrial and household activities, fish production,
storage for use in the dry season, and non-consumptive hydropower generation.
Moreover, the wet season water supplies dry season irrigation for Climate Smart
Agriculture. Moreover, effectively monitored outflow from mainstream UMB and
tributary dams can promote inundations of wetlands in the delta. This nurtures fish-
eries production and flushes salinity from the estuary (Delta), which improves water
quality and irrigation supplies.
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Table4 Water balances and use by sectors (km*/year) for mean flows at UMB and LMB tributaries

UMB wet | UMBdry |LMB wet LMB dry
Variable season season season season
Inflow water 66.737 9.534 375.920 53.703
River flow from upstream 60.522 7.151
Water availability 66.737 9.534 436.442 60.854
Stored water total* 5.474 12.888
H&I water use 0.741 0.529 1.895 1.352
Outflow water from dams 60.522 13.565 421.659 69.735
Irrigation 6.414 6.579
River flow to Tonle Sap 86.950 —86.950
River flow to downstream/estuaries 60.522 7.151 334.709 150.107
Hydropower water total® 69.226 74912 60.003 42.860

Source: Houba et al. (2013)
“*Water is stored on main river in UMB and on tributaries in LMB
*Hydropower is produced on main river in UMB and on tributaries in LMB

Following Houba et al. (2013) the benefit, cost and loss functions in the model
are quadratic, with the benefit function being concave (same as the flow parameters
in the BWI model) and the cost and loss functions being convex to the origin. The
volume of water that enters the Tonle Sap and then flows out into the Delta wetlands
is a linear function of the river flow. Benefit functions were used for industry and
households, hydropower generation, irrigated agriculture, and fisheries. The value
function of the Tonle Sap and Delta/Wetlands assumes that all fishery production
concentrates in that lake and surrounding wetlands. Salinity losses are modeled only
in the LMB agricultural sector.

3.3.2 Applying the BWI to the Mekong Economic Model

A regression equation calibrates the BWI on gauge data from the UMB at Chiang
Saen. The upper and lower basins have appreciably different geographies, sizes, and
rainfall. Nonetheless, we applied the upstream hydrological model to the lower
basin. Our assumption in doing so is that the BWI signal is designed to detect liquid
water from all sources, and is defined as the percentage of the surface that is liquid
water near the surface. Therefore, we explore the robustness of the model to detect
that amount of water moving through the lower basin. Our hypothesis is that BWI
values are a robust signal and the model parameters could effectively transcend dif-
ferent geographies.

There was the possibility of shifting the intercept, since the lower basin is appre-
ciably larger, and therefore its base flow should be higher. However, we wanted to
minimize any tuning, in order to test the robustness of the model. The only change
is the lag was reduced from 2 to 1 month, to allow for better integration (time to
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flow) from the upper basin into the lower basin. This, in turn, would allow us to
model the flow as one kinematic wave based on the speed of flow.

In order to calculate the magnitude of water moving through the entire basin, the
upper and lower basins were weighed in terms of their area (the large lower basin is a
much larger area, and therefore has higher weights). This allowed us to integrate the
upper and lower basins into one combined flow. Since the upper basin has a two-month
lag, the first 2 months of 1988 and 1992 were set to be missing. A simple interpolation
technique could easily and effectively be applied, since the beginning of the year is not
a critical period of flow, however we did not apply it in order to minimize assumptions.

The average flow was derived from the BWI values and the model parameters
over the period of record, in terms of cubic meters/second. To keep our economic
optimization comparable with previous work Houba et al. 2013, we express water
in cubic kilometers per year rather than in cubic meters per second (I m¥/s =
0.031556926 km?¥/year). The mean annual flow over the period of record derived
by the BWI for the UMB and LMB is 424 km?, which is reasonably close to the
independent assessments of annual mean flow on the Mekong, which range from
410 (Houba et al. 2013) to 475 (Mekong Water Commission 2009).

We were very encouraged by the fact that the flow numbers derived through the
BWI wetness values were congruent with the expected flow values. Equally impor-
tant, the monitored variation of flow from month to month, and year to year was
accurately captured by the BWI values. For example, the major flood of of 1995 and
smaller flood of 2000 was also predicted by the BWI, providing a one-month lead-
time to the magnitude of the flood, allowing time to mitigate its consequences.

We performed a similar analysis using precipitation inputs to predict mean annual
flow for the Mekong. Specifically, we used the flow model parameters derived from
the upper basin and applied them to the LMB, in order to determine integrated flow
for the River as a whole. The calculated flow based on rainfall is 359, while the BWI
provided a value of 424 km*/year (i.e. the BWI value is much closer to the consensus
of the mean annual flow). This result was surprising; since the precipitation model
had a slightly better explanatory power of flow in the upper basin, see Blankespoor
et al. 2012. We interpreted this finding as demonstrating the robustness of the wet-
ness index, and the ability to apply the model in areas outside of the region where
they are calibrated. Consequently, we use the BWI flow predictions to enhance CSA,
climate resilience, and calculate return periods of extreme events (Table 5).

3.3.3 Results of the Economic Model

We ran four scenarios, following the pairs (a; b;, i= 1,...,4) of flow values from
Table 5, which correspond to distribution of the flow in both the UMB and the LMB
tributaries. As can be seen from Table 5, the distribution of the LMB tributaries flow
is much more skewed towards lower values (drought) than the flow of the
UMB. Table 6 presents the net welfare in each region for various distributions of the
flow as obtained from the basin optimization model we run.
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Table 5 Flow data in the UMB and LMB as calculated by the BWI
Description ‘ km¥year | m¥/sec ‘ Cumulative probability | Probability
a. Flow at Chiang Saen (UMB coming from China)
al: Mean— 1 SD 27.863 882 0.117 0.117
a2: Mean 76.271 2416 0.588 0.471
a3: Mean + 1 SD 124.679 3950 0.862 0.274
a4: Mean + 2 SDs 173.087 5484 0.961 0.099
b. Flow of LMB tributaries
bl: Mean — 1 SD 345.536 10,949 0.414 0.414
b2: Mean 429.623 13,614 0.576 0.162
b3: Mean + 1 SD 513.710 16,278 0.710 0.134
b4: Mean + 2 SD 597.797 18,943 0.809 0.099

Table 6 Net benefit calculations for various flow values in the Mekong basin (billion $)

Mean flow — 1 SD | Mean flow Mean flow +1 SD | Mean flow +2 SD

UMB | LMB UMB |LMB UMB LMB UMB LMB
km?/year 27.863 | 345.536 |76.271 [ 429.623 | 124.679 |513.710 | 173.087 |597.797
Net welfare | 2.376 | 3.222 2.656 | 6.663 2.544 6.445 2.313 6.336
created
Aggregated |2.376 | 6.355 2.656 | 6.663 2.544 6.445 2.313 6.336
economic
value
Econ value 0.408 |1.957 0.408 | 1.957 0.408 1.957 0.408 1.957
households
and industry
Econ value 0.128 |2.772 0.241 |2.728 0.167 2.077 0.082 1.109
fishery
Econ value 1.193 | 1.421 1.193 | 1.772 1.193 2.206 1.193 3.065
irrigation
Econ value of | 0.647 0.815 0.776 0.629
hydro in main
Econ value of 0.205 0.206 0.206 0.206
hydro in
tributaries
Aggregated 3.133 0.000
economic
costs
Costs 3.133 0.000
saltwater
intrusion

Source: Authors’ calculations
Note: SD standard deviation, UMB upper Mekong basin, LMB lower Mekong basin
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As is apparent from Table 6, the net welfare generated in the UMB is $2.656
billion and that of the LMB is $6.663 billion, annually. Of the net welfare pro-
duced annually in the UMB, hydropower comprises 31%, irrigation 45%, fisher-
ies 9% and households and industry 15%. For the LMB the values are 3%, 27%,
41%, and 30%, respectively. Table 6 also suggests that the damage from salinity
due to seawater intrusion in the LMB is O for mean flow or above mean flow
runs. However, losses of $3.133 billion are encountered in the LMB in the case
of the below mean flow run. It appears that the LMB is much more sensitive to
flow fluctuations than the UMB. This is also apparent from Fig. 13, which sum-
marizes the results in aggregate terms for different flow distributions by the
Mekong regions. Both high and low levels of flow have a negative impact on net
welfare of the basin.

Using the probabilities in Table 5 and the net benefits in Fig. 13 the expected
total basin net benefit value at $6.359 billion at one standard deviation below mean
flow. This figure represents only 68% of the basin-wide net benefits ($9.313 billion)
that was estimated under the mean flow. Having the flow distribution information
(as provided by the BWI) allows the basin riparians to reconsider arrangements that
will secure their economies rather than face significant losses under extreme flow
situations. Having probabilities assigned to the various flow values allows a cost-
benefit analysis by policy makers who consider their interventions. The information
can be used directly in Climate Smart Agriculture to promote cooperation for effi-
cient and equable water use in agriculture, as well as serve as a quantitative measure
to implement early warning strategies to mitigate the losses from limited water
supplies.
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Fig. 13 Net benefits in the Mekong basin as a function of flow distribution. M mean, SD standard
deviation
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4 Concluding Discussion

This chapter demonstrates several applications of the satellite derived surface wetness
and temperature data to promote CSA. First, the early detection of growing conditions
and predicting the availability of food directly improves climate resilience and food
security. Second, insurance (risk management) programs can use the indexes in trig-
gers for a quick release of catastrophic bonds to farmers adversely impacted by the
weather in order to mitigate the impact of crop failure. Third, these tools provide infor-
mation to educate farmers about the viable yields from various crops under current and
changing climatic conditions. Fourth, an early warning system distributed across the
globe can help identify and expedite the exportation of food supplies from areas where
they are in excess into areas where a deficiency is likely to occur.

The BWI has skill to predict river flows in several geographies and locations around
the world, where it captured the integration of rainfall, melting snow cover, the change
in wetland areas in a quantitative measure of river flow. It also provides a quantitative
measurement that is independent of local governmental reports.We realize that more
sophisticated models can generate more accurate calculations of flow. However these
models require detailed parameterizations and assumptions, which means they are dif-
ficult to run and maintain, and they must be trained for each basin. Whereas the
approach taken in this study is a simple, yet robust variable that has expanded applica-
tion and portability to other basins and periods of time beyond the calibration time and
location. This expands the accuracy and utility of the product for CSA.

In terms of adding new variables to interact with the wetness and temperature
products, the Normalized Difference Vegetative index (NDVI) is a natural comple-
ment, since it is a direct measurement of canopy greenness. The three products
together can be used as a superior signal of crop conditions and potential yields. The
CSA will benefit directly by improving near real time monitoring capacity. In this
situation the synergy between the three observations can create a superior tool for
crop yield predictions, insurance triggers, trends and return period of extreme
events, all of which improve climate resilience.

In order to maximize the skill of crop prediction models, it is essential to calibrate
the models with reliable yield data from at least 10 years and preferably 20-25 years.
Most countries collect field data and calculate yields, however the spatial resolutions
of the values can range from county (districts) to province (states, oblast), all the way
to country-wide estimates. Since these yield values are always best guesses, CSA
needs independent, objective and transparent tools to assess the food production at
the regional level in across the globe in near real time. This is a particularly important
requirement, since many countries do not release their best estimates; instead the
data they do release is manipulated data for national security, political and economic
reasons. Consequently, models based on these yield data lack both skill and confi-
dence in their predictions. One approach is to use analogues from areas that grow the
same crop and share similar climate, soils, and irrigation practices. In this case, the
models developed in the analogue region can be applied to the target area.
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Another application to the CSA is using the indexes and predictions as triggers
to release catastrophic bonds to farmers having substantial crop failure. There are
several advantages to index-based insurance that support CSA.

1. The cost of the premium is substantially lower than the traditional indemnifica-
tion insurance programs, since no adjuster or field survey are required.

2. The funds are released in near real time, mitigate the impact of the financial
losses of the harvest.

3. Itis an objective program that can be readily underwritten by numerous sources,
thereby the distribution of the losses through various government and financial
institutions, reducing exposure to a particular organization. Insurance based on a
composite of indexes (used as triggers) has been tried with some success.
However, one of the major obstacles is confidence in the triggers by both the
insurance companies and the farmers. One intention of the study is to support the
CSA’s ability to identify reliable and easy to apply triggers in the crop insurance
industry.

The value of the wetness index for monitoring and predicting river flow is
multifold.

1. Improved knowleddge on the distribution of water resources and the probability
of various levels of water for agriculture, commercial, industrial and human con-
sumption is critical to sustainability and development strategies.

2. Mitigate the impact of flood and drought with a reliable early warning system,
which provides valuable lead-time about upcoming extreme events.

3. Provide areliable and objective source of information about the available water
resources, in planning and promoting water sharing between riparian states .

4. Use objective measurements to establish an insurance program that protects sec-
tors of society against extreme events, and provides financial compensations for
mitigating impacts on infrastructure and society’s welfare.

We introduced a model to demonstrate how to qunatify the value on water
resources in various sectors of society. The model broke the impacts across the agri-
culture, fishing, commercial and human consumption. Ther are many benefits to use
the BWI to quantify these relationships, in terms of social and economic costs/
benefits related to water resource management and mitigation strageties against
extreme events. This chapter demonstrates the application of both the wetness and
temperature data for monitoring growing conditions and predicting yields, which
directly support CSA around the world. We plan to integrate these products with
various datasets, such as in situ surface temperature, the greenness index, and soil
moisture data, in order to expand their complementary value and utility. We are
excited about collaborating with organizations that would like to apply these prod-
ucts in various sectors. Since the data is global and has more than 25 years of obser-
vations, we believe that the potential for application is vast and look forward to
developing that potential in many areas. The goal is to assist the CSA by applying
these products to support resource management, food security, climate resilience, as
well as mitigate the adverse impacts of extreme events.
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Early Warning Techniques for Local Climate
Resilience: Smallholder Rice in Lao PDR

Drew Behnke, Sam Heft-Neal, and David Roland-Holst

Abstract As part of the Regional Rice Initiative Pilot Project, UNFAO has com-
mitted resources to support policy dialog and decision capacity related to climate
change adaptation and mitigation in agriculture, with particular attention to food
security and the rice sector in Asia and the Pacific. This initiative includes sponsor-
ship of research to deliver information and knowledge products for policy makers to
better manage climate risks to the rice sector and identify adaptation needs for the
rice sector in Lao PDR. In the following pages, we report on progress of one com-
ponent of this activity, econometric estimation of long term impacts that climate
change can be expected to have on rice yields. The work reported here is prelimi-
nary and should not in its current form be used as a basis for policy.

1 Introduction

The report presents a new approach to estimating how climate conditions affect rice
production in Lao PDR and modeling the associated potential future impacts of
climate change in the rice sector. To conduct our analysis, we use advanced econo-
metric models to estimate the historical relationship between observed rice yields
and weather inputs. We then downscale projections from leading climate models to
evaluate potential future climate conditions in Lao PDR and implement the econo-
metric models to estimate rice yields under these climate scenarios.

The organization of this report is as follows. First, we provide background and
review weather and rice production conditions in Lao PDR as well as summarize the
role of weather inputs in rice yields. In addition to average weather conditions,
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special attention is devoted to extreme events such as floods and droughts that can
play disruptive roles in rice production. Next we review methodologies used in the
literature and discuss the statistical approach employed here in order to estimate the
relationship between weather and observed rice yields. Again, we include both aver-
age weather and measures of natural disasters in our analysis. Finally, we provide
an overview of climate models and apply climate projections to our statistical mod-
els of rice yields in order to evaluate potential impacts of climate change on rice
yields in Lao PDR.

2 Background

The following section provides an overview of rice growing conditions in Lao
PDR. Weather inputs, the occurrence of extreme events, and rice production sys-
tems are all discussed in order to provide context for the subsequent analysis.

2.1 Overview of Climate Conditions

Total rainfall during the rice-growing season in Lao PDR ranges from about 100—-
170 cm. However, year-to-year rainfall is highly variable. Moreover, even years
with identical levels of total rainfall can have very different growing conditions
depending on the pattern of rainfall arrival. Monthly rainfall generally rises each
month from the beginning of the growing season until it peaks in August and then
decreases thereafter as illustrated in Fig. 1 (both panels).

There is also significant variation in growing season temperatures across Lao
PDR. Figure 1 shows the geographical distribution of growing season conditions
across space and time. Average minimum (nighttime) temperatures during the grow-
ing season range from approximately 20-24 °C, while average maximum (daytime)
temperatures range from 28-32 °C. It should be noted however, that these averages
mask much of the underlying variability in temperature. For example, average tem-
perature varies across the growing season, where the beginning of the season is typi-
cally several degrees hotter than the end of the growing season. Moreover, daily
maximum temperatures can exceed 40 °C. Extreme heat, particularly if sustained
over several days, puts additional stress on rice growth and may cause large dam-
ages (Wassmann et al. 2009b).

2.2 Extreme Events

While average climate conditions play an important role in average rice yields,
extreme events can cause large impacts that may not be captured by seasonal aver-
ages. For example, a year with early season drought and late season floods may
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Fig. 1 Decadal changes in seasonal weather conditions (two panels)

record normal growing season rainfall totals while resulting in significant crop dam-
age. Furthermore, rather than contributing to lower annual yields, extreme events
may cause the rice planted area to be damaged, resulting in significant loss of the
planted crop, which can be devastating to farmer livelihoods. In order to address this
important facet of the climate-rice production relationship, we incorporate effects of
both average climate and extreme extreme weather events on rice yields.

The majority of rice production in Lao PDR is rain-fed and consequently
droughts pose a serious threat. In addition to water shortage, flooding is also a com-
mon danger to Lao and other Southeast Asian rice production. In fact, regular



108 D. Behnke et al.

700
600
500

400

300
200
100 I ‘
I [ ) . i

°
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Number Affected (1,000 people)

Source: EMDAT database (www.emdat.be)

Fig. 2 Population affected by major flood or drought events in Lao PDR. Blue represents floods
and red represents droughts. Note that regional floods and droughts are not included in the figure.
Consequently, the figure represents only the largest scale events that have been recorded in this
international database of natural disasters

seasonal flooding from the Mekong River is often a greater threat to the central
region rice production than water shortages (Schiller et al. 2001).

The toll from extreme flooding and droughts can be significant. Figure 2 displays
the estimated number of people affected by major floods and droughts in Lao PDR
as recorded in the international natural disaster database EMDAT.! This database
provides statistics for the number of people affected by particular large-scale
extreme weather events. It should be noted that smaller regional scale events are not
recorded in the database and thus not included in the figure. It should also be noted
that many of the people affected by these disasters may not be farmers. That being
said, farmers are particularly vulnerable to droughts and floods because their liveli-
hoods can be negatively affected. Nonetheless, the EMDAT database provides
insight into the potential magnitude of these effects. According to the database,
there have been six floods in the last 20 years that affected at least 300,000 people
in Lao PDR. Major droughts, although less common than floods, can also exact
large damages. In fact, the biggest event in the database is a late 1980s drought that
affected more than 700,000 people in Lao PDR.

To address the shortcomings of the EMDAT data we consider the direct impact
of flooding and droughts on rice yields in subsequent sections. The data that we use
in our analysis, which comes from the Department of Agriculture and is described
further in Section 4, is more precise and includes annual damaged rice area for each
district that resulted from drought, floods, or pests (Fig. 3).

! Available online at www.emdat.be.
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Fig. 3 Average rice yields. Maps show average rice yields by rice production system. Data cover
the period 2006-2012

2.3 Rice Production

As a culturally significant, staple food crop, rice has an important role in the econ-
omy of Lao PDR. Because of this, the rice production sector has been the focus of
various political policies in order to increase production and maintain food security.
As aresult, Lao PDR has undergone significant transitions in the sector over the past
several decades, moving from a net rice importer in the 1970s and 1980s, to a stable
and increasing surplus over the last decade.

The introduction of improved seed varieties in the 1970s as well as loosening of
price controls in the early 1980s led to some production increases, but the majority
of growth occurred in the 1990s. Over the last 20 years, rice production has more
than doubled to reach nearly 3.5 million tones of paddy in 2012 (DOA 2012). This
represents an average of 5.1% annual growth, which is one of the highest in the
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region over this time period. This high growth can be attributed both to the yield
improvements (from new, improved seed varieties and increased use of fertilizer) as
well as land expansion. Growth from land expansion over the previous two decades
can be explained by the steady increase in lowland, rain fed production systems as
well as a rapid increase in dry season irrigated production. Concurrently, the lower
yield, upland rice production system saw total area steadily fall. Regionally, much
of this growth was concentrated in the central plain provinces of Savannakhet,
Khammuane, Vientiane, and the Vientiane Municipality as well as the southern
province of Saravan. In total, these five provinces comprised 70% of the total
increase in rice production between 1995 and 2010 (MAF 2012).

2.3.1 Production Systems

Rice production systems can be categorized into one of five different categories:
lowland wet-season, lowland irrigated dry-season, upland permanent, upland rotary,
and upland shifting.

Lowland Wet-Season Lowland wet-season is responsible for the majority of pro-
duction, representing 79% of the total yield in 2012. This production system is most
common in the central and southern regions of the country with 83% of total yields
coming from these areas (DOA 2012). Lowland wet-season production has rela-
tively high yields compared to other production systems with an average of 3.91
tons per ha in 2012. Given the comparatively high yields, and ubiquity of produc-
tion along the populated Mekong River Valley, lowland wet-season will remain the
most important ecosystem for rice cultivation in the foreseeable future.

That being said, lowland wet-season production faces a variety of production
constraints. First and foremost, is the constraint from climatic variability, as the
production system is reliant on weather inputs for the production process. Rainfall
is identified as a particular concern among farmers, as the rainfall pattern can vary
from year-to-year, resulting in large fluctuations in production. Furthermore, the
permeable nature of the sandy soils that prevail in much of the Mekong River Valley
means drought is common occurrence. Temperature is of course an issue as well, as
extreme temperature events are known to be harmful to rice production and the
random nature of such events means farmers and unable to anticipate temperature
shocks (Schiller et al. 2001).

Related to climatic variability, is the problem of insect pests that are rated by
farmers as being among the top three production constraints. The relationship
between pests, climatic variability, and production is not clearly understood,
although it is understood that pests are believed to significantly impact yields and
climate plausibly affects the prevalence of pests (Schiller et al. 2001).

Irrigated Dry-Season Dry-season production occurs under irrigated conditions
only. During the 1990s, the irrigated dry-season production system saw a rapid
increase in production as part of the official national policy to support the continued
development of small-scale irrigation schemes. The expansion of the irrigated sys-
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tem was promoted in order to increase national rice production, while at the same
time reducing the year-to-year variability associated with wet-season production.
Over the 2011-2012 dry-season growing season planted area totaled 108,000 ha
representing approximately 11% of the national crop. Although this is a large
increase from the 13,000 ha planted in 1992-1993, it represents only a modest
increase from the 87,000 ha planted in 1998—-1999. Furthermore, there is a large
disparity from the MAF’s projected goal of 180,000 ha of production by 2005 (DOA
2012; Schiller et al. 2001).

Due to the intensive nature of irrigated production, the majority of production is
concentrated in a few provinces that can support this system. The central region is
home to nearly 68% of the total irrigated dry-season planted area, with production
being highly concentrated in the Vientiane Capital and Savannakhet (19% and 29%
of total area planted respectively). Yields are the highest in this production system
with 4.72 tons per ha on average over the 2011-2012 season (DOA 2012). This is
unsurprising as the adoption of improved rice production technology is highest in
the irrigated areas both as a combination of better extension services and higher
farm incomes.

In regards to production constraints, temperature likely plays a larger role for the
irrigated production system, as dry-season temperatures are initially cool before
dramatically increasing toward the end of the season. Especially of concern are low
temperatures in the north where temperatures can fall below 5 °C. In southern and
central Lao PDR, the high temperatures during March and April that can coincide
with flowering and grain filling are of primary concern (Schiller et al. 2001).

Upland Upland rice cultivation in Lao PDR is split between three production cat-
egories; permanent, rotary, and shifting. Estimates vary about the size of these sys-
tems, as they are predominantly located in the remote, mountainous northern and
eastern regions of the country. Furthermore, due to remote nature of these systems
accurate yield measurements are next to impossible. Often upland rice plots are not
clearly marked and typically grow in combination with forest trees and other crops.
Furthermore, much of the production is in remote areas with limited to no road
access and inadequate resources and staff to accurately record yields.

That being said, some estimates for upland production do exist. In the early
1990s it was estimated that 2.1 million ha (or 8.8% of the national territory) was
being used for slash-and-burn cultivation (Schiller et al. 2001). By 2000, it was
estimated that about one third of the population still relied on shifting cultivation
systems, covering about 13% of the of the total land area of the country (ADB
2006). In regards to rice production only, official data reports there was 119,000 ha
of upland rice planted in 2012 representing approximately 12% of the total planted
area of rice. Of this, approximately 47% was classified as a permanent upland sys-
tem (DOA 2012). Furthermore, the DOA reports data on two types of slash-and-
burn systems referring to them as either “rotary” or “shifting,” but has no explicit
information on the differences between these systems.

Much like other production systems, there is a strong regional trend in the upland
production system. The northern provinces accounted for over 73% of the total area
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planted, with Luangprabang responsible for 18% of the total area alone. Yields are
low in the upland system and relatively much lower than the other production types
with an average yield of 1.8 ton per ha (DOA 2012).

In regards to production constraints, the upland production system has both simi-
lar and unique limitations to production. Climatic variability is again a major con-
cern, as farmers must rely on the weather for inputs into production. However, biotic
constraints are a much larger concern for the upland system than others. Weeds and
rodents were highlighted as the two largest limitations to production for upland
farmers (Schiller et al. 2001). Additionally land pressure and pressure for the gov-
ernment have limited production. Traditionally, farmers would clear the forest with
fire and after growing rice for a year or two, land would be left to fallow for 10-20
years before returning. However, increased population pressure and land-use restric-
tions have led to a reduction in fallow periods to as short as 3 years (ADB 2006).
Without the necessary time for the land to restore fertility, production is adversely
impacted and furthermore such a system is unsustainable ecologically.

2.3.2 Irrigation

As previously discussed, irrigation in Lao PDR increased dramatically during the
mid-1990s and early-2000s under the government’s official policy to expand cover-
age. During this time, large investments were made to install high-capacity pumps
along the Mekong River and its tributaries to expand small-scale irrigation opportu-
nities for smallholders. As a result of the government’s expansion efforts, irrigated
area increased from about 12,000 ha in 1990 to 87,000 in 1999, representing a
seven-fold increase (Pandey 2001). Growth was even more rapid in the early 2000s,
eventually reaching peak coverage of over 500,000 ha in 2006 before declining
slightly to the current 400,000 ha of coverage in 2012 (DOA 2012).

2.4 The Physiological Relationship Between Rice and Weather
Inputs

2.4.1 The Role of Water

Rice production, more than most crops, is highly dependent on water availability,
both in terms of quantity and timing of application. At some points during the grow-
ing season rainfall is highly beneficial, while at other times during the season it can
be harmful. Too much or too little rainfall at any stage of rice growth can cause
partial or total crop failure (Belder et al. 2004). Excessive water can lead to partial
submergence of the rice plant, which reduces yields. In one experiment, Yoshida
(1981) reports that 50% of plant submergence during any of the growth phases led
to a 30-50% reduction in yields. However, while excessive water damages rice
crops, drought is widely recognized as the primary constraint for rain-fed rice
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production (Bouman et al. 2005, 2007). Insufficient water causes plant mortality
and a wide range of stresses that can lead to spikelet sterility, incomplete grain fill-
ing, stunting (Yoshida 1981), delayed heading (Homma et al. 2004), and other
adverse yield effects.

Prior to planting, water is also important for rice production as an input to field
preparation. In rain-fed production systems, insufficient early rainfall can force
farmers to delay planting. Although data in Lao PDR are not available, Sawano
et al. (2008) studied the relationship between rainfall and planting dates in rain-fed
areas of northeast Thailand, an area that is geographically similar to the central
plains of Lao PDR. The authors concluded that, depending on field-level water
availability from rainfall, planting dates were locally distributed over an approxi-
mately two-month period, while local harvesting took place around the same time
everywhere. The implication is obvious — delayed planting from insufficient early
season water resources can significantly shorten the growing season and thus reduce
output. It remains unclear why farmers who delayed planting did not delay harvest.
While the authors did not offer any conclusive answers for this question, they sug-
gested that farmers may not want to delay harvesting in order to prevent interference
with subsequent growing seasons, marketing considerations, and other farm and
nonfarm activities.

2.4.2 The Role of Temperature

Sunlight is another essential input into rice production — rice plants require solar
radiation for photosynthesis and heat to promote tissue growth. There are a number
of ways to measure energy requirements, the simplest being average temperature.
Other related measures include other temperature boundaries (e.g., daily min T,
daily max T), agronomic measures such as Growing Degree Days (GDD), and radi-
ation measures.

Generally, extreme highs and lows are of concern to crop growth. However, at
the range of temperatures experienced by rice growers in Lao PDR, extreme lows
are unlikely to harm rice growth, but extreme highs are a greater threat.? Extreme
high temperatures hurt plant growth because it causes heat stress, which delays the
growth process (Yoshida 1981; Wassmann et al. 2009b). Furthermore, researchers
have highlighted the difference between extreme high nighttime (minimum) tem-
peratures and extreme high daytime (maximum) temperatures. The respiration pro-
cess appears to make rice plants particularly sensitive to nighttime temperature (Yin
et al. 1996). Several studies have highlighted nighttime temperatures as a driving
factor of rice growth, where elevated minimum nighttime temperatures greatly
reduce rice yields (Yin et al. 1996; Peng et al. 2004; Welch et al. 2010). Using a
laboratory experiment to artificially manipulate temperatures, Yin et al. (1996) dem-
onstrate that a one-degree increase in nighttime temperature has a large negative

2Both daytime (daily maximum) and night-time (daily minimum) extreme highs are potentially
harmful to rice yields.
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effect on rice yields whereas a one-degree increase in daytime temperature has a
slightly positive effect. In fact, across most observed ranges of maximum tempera-
tures, higher daytime temperatures have generally been found to positively affect
rice growth (Peng et al. 2004; Welch et al. 2010), however, as temperatures continue
to rise, they eventually become harmful. The threshold where maximum daytime
temperatures become detrimental to rice growth depends largely on genotype and
local growing conditions (including e.g., soils and water availability). For example,
depending on genotype and field conditions, Wassmann et al. (2009a) estimated an
average cutoff for maximum temperature of 31 °C, beyond which “growth and pro-
ductivity (yield) rapidly decrease”. However, these estimates come from experi-
mental rather than field results, which may not be representative of adaptive,
farmer-managed fields where some precautions may be taken when temperatures
become potentially harmful. Consequently, if we believe that farmers can effec-
tively ameliorate the effects of extreme temperature through management practices,
or through use of local varieties selected for heat resistance qualities, then we might
expect observed field data to exhibit higher thresholds.

3 Analysis I: Estimating the Relationship Between Rice
and Climate Change

This section constitutes the first part of our analysis, where we estimate the relation-
ship between observed historical rice yields and weather conditions in Lao PDR. The
following section will use the observed relationship to project yields under potential
future climate scenarios. In this we first describe the data and methods used, then
describe our primary results. Full model results are presented in tables in the
appendix.

3.1 Methods

Climate change is a long run phenomenon and it is difficult to distinguish historical
climate change from short to medium run weather cycles. In order to estimate
potential climate change impacts on agriculture, researchers often estimate the
short-term relationship between weather inputs and yields and then apply this rela-
tionship over the range of future conditions predicted by climate models. While this
approach is imperfect®, it allows us to provide an approximate estimate of future
climate impacts.

In general, two approaches have been taken to characterize the relationship
between weather inputs and rice yields. First, in agronomic studies, usually involv-

3One needs to be particularly careful about extrapolating current relationships to future unexperi-
enced ranges of climate conditions.
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ing laboratory or experimental fields, rice plants are placed under different types of
environmental stresses and physiological responses are measured (e.g., Borrell et al.
1997; Homma et al. 2004; Yin et al. 1996). An extension of this approach is to use
field data to calibrate crop models that simulate the physiological growth process.
Perturbing the inputs in these models can in turn generate predictions of crop growth
under potential future climate conditions.

The second approach, which we take here, applies statistical models using plau-
sibly random variations in weather to estimate the effects of weather conditions on
observed rice yields. We exploit the presumably random year-to-year variation in
temperature and precipitation to estimate whether rice yields are higher or lower in
years that are warmer and wetter. With the relationship firmly established, we then
use climate projections to model how climate change will affect yields.

In a controlled lab experiment, scientists repeatedly carry out procedures that are
identical except for one factor of interest, which is manually manipulated in order
to measure the causal impact of said factor on the outcome. As with many social
science settings, this type of experiment is not possible for the Lao PDR rice sector.
Thus we rely on existing data to demonstrate the impact of historical weather real-
izations on yields and model the impacts of climate change once this relationship
has been established. It should be noted that overall yields have increased over the
study period due in large part to technological advances. Consequently, our esti-
mates represent losses with respect to the counterfactual scenario of no climate
change. Losses due to climate change do not imply that the yield trends are down-
ward sloping, only that yields have been, and will continue to be, lower in the face
of climate change than they would be otherwise. This distinction does not change
the fact that climate change has potential to have strongly negative impacts on the
rice sector in Lao PDR.

Typically, statistical studies use average growing season (or sub-season) condi-
tions, to represent the weather inputs in the production function. The simplest
approach estimates yields (calculated as log(yield)) as a function of mean tempera-
ture, mean precipitation, and their squares. However, several studies have
emphasized the differential effects of minimum and maximum temperature (Yin
et al. 1996; Peng et al. 2004; Welch et al. 2010), the importance of including radia-
tion (Sheehy et al. 2006; Welch et al. 2010), and the differential effects across phases
of the growing season (Welch et al. 2010). In addition, there has been extensive
research on water requirements for rice production in irrigated (Bouman et al. 2005,
2007) or rain-fed settings (Xu and Mackill 1996; Sharma et al. 1994; Wade et al.
1999).

Our goal is to provide a localized analysis for Lao PDR. In order to do so, we
seek to incorporate the main methods and findings from these disparate sources into
statistical models that estimate the impact of climate on rice types grown particu-
larly in Lao PDR. This analysis, in turn, will be used to inform policy prescriptions
and identify the production systems and rice growing areas that are most vulnerable
to adverse changes in growing conditions.
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3.1.1 Average Weather Models

We begin with an approach of estimating the effects of climate on rice yields using
a panel regression with a single growing season metric for each weather covariate
(average min T, max T, and precipitation across the growing season). Using average
seasonal conditions, we estimate a linear model for each rice production system.
These are later used to predict yields under various climate scenarios.

Here, we present a variation of the panel fixed effects (FE) model. This model is
an accepted and commonly applied model in the literature (see e.g. Lobell and
Burke 2010). Panel data contains repeated observations of the same units over time.
In this case we repeatedly observe district rice outcomes. Panel data allows the use
of fixed effects, which control for a variety of observations that are unobserved. By
conditioning on fixed effects, county specific deviations in weather from the county
averages are used to identify the effect of weather on yields. Specifically we chose
to control for district and year fixed effects. District fixed effects control for any
unobservable characteristic that varies across district but is constant over time. This
accounts for important differences across districts such as soil conditions or areas
with a higher prevalence of intensive production systems. Year fixed effects control
for any unobservable characteristic that varies across years but is constant across all
districts. This includes national time trends such as improved technology (irriga-
tion, fertilizer use, or the introduction of improved seed varieties for example).

Within this framework there are a number of choices/assumptions to be made. In
each case, there is a tradeoff between controlling for unobserved factors and observ-
ing enough variation in the data to be able to make econometric estimations. In
reality, we know that there are many factors that affect crop yields, including soil
quality, technology, agrochemicals, endogenous behavior, etc. Here, we are only
considering the impact of weather, while the other factors are unobserved by us.
Thus we are trying to estimate the disaggregated yield impact of weather holding
constant other explanatory variables. If district-level time-series data were available
on other factors such as agricultural investment, fertilizer use, or pesticides, then we
could include these explanatory variables in our model. However, to our knowledge
these data do not exist at the required resolution. Fortunately, the fixed effects model
attempts to control for these unobserved factors, so that we can still produce unbi-
ased estimates of climate effects. In other words, we can control for a variety of
unobserved characteristics but cannot estimate them in our model. We are not
attempting to explain every factor that affects yields, but merely to identify the
effect of temperature and rainfall. Given our interest is ultimately how yields will
change in the face of new climate conditions this does not affect our analysis.

The following reduced form model is our primary empirical specification. In our
ideal specification we would have a vector of controls for the other factors that
affect yields that we have previously discussed. This would include characteristics
such as fertilizer use, pesticide use, soil quality, etc. However, data of this quality
does not exist in Lao PDR, which is why we rely on fixed effects.
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Equation 1: Panel Model of Average Weather Effects

log(Y, ) =7, +6, + B,MinT, + B,MaxT, + B,P+¢, 0
Yy is yield for district d in year t. The model includes district fixed effects y, and
year fixed effects 0,. f,_; represent the coefficients on our weather variables

One of the fundamental assumptions we have to make is that individual specific
time series variation is a valid source of variation for identifying causal effects. In
other words, our model assumes that, for each district, weather variation from year-
to-year is random. It is obviously not true that weather is random over space (i.e.,
we expect that some parts of the country to get more rain than other parts every
year) but we argue that it is reasonable to assume that deviations from local averages
in one year are unrelated to deviations from local averages in the next year.

The modeling approach in equation 1 makes the strong assumption that the effect
of weather on yields is the same over different ranges. For example, the linear model
assumes an increase in maximum temperature from 29 to 30 has the same effect as
an increase from 33 to 34. This is a very strong assumption and other researchers
(Schlenker and Roberts 2009) have found a nonlinear relationship between tem-
perature and yields. Therefore, to add robustness to our analysis we also consider a
non-linear model as seen in equation 2. This model adds square terms for the cli-
mate variables used in equation 1, which allows us to consider if there is a threshold
at which the relationship between weather and yields changes. Ideally, we would
like to estimate a piece-wise linear model that estimates different slopes over differ-
ent ranges of covariates. However, given our limited number of observations, a
piece-wise model is not advised as it will increase the number of covariates and
reduce the necessary power for statistical inference.

Equation 2: Panel Model of Average Weather Effects

log(Yd, ) =y, +0, + B,MinT, + B,MinT’, + B;MaxT, + B,MaxT’ + BsP+¢, ?)
Y is yield for district d in year t. The model includes district fixed effects y4 and
year fixed effects 0,. f,_s represent the coefficients on our weather variables

3.1.2 Modeling Extreme Events

In addition to modeling the effects of average weather conditions on average rice
yields, we can model the effects of drought and floods on rice losses with the same

methodology. In equation 2, L, represents rice losses* and Dry measures drought
severity in district d and year ¢. Since our yield measures are annual, drought and

4Planted area that could not be harvested.
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flood measures need to be aggregated annually. We will experiment with different
aggregation methods.

Equation 3: Panel Model of Extreme Event Effects
log(Lm ) =74+06,+B,Dr, + B, X, +¢&, (3)

Y, is yield for district d in year t. The model includes province fixed effects y4 and
year fixed effects 0,. B, represents the coefficients on our drought measure. X, are
other controls.

3.2 Data
3.2.1 Rice Yields

Our rice yield data for Lao PDR come from the “Crop Statistics Year Book” pub-
lished by the Department of Agriculture (DOA) within the Ministry of Agriculture
and Forestry (MAF). These reports contain a wide variety of detailed crop produc-
tion data at the district level and have been published annually since 2005.
Unfortunately, rice production data before 2005 in Lao PDR is limited to province
level aggregates that are of little use to our analysis, and district level rice produc-
tion data is only available from 2005 through 2011. Although our panel is limited, it
represents the most accurate and detailed rice production data in existence for this
country. Rice production data is split between the five distinct production systems
used in Lao PDR and these contain a variety of important statistics useful to our
analysis. The variables in the data include planted area, harvested area, yield, and
damaged area by source (drought, flood, etc).

3.2.2 Weather Conditions

It is inherently difficult to measure weather over space. Weather is observed at indi-
vidual weather stations, and ideally want to have weather stations collecting data
every few meters in order to capture variation in conditions over space. Of course,
managing so many weather stations is impractical, and instead observed values are
interpolated over locations in between weather stations. There are many different
forms of weather data sets that have carried out this interpolation over different
spatial and temporal resolutions. Each data set has its own advantages and draw-
backs. Here we carry out our analysis with two separate weather data sets, known
by the acronyms CRU and APHRODITE, described below. CRU data provide more
weather variables (i.e., MIN, MAX) but at a lower temporal and spatial resolution.
By including two completely different weather data sets we decrease the likelihood
that our results will rely on the peculiarities of a particular data set.
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The first weather data come from the Climatic Research Unit (CRU) at the
University of East Anglia. The research group produces several global data products
that include monthly average minimum (nighttime) temperature, maximum (day-
time) temperature, mean temperature, and monthly total rainfall. We utilize the
high-resolution gridded data sets® that have a resolution of 0.5 x 0.5 degrees glob-
ally. This translates to approximately 55 x 55 km at the equator. Each Lao PDR
district is overlapped on the grid and area weighted averages are calculated in order
to estimate monthly weather conditions for each district over the sample period.

The second data set, APHRODITES, is described by Yatagai et al. (2012).
Researchers in Japan utilized a high density cluster of proprietary station data in
order to create a high-resolution data set that includes daily average temperature and
daily rainfall at a resolution of 0.05 x 0.05 degrees (~5 x 5 km). Although daily
temperatures are useful, this data set does not contain minimum and maximum tem-
perature information, and covers only Asia.

3.2.3 Extreme Events
Droughts

Although difficult to measure from seasonal rainfall and temperature data, research-
ers have begun to use remote sensing data from satellites to estimate drought sever-
ity. In the present analysis, we utilize a new measure developed by Mu et al. (2013)
called the Drought Severity Index (DSI). Mu and colleagues produce global DSI
measures from satellite data covering the globe averaged over eight day periods
from 2000 through 2011 at a resolution of 0.05 x 0.05 degrees (~5.5 x 5.5 km). In
theory, DSI values range from negative infinity to positive infinity, however, in prac-
tice most values are clustered around zero. Negative DSI values signify drier-than-
normal conditions while positive values signify wetter than normal conditions. A
zero value for DSI implies normal conditions. While it is an imperfect measure, DSI
allows us to estimate district level drought severity across the rice-growing season
and therefore estimate the effects of droughts on rice losses. Moreover, the drought
patterns suggested by the DSI appear to be consistent with precipitation patterns
observed in other data sets.

Floods

Like droughts, measuring flood extent is a practical difficulty that we address by
using remotely sensed satellite data processed to estimate standing water extent. As
far as the authors know, there are no available global remotely sensed flood mea-
sures. Consequently, as a second best option, we utilize DSI as a flood measure

Shttp://www.cru.uea.ac.uk/data.
Chttp://www.chikyu.ac.jp/precip/products/index.html.
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where large positive values for DSI imply flooding. The developers of DSI note that
flood measurement is a potential extension of DSI, but also caution that DSI has not
been fully evaluated as a flood measure. Consequently, we proceed with caution
using the best available flood measures to estimate the impact of flooding on rice
production.

3.2.4 Data Limitations

There are significant constraints on data availability (and, inevitably, quality) for
Lao PDR. First and foremost, detailed rice production statistics have only begun to
be collected in recent years. Therefore, although we have a more than 40-year panel
for weather, our analysis is limited given extreme constraints on availability of rice
production statistics. For example, the small number of observations makes it dif-
ficult for us to detect non-linearities in the weather-rice relationship. That being
said, the DOA has done an excellent job of identifying the data shortcomings, and
there appears to be a serious effort underway to improve data availability across the
country. Therefore, we believe that despite having a limited panel, this represents
the single best quality data currently available.

We have also been unable to locate other data that would have improved our
analysis. We hoped, for example, to obtain rice crop calendar information on the
length of growing period for each district in the country, but no data like this cur-
rently exists. The closest data of use came from the National Agricultural and
Forestry Research Institute (NAFRI), which had crop calendar information for just
a single province, based on their own recent field study. Although this is of value,
we do not incorporate into this analysis as we model yields for the entire country,
which has diverse geographical regions and growing climates. Another potential
area of further exploration we hoped to explore was the affect of changes on rice
yields on different socio-economic variables. In order to examine this however, we
would need access to the Lao Expenditure and Consumption Survey (LECS), which
has been conducted every five years since 1997/98.

Given the serious data concerns over the quality of upland rice production data
we chose to omit upland production from our analysis. Data collection in Lao PDR
suffer from imperfect systems and data collection is often a highly political issue.
Reliable data on yields at the district level require a dedicated support staff and
systems in place to ensure accurate reporting. Furthermore, upland production faces
avariety of constraints that severely limit the accuracy of data collection. Considering
these issues, we instead focus our analysis on lowland systems where data quality is
believed to be much higher.
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3.3 Results

Consistent with previous statistical studies (e.g., Peng et al. 2004; Welch et al.
2010), the preliminary results of our linear fixed-effects regression model of aver-
age weather (equation 1) suggest that elevated minimum nighttime temperatures’
are highly damaging to rice yields as seen in Table 1. With regards to different pro-
duction systems we find these trends are largely similar, although varying in their
severity and significance. For lowland rain-fed production we find that that a
1-degree rise in the nighttime temperature reduces rice yields by 4.6% holding all
else constant. Although this result is not statistically significant at conventional lev-
els it is consistent with results from previous studies that suggest an increase in
average nighttime temperature leads to reduction in yields. Given the limited amount
of data and associated low statistical power, non-significant effects are unsurprising.
Looking at daytime temperatures, we find that a 1-degree rise in temperature
increase yields by 11.8% holding all else constant, and these effects are significant
at the 10% level. Based on this evidence, this might suggest that increasing tempera-
tures could have an overall positive impact on rice yields for the most important and
common rice production system in the country. Furthermore, we find statistically
significant evidence that increases in precipitation increase yields, although the
effect is very small. We show that increasing precipitation by 1 cm over the growing
season increases yields by approximately 0.1% holding all else constant.

We find that changes in temperature appear to have no effect on yields for irri-
gated dry season production. This might be suggestive of the fact that irrigated

Table 1 Impact of weather (1) )
on log rice yields, district Dry
level, 2006-2011 season Wet season
Min temperature | 0.045 —0.046
(0.028) (0.038)
Max —-0.013 0.118"
temperature (0.053) (0.066)
Precipitation —0.001"" 0.001™"
(0.000) (0.000)
Mean log-yield 1.530 1.277
No obs 578 683
R? 0.691 0.732

Standard errors in parentheses
Significance levels indicated by *0.1, **0.01,
*#%0.05

"For the purpose of this study, minimum nighttime temperature is defined as the lowest tempera-
ture recorded by weather stations at night. Some stations record several observations per night
while other stations record a single nighttime observation.
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Table 2 Non-linear impact (1) 2)
of wgather on log rice yields, Dry
district level, 20062011 season Wet season
Min temperature —0.099 1.007*
(0.481) (0.427)
Min temperature square | 0.003 —-0.024"
(0.010) (0.010)
Max temperature 0.249 —0.490
(0.692) (0.358)
Max temperature —-0.004 0.010™
square (0.011) (0.005)
Precipitation —0.000"" | 0.000"
(0.000) (0.000)
Mean log-yield 1.530 1.277
No obs 578 683
R? 0.691 0.739

Significance levels indicated by *0.05, **0.1, **%0.01

production systems are typically market oriented, intensive systems, and thus farm-
ers are better able to withstand extreme temperature events. However, we find there
is a small effect that increased precipitation decreases yields in the dry season.

In regards to the non-linear approach modeled in eq. 2, we find some evidence
that there is a non-linear relationship between temperature and yields as seen in
Table 2. For lowland rain-fed production, we find that elevated nighttime tempera-
tures improve yields up to approximately 21 °C, after which increased nighttime
temperatures reduce yields. Given that the average minimum temperature across our
sample is greater than 21 °C, we see the large negative effect in Table 1. For daytime
temperatures we find weak evidence of the opposite effect. The results in Table 2
suggest that elevated daytime temperatures decrease yields until approximately
24.5 °C, after which they have a positive effect. Once again, average daytime tem-
peratures are above 24.5 °C, which adds robustness to the effect we find in Table 1.

3.3.1 Evaluating the Model

While the results are broadly consistent with previous studies (i.e., negative coeffi-
cients on minimum temperature, positive coefficients on maximum temperature),
limited data sources mean that our analysis may lack sufficient power to precisely
identify these effects. Consequently, many of the coefficients are not statistically
significant. The R? and adjusted R? are generally similar to studies carried out in
other settings, if not slightly lower here.

As a robustness check, we also estimated Equation 1 for provincial level rice
yields from 1990 through 2008 as seen in Table 4. These data represent all rice types
across all growing seasons and comes from the IRRI World Rice Statistics database.
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Table 3 Rice area, production, and yield (2012)

Region/province Area (% of total) Production (% of total) Yield
A. Northern 21.55 18.91 3.26
Phongsaly 1.98 1.50 2.81
Luangnamtha 1.78 1.78 3.7
Oudomxay 2.62 2.21 3.13
Bokeo 2.76 2.70 3.63
Luangprabang 391 2.63 2.51
Huaphanh 3.21 2.83 3.28
Xayabury 5.28 5.27 3.7
B. Central 52.63 54.18 3.85
Vientiane Municipality 8.14 9.82 4.49
Xiengkhouang 3.16 3.04 3.58
Vientiane 7.10 7.76 4.12
Borikhamxay 4.69 4.60 3.79
Khammuane 7.61 7.30 3.56
Savannakhet 21.92 21.66 3.67
Xaysomboun 25.82 26.92 391
C. Southern 9.32 8.74 3.51
Saravan 1.18 1.09 3.43
Sekong 12.74 15.07 4.45
Chmpasack 2.58 2.02 291
Attapeu 21.55 18.91 3.26
Source: DOA 2012
Table 4 Impact of weather )
?eri/::(l),g 13;%31;(3)1(()1; province Min temperature | —0.074*
(0.032)
Max temperature | 0.052%*
(0.025)
Precipitation 0.000™
(0.000)
Mean log-yield | 7.89
No obs 337
R? 0.854
Adjusted R? 0.836

Significance levels indicated
by *0.01, **0.05, ***0.1
Standard errors in parentheses

The results are displayed in the appendix. With the IRRI provincial data, all coeffi-
cients are found to be statistically significant and the R? values are significantly
higher. This exercise suggests that a longer time series may provide more power to
estimate these relationships relative to a larger cross-section.
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4 Analysis II: Projecting Future Rice Production
Under Climate Change

4.1 Climate Projections

The Intergovernmental Panel on Climate Change (IPCC 2007a) predicts that
Southeast Asia will experience warmer temperatures, increased frequency of heavy
precipitation, increased droughts, and lower annual levels of rainfall in the next
century. Changes in the climate are most likely to affect Lao rice yields through
harmful extreme temperatures, reduction in water availability from lower levels of
rainfall, and a reduced growth period attributed to higher temperatures and radiation
levels. Rice in Lao PDR is presently grown at the upper end of the optimal tempera-
ture range for rice production. This suggests that Lao rice production is likely to be
harmed if future temperatures rise as expected (Wassmann et al. 2009b).

On a global scale, researchers estimate that minimum temperatures have risen
faster than maximum temperatures over the last century. Easterling et al. (1997) dis-
sects the trend of increasing diurnal temperatures and attributes it to increased CO,
concentration in the atmosphere. However, in our data set we observe maximum
temperatures rising faster than minimum temperatures in the last 30 years. For more
detailed predictions of future conditions we turn to the Global Climate Models
(GCM) published by the IPCC.

Overview of Global Climate Models (GCMs) GCM? are mathematical models
used to simulate the dynamics of the climate system including the interactions of
atmosphere, oceans, land surface, and ice. They take into account the physical com-
ponents of weather systems and use these relationships to model future climate
conditions. While there are high levels of uncertainty involved in GCMs, these mod-
els can help provide insights into future climate scenarios.

The IPCC serves as a central organization for research groups around the world
to submit their models. Each research group must choose an approach to modeling
physical climate interactions, spatial and time resolutions, and future economic con-
ditions, among other things. Variation in model choice can result in a wide variety
of predictions. Fortunately, the [IPCC has attempted to standardize economic/emis-
sions scenarios in order to increase comparability across models. However, while
these scenarios limit the choices that modelers are faced with, there are still many
assumptions to be made about how to model future climate. Differences in these
choices result in a still wide variation in predictions across models, even within
economic scenarios.

In order to improve comparison across GCMs from different research groups
across the world, the IPCC publishes baseline greenhouse gas emissions scenarios,
the most recent of which is called the Special Report on Emissions Scenarios (SRES),
for all groups to utilize. Here we use three of the baseline scenarios established in the
IPCC Fourth Assessment Report (AR4), published in 2007 (IPCC 2007b).

8 Also referred to as Global Circulation Models with the same acronym.
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The B1 scenario depicts increased emphasis on global solutions to economic,
social, and environmental stability, but without additional climate initiatives. It
assumes rapid global economic growth, but with changes toward a service and
information economy with a population rising to 9 billion in 2050 and then declin-
ing thereafter. Clean and resource efficient technologies are introduced limiting
future emissions. This scenario estimates an increase in global mean temperatures
of 1.1-2.9 °C by 2100.

The A1B scenario also assumes global economic growth and a more homogenous
future world but with less global emphasis on the information and service economy.
Instead, it assumes a continuation of current economic activities, but with more effi-
cient technologies and a balanced emphasis on all energy sources. It assumes similar
population increase to 2050, followed by a decline in global birth rates. This sce-
nario predicts, on average, a 2—6 °C warming of global temperatures by 2100.

The A2 scenario depicts a more heterogeneous world with uneven global eco-
nomic develop and an emphasis on self-reliance and preservation of local identities.
Fertility patterns across regions converge slowly, resulting in a continuous increase
in global population. Economic development is regionally fragmented and there is
less global cooperation. This scenario predicts a global increase in temperature of
2-5.4 °C by 2100.

4.1.1 Selecting GCM Models

It is unclear whether any one model is more ‘valid’ than others (Burke et al. 2015).
However, some argue that models have different strengths and weaknesses and
should thus be carefully selected for specific applications (e.g. Knutti et al. 2010).
While many studies choose one (or a few) models, and make predictions based on
those scenarios, it is unclear how one would select the ‘best” model. To add to these
difficulties, different models offer widely different future predictions of climate con-
ditions. Consequently, predicted future yields will depend highly on which GCM is
utilized to forecast future climate conditions. For the time being, we follow the rec-
ommendations made by Burke et al. (2015) and include as many models as possible
with equal weights on the outcome predicted by each model. Our reasoning is that
policy recommendations should be informed on the range of possibilities. However,
by using many models the range of predicted outcomes can vary widely. Nonetheless,
we argue that the alternative of counting on the predictions of one model underrep-
resents the uncertainty involved in predicting effects of future climate change, and
that it would be unwise to make policy recommendations based on a single model.
Instead, we incorporate predictions from the 14 models that offer predictions for our
variables of interest (min temperature, max temperature, precipitation) under three
economic scenarios (A1B, A2, B1). In total, we therefore have 42 future climate
scenarios, one for each model-scenario pair, each of which can be evaluated for a
range of time frames. Finally, we can calculate the yield outcomes under each of
these scenarios and the median outcomes for each economic scenario represent our
estimates for future yields assuming low, medium, or high emissions in the future.
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4.1.2 Downscaling Methods

For each model-scenario combination we first calculate the model estimated
monthly average weather conditions (min/mean/max temperature and precipitation)
over the previous decade (2000-2010) for each district. We do this by matching
each district to the four closest GCM grid cells and then weighting each GCM cell
by the inverse distance of the center of the GCM cell to the center of the district
where weights are forced to sum to 1. This provides us with a historical standard by
which to measure future projections. Next, future period monthly averages are cal-
culated for each decade up to 2050. Future average monthly conditions are then
related back to the GCM estimated historical conditions for the 2000-2010 period
to provide predicted climate change. Temperature changes are calculated as an
absolute degree change in monthly averages while precipitation change is calcu-
lated as percentage change in average millimeters of rainfall per month.

Once we have estimated future changes in absolute (temperature), or percentage
absolute (precipitation) terms, we add the predicted changes to the estimated his-
torical data for each district, with changes separated by month. Once we have cal-
culated historical conditions under climate change, we use our model to predict
yields under the climate change weather conditions.

This process is repeated for all 42 model-scenario combinations (14 models, 3
scenarios) and the median outcomes are reported as the predicted yield changes
under climate change for each decade. Although computationally tedious, incorpo-
rating 14 models provides a more representative range of possible future climate
conditions, and of the high levels of uncertainty associated with predicting future
climate. This issue is discussed in detail below.

4.1.3 Climate Projections for Lao PDR

Time-series of the climate projections for Lao PDR are displayed in Fig. 4. On aver-
age, growing season temperatures are predicted to increase approximately 1 °C by
2050 while growing season rainfall is expected to slightly decrease. However, some
GCMs predict an increase in growing season rainfall over this period.

4.2 Yield Projections
4.2.1 Methods

In order to evaluate potential climate risk to rice production, we use our rice models
to predict yields under future climate scenarios. Due to the resolution of our data,
we are able to predict yields at the district level. We estimate future yields by using
our estimated statistical model to predict yields at the values of weather variables
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Fig. 4 Forecast climate conditions across 14 GCMs. Average growing season climate conditions
forecast up to 2055. The black line represents the median value across 14 GCMs. The blue lines
represent the minimum and maximum values across GCMs

predicted by the climate model. In order to remain consistent, we use the same
approach to estimate yields over the study period (i.e., the 2000s) and then calculate
yield changes relative to this baseline.

Quantifying Uncertainty with Yield Projections There are two primary types of
uncertainty associated with making yield-climate projections. First, there is uncer-
tainty associated with our statistical models. Our models are linear approximations
of the yield-weather relationship and thus are best suited to predict how yields
respond to perturbations in weather variables only over the observed range of condi-
tions. Fortunately, this type of uncertainty is quantifiable through standard errors
and other measures such as Root Mean Squared-Error calculated by using our
model to predict observed yields. The second type of uncertainty arises from unpre-
dictability of future climate conditions. GCMs attempt to predict future conditions,
however, the uncertainty associated with these predictions far exceeds the statistical
uncertainties discussed above. In fact, simulations have shown that uncertainty aris-
ing from climate projections outweighs statistical uncertainty by several orders of
magnitude (Burke et al. 2015). Quantifying model uncertainty is less straightfor-
ward. Here we follow the approach suggested in Burke et al. (2015) and use varia-
tion across yield projections utilizing different climate models to provide a measure
of climate uncertainty.

4.2.2 Results

Figure 9 (see Appendix) displays the preliminary median yield projection across
climate models using the statistical model described in equation 1 discussed above.
Figure 9, panel 2 shows the time series of the yield changes. Yield changes are
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Fig. 5 Time series of forecasted yield impacts (lowland wet rice). Blue lines represent minimum
and maximum predicted yields across 14 climate models. Black line represents the median pre-
dicted yield change across models. Baseline scenario is that yield trends continue on their current
path but temperatures and rainfall patterns continue to follow historical averages

measured relative to a baseline scenario where yields continue on their historical
upward trends but where climate conditions continue to vary around their historical
averages. The climate scenarios assume the same current yield trends but with
changes in climate predicted by GCMs. Because maximum temperature is found to
be strongly positively related to higher yields, future yields are predicted to be
higher, on average, under climate change. This is likely a result of insufficient
observations needed to estimate the historical relationship accurately. Here we find
the benefits from rising maximum temperatures outweigh the negatives from rising
minimum temperature. In other cases we have found the opposite to be true (Fig. 5).

5 Summary and Outlook

Given the extremely limited nature of data in Lao PDR we are hesitant to offer any
precise policy recommendations. Our results come from a 6-year panel, which can-
not be considered an entirely accurate representation of the historical relationship
between climatic variables and yields. This is echoed in our results as we find only
three significant effects across all specifications. Moreover, it should also be noted
that our results rely on historical data and thus model accuracy is tied to (unobserv-
able) data quality.

In regards to wet season production, we find that a 1-degree increase in daytime
temperatures holding all else equal causes an 11.8% increase in yield. This would
suggest that higher daytime temperatures as a result of climate change would in fact
be beneficial for rice production in Lao PDR. Furthermore, given that Lao PDR has
achieved self-sufficiency in rice production in recent years it appears that the impact
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of climate change on food security does not appear to be a major concern. Although
the country appears to have met self-sufficiency at the national level, it is certainly
clear that not all households are able to meet rice consumption requirements.
According to some estimates, about 30% of the population has insufficient food for
more than 6 months of the year. However, much of this deficiency is in the northern
and eastern mountainous areas, while the Mekong River valley is an area of surplus
(ADB 2006). Thus, based on our projections, yields in the Mekong River valley will
increase as a result of climate change surpluses will be further extended. In regards
to policy, marketing of the surplus will be the key policy challenge. According to the
LECS only 8% of all rice produced is sold, and thus extending both domestic and
international trade should be made a priority.

Of more concern are the individuals located in the mountainous regions of the
country that rely on upland production systems. Our results suggest there is a high
level of uncertainty between temperature and yields. For example, we find that an
increase of 1 degree in average daytime temperature causes a 38% increase in
yields, while an increase of 1 degree in average nighttime temperature causes a 30%
reduction in yields. These large shocks can be incredibly damaging as individuals
engaged in this production system are the most likely to be unable to reach self-
sufficiency. Therefore, it appears that one clear policy option would be strategies to
reduce variability. Crop diversification is one potential option, although our analysis
does not consider other crops so we cannot comment wither there is less variability.
Insurance mechanisms that protect against shocks are likely the best option.
However, extending any type of insurance to individuals in such remote locations
will likely be of extreme difficulty.

We also want to add the caveat that data from upland production systems are
likely the most inaccurate. Due to the extremely remote nature of these systems the
validity of the data should certainly be taken with a grain of salt. Furthermore, we
would like to highlight the limited sample size and subsequent limited power of our
results for the upland systems. Thus we offer these recommendations with
reservations.

6 Conclusions and Extensions

This report adds support to the growing literature estimating the impacts of weather
and climate change on rice production. We focus our analysis in Lao PDR, a country
whose economy relies on the production of rice, but has had received little analysis
on how climate change will impact the sector. This represents a crucial gap in the
literature, as rice is instrumental to the Lao economy and will undoubtedly face
challenges from climate change.

We use advanced econometric models to first estimate the historical relationship
between observed rice yields and climatic variables. With this relationship estab-
lished, we then downscale projections from the leading climate models to forecast



130 D. Behnke et al.

the impact on rice yields under these climate scenarios. Our results are consistent
with previous work in the region, as we find weak evidence that elevated minimum
nighttime temperatures are highly damaging to rice yields. Conversely, we find sup-
port that elevated maximum daytime temperatures increase yields. Overall the size
of the impact and statistical significance is larger for increased maximum tempera-
tures, suggesting that elevated temperatures might have a net positive impact on rice
yields in Lao PDR. Turning next to forecasting, our projections confirm this intu-
ition, as future yields are predicted to be higher, on average, under climate change.

We offer some major caveats to these findings. First, our results are not signifi-
cant at traditional levels although this not surprising given our limited panel. Our
results come from a 6-year panel, which cannot be considered an entirely accurate
representation of the historical relationship between climatic variables and yields.
Second, there are major data quality issues surrounding rice yields. Although data
quality is improving rapidly in Lao PRD, high-resolution rice yield data is only
recently available, and is of unknown quality. Given our results rely on this histori-
cal data, our model accuracy is tied to the quality of the data. That being said, our
results are in line with previous work in the region and serve as a useful preliminary
first step to modeling how climate change will impact rice yields in Lao PDR. Over
time as data quality improves, these results can be easily replicated to strengthen the
analysis.
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Appendix — Rice Yield Regression Model Results
(Figs. 6,7,8,and 9)
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Fig. 6 Largest rice area losses 2006-2012 by cause. Maps show the maximum wet-season low-
land rice area lost from flood or drought in any year over the study period 2006-2012. The figure
illustrates that over the seven-year study period a majority of districts experienced some losses
from floods or droughts. Flood losses were more common and tended be to more severe with some
districts reporting 100% losses in bad a flood year
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Source: Drought Severity Index (DSI) described in Mu et af (2013)

Fig. 7 Most extreme growing-season weather conditions 2006-2012. Maps show the most
extreme dry and wet conditions experienced during the rice-growing season over the study period.
Categories correspond to the qualitative categories described in Mu et al.
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Fig. 8 Average Drought Severity Index (DSI) for rainy season 2004. Average area-weighted DSI
values for Lao PDR districts. Blue represents greater than normal and red represents less than
normal water levels. This figure is meant to provide an illustration of the data source described in
Mu et al. (2013). Data are averaged over rainy season in 2004. Note that the DSI map is roughly
an inverse of the precipitation map in Fig. 1
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Abstract The perceptions of climate change and adaptation choices made by
farmers are important considerations in the design of adaptation strategies by
policy makers and agricultural extension services. This paper seeks to determine
these perceptions and choices by farmers in already poor environmental regions
of Thailand and Vietnam especially vulnerable to climate change. Overall find-
ings were that farmers do perceive climate change, but describe it in quite distinct
ways and that location influences how farmers recognize climate change. Our
2007 and 2013 surveys show that farmers are adapting, but it is difficult to deter-
mine if specific practices are “climate smart”. Further, adaptation measures are
informed by perception and, at least in the case of Vietnam, perceptions are shaped
by the respondent’s characteristics, location variables and recent climate related
shocks. Finally, the three climate variables of rainfall, temperature, and wind are
the most important factors in explaining specific adaptation measures chosen by
farmers. Farmer participation is an essential part of public actions designed to
allow adaptation to climate change. Our research can also contribute to under-
standing farmer constraints and tailoring good overall strategies to the local het-
erogeneity of vulnerable locations.
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1 Introduction

As established by the Intergovernmental Panel on Climate Change (IPCC 2014), cli-
mate change is affecting Southeast Asia through increasing average temperatures,
sea level rise and changes in precipitation, although trends differ strongly across the
region. Countries in Southeast Asia are especially vulnerable to the downside effects
of global climate change because of (i) their long coastlines, (ii) high concentration
of human and economic activities in coastal areas, (iii) large and growing popula-
tions, and (iv) the importance of agriculture as a source of employment and income
(ADB 2009). Climate change can have especially negative consequences for agricul-
tural productivity and food security (Iglesias et al. 2011). In Thailand, Boonpragob
(2005) found that between 1991 and 2002 the country’s agriculture experienced crop
yield losses worth some 50 billion Thai Baht (approximately 1.3 billion EURO). In
Vietnam, which ranks among the top five countries most affected by rising sea levels
(Dasgupta et al. 2007), the impact of extreme weather has led to the damage of rice
fields by frequent flooding, for example in the Red River Delta, Central Region, and
the Mekong Delta. At the same time, rice areas affected by droughts doubled from
some 77,000 ha in 1979-1983 to over 175,000 ha in 1994-1998 (Cuong 2008).

To reduce their vulnerability to the negative effects of climate change, farmers
must adapt (Gbetibouo 2009). Adaptation measures should be both technically
appropriate and economically feasible. In agriculture, adaptations to climate change
will require new technologies and investments. Farmers may have to adopt new crop
varieties and new livestock breeds, change their cropping systems and invest in new
soil and water conservation methods.

In this paper, we explore climate change in Thailand and Vietnam from the per-
spective of households living in less favored rural areas who are especially vulner-
able to the effects of climate change. We focus on three provinces in Northeast
Thailand and three provinces in the Central Highlands and North Central Coast of
Vietnam. The study makes use of a database of some 4000 households in these two
countries collected as an ongoing research project since 2007 entitled “Impact of
Shocks on the Vulnerability to Poverty: Consequences for Development of Emerging
Southeast Asian Economies” (DFG FOR 756). We mainly use the 2013 survey as it
contained a module on climate change. In addition, the survey included questions
on household member characteristics, assets, income and consumption, past shock
experience, expected risks and individual risk attitudes.

We aim to answer the following questions:

1. What climate-related shocks did farm households experience, what observations
did they make about changes in climate over time and what indicators did they
use to describe climate change?

2. What determines the farmers’ perceptions of climate change and their decision
to adjust agricultural production in response to the effects of perceived climate
change?

3. What explains the choice of agricultural adaptation measures by farm
households?
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The answers to these questions are important for the design of policies and
projects aimed to help farmers living in poor environments to adapt to climate
change. The participation of farm households in public actions aiming to mitigate or
adapt to the impacts of climate change depends on the willingness of these house-
holds to participate. Our research can also contribute to the interpretation of the
results of climate change models that may have a good overall geographic perspec-
tive but may miss the heterogeneity that exists at local levels.

The paper proceeds as follows: Section 2 presents the theoretical background for
the determinants of individual climate change perceptions and adaptation behavior.
Section 3 describes data collection and Section 4 describes the methodology.
Section 5 reports some descriptive results as background information. Section 6
discusses results of our models. Finally, in Section 7, summary and policy conclu-
sions are submitted.

2 Theoretical Background

In principle farmers’ adaptation to climate change can be modeled using the frame-
work of technology adoption. Generally adoption of technologies depends on a
number of factors such as financial incentives, access to extension services and
markets but also perceptions and behavior. There is, however, a difference between
conventional technology adoption and climate adaptation. While adoption of new
technologies mostly aims at increasing profits, adjustments to climate change are
often undertaken to reduce risks and to minimize future losses, both of which are
directly affected by perceptions of current and future change. It is therefore neces-
sary to incorporate farmers’ perception of climate change in an adoption model
(Maddison 2007).

Weber (2010) found that people’s perception of climate change both in terms of
its existence and extent are shaped by learning from personal experience and by
making use of statistical information. The formation of perceptions depends on the
trust that people attribute to climate scientists and their social amplifiers. Perceptions,
however, are only meaningful when they can be linked to actual adaptation mea-
sures (Reilly and Schimmelpfennig 1999).

Theoretical insights about the relationship between risk perception and the adop-
tion of risk management actions can be gained from the psychology and economics
literature. The psychology literature (e.g. Fuster 2002) refers to the perception-
action cycle, where people prepare themselves for perceived future outcomes,
including the perceived seriousness of potential outcomes. From the economics lit-
erature, we can learn that it is necessary to distinguish between gain and loss domain
(Kahneman et al. 1990). Tversky and Kahneman (1992) have shown people tend to
weigh potential losses higher than potential gains.

Traditionally, adoption decisions have been analyzed in a utility maximization
framework with profit as the primary motive (Greene 2003; Norris and Batie 1987).
Accordingly, a technology is adopted when the perceived utility or net profit from
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adoption is significantly larger than not adopting it. The adoption decision is subject
to a set of exogenous variables such as household characteristics, socioeconomic
and physical factors (Feder et al. 1985). More recent models of climate change
adaptations have been developed for African countries (Maddison 2007; Deressa
et al. 2008; Gbetibouo 2009). These models incorporated climate change percep-
tions as explanatory variable. We follow this approach to model the factors that
influence climate change perceptions and related adaptation measures as well as to
explain specific climate change adaptation measures.

3 Study Regions and Data

We focus on the 2900 households from the DFG FOR 756 that are engaged in agri-
cultural production because we are interested in the connection between climate
change perception and consequences for agriculture. In Thailand, the provinces are
Buri Ram, Nakhon Phanom and Ubon Ratchathani located in the Northeastern
region of the country. In Vietnam, the provinces are Ha Tinh and Thua Thien Hue
located in the North Central Coast region and Dak Lak situated in the Central
Highlands. All six provinces are dominantly agricultural areas albeit with a large
degree of heterogeneity in development potential. The provinces are bordering
neighboring Laos and/or Cambodia. The choice of the provinces was motivated by
the assumption that people in rural and geographically remote regions are more
vulnerable than people in urban and central regions. Furthermore, these provinces
belong to the poorer environments with less developed infrastructure in agriculture
and a high potential for climate-related shocks and thus are more likely to be
affected by climate change (Waibel et al. 2013).

The survey instruments comprise of a village head and a household question-
naires. The village head questionnaire contains information on the physical and
social infrastructure of the village. The household questionnaire has a detailed
shock section that included questions about past climate-related shock experience
and details about shock severity in terms of income and asset loss (using a 4 point
ordinal scale).! A special module on climate change was included where respon-
dents were asked whether or not they had perceived a change in climate in the time
that they had lived in their location. Respondents were also asked how they thought
that changes in climate is affecting their agriculture (e.g. lower yield, more crop
failure) and what measures they had taken to adapt to climate change (e.g. change
crop varieties, invest more in irrigation, planting trees, etc.). Part of the household
questionnaire was a simple risk item that measures respondents’ general attitude
towards risk on an 11 point Likert scale following Dohmen et al. (2011) and
Hardeweg et al. (2013).

'0 = no impact, 1 = low impact, 2 = medium impact, 3 = high impact.
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4 Empirical Strategy

We address question 1 through a descriptive analysis of the household survey data,
and question 2 by employing an econometric model (model 1) that allows us to
establish a link between climate change perceptions and adaptation decisions.
Question 3 is addressed through a second model (model 2).

The first model is a two-stage procedure. In the first stage, perception of climate
change is specified as the outcome variable. In the second stage, adaptation is the
outcome variable for respondents who reported awareness of climate change.
Accordingly, households in the second stage are non-randomly selected from the
entire sample.

To deal with potential selection bias, a Heckman’s selection probit model was
specified. We consider a random sample of i observations. Equations for individual
i are:

Y1/ :leﬁ1+U1i (la)
Y, =X,B, +U, (1b)
where X; is a 1 x K vector of regressors, 3;is a K; X 1 vector of parameters, and
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Suppose that Y; is observed only if Y5, > 0. In the case of independence between
U,;and Uy or E (Uﬁ U, ) =0 so that the data available on Y}, are missing randomly,
the regression function for the selected subsample is the same as the population
regression function. In the general case where E (Uﬂ U ) o, » least squares esti-
mators yield biased results. Thus, the Heckman selection model as a solution in

providing consistent, efficient estimates in the following way:

E(Y,IX,,Y, 20)=X,,B, +—2_2, (1c)
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—¢(Zi) and Z, =— Xziﬂlz/z
1-9(Z2) (0,)
density and distribution function for a standard normal variable (Heckman 1979).
In our analysis, Yj; is a binary variable specifying whether or not household i
adapts their agricultural activities to climate change. Y, is a binary variable taking
on the value unity if respondent of household i perceived climate change and zero
otherwise. X|; is a vector of explanatory variables for the outcome Equation (1a).

where A, = with ¢ and @ are, respectively, the
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X,; 18 a vector of explanatory variables for the selection Equation (1b). It is not abso-
lutely necessary to have the exclusion restriction in the Heckman selection model
(Wooldridge 2009) and in some cases the vectors of explanatory variables for selec-
tion equation and outcome equation are even identical (Puhani 2000). Thus, the
justification for inclusion of variables for X;; and X,; is merely based on the expected
effect of these variables on the dependent variables Y;; and Y,; respectively.

Xy, includes household head characteristics (age, education, gender, membership
of socio-political organization), household characteristic (agricultural member
ratio, farm size, income, risk attitude and ethnicity in the model for Vietnam), and
distance to district town and province dummies.

Based on the study of Gbetibouo (2009), there is no agreement in the adoption
literature on the effect of age of household head. Age can be found to have negative
influence on the adoption decision of new technologies because older farmers are
more risk-averse than younger farmers and thus have a lesser likelihood of adopting.
It is also possible however that older farmers have more farming experiences
enabling them to better judge the merits of new technology.

Education is believed to increase the probability of accessing information (Norris
and Batie 1987). Evidence from previous studies shows a positive influence of
household head’s education on the decision to adapt to climate change (Deressa
et al. 2008; Maddison 2007). Therefore, we expect that education level of household
head is positively related with adaptations to climate change.

We expect that male household heads are more likely to gain information on new
technologies and are more likely to be risk takers (Asfaw and Admassie 2004).
Therefore, the likelihood of male-headed households to adapt to climate change is
believed to be higher than that of female-headed households.

Membership in a social-political organization is hypothesized to have a positive
effect on the adaptation decision. It is considered as one kind of social capital of the
farmers and as a member of such organization, household heads may have more
opportunities to learn new agricultural practices than other members.

Household characteristics used in explaining the adaptation decision include
agricultural member ratio, farm size, income and risk attitude. Agricultural member
ratio is defined as the ratio between number of household members aged from 15 to
64 engaged in its own agricultural production and the total number of household
members in that age range. This ratio is expected to positively influence the decision
to adapt to climate change. This enables household to accomplish various agricul-
tural tasks even at peak times. This hypothesis is based on the study of Croppenstedt
et al. (2003) revealing that larger amount of labor increases the household’s proba-
bility of adopting agricultural technology and using it more intensively.

The effect of farm size on the adaptation to climate change is ambiguous.
Gbetibouo (2009) found a positive relationship between farm size and the adapta-
tion to climate change. The author also argued that adoption of an innovation tends
to take place earlier on larger farms than on smaller farms. On the contrary, farm
size showed a negative effect on the adaptation decision in the study Deressa et al.
(2008) which is perhaps due to plot level heterogeneity.

We hypothesize that households with higher income will be more likely to under-
take adaptation measures. Similarly, if household has larger capital endowment, it
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has a better possibility to invest (e.g. Franzel 1999). We further hypothesize that in
households where the respondent (household head) expresses a lower degree of risk
aversion she is more likely to undertake adaption measures.

In the model for Vietnam, we included ethnicity as a binary variable taking on the
value 1 if household is the majority Kinh and 0 if household belongs to any of the
many ethnic minorities. We expect that ethnic minorities are less likely to invest in
climate change related adaptation measures due to their living in the remote areas
and villages less endowed with infrastructure (Hung et al. 2010).

To capture the effect of remoteness for all households we added the variable
“Distance to district town” from the village head questionnaire. Here we expect a
negative relationship with climate change adaptation. Finally, we added province
dummy variables to capture other differences among the study regions.

In the selection Equation (1b), we use the respondent characteristics including
age, education, gender and membership of socio-political organization as the inde-
pendent variables. This is because the adaptation decision is made by the household
head but the perception of climate change is given by the respondent of that house-
hold who in most cases is the household head. Age, a proxy of farming experience,
is supposed to have a positive effect on the farmers’ awareness. We expect that more
experienced farmers are more likely to observe changes in climate over time.
Likewise, better educated farmers are believed to have more access to information
on climate change (Deressa et al. 2008). Household size is assumed to have a posi-
tive effect as the chance to obtain information increases with the number of house-
hold members and the same mechanism we assume for income (Deressa et al.
2008).

One important household characteristic included as an explanatory variable in
the selection equation is the climate-related shock experience. This variable is com-
puted by summing up the severity scores multiplied by the frequencies of all cli-
matic events, namely drought, floods, storm and soil erosion experienced by a
household in the reference period. We expect that more experience with negative
climate-related shocks in the past increases the probability that a respondent is
aware of climate change.

The inclusion of the ethnicity variable in the model for Vietnam is based on the
same arguments as in Equation la. We expect that the Kinh majority is more likely
to be aware of climate change. Likewise, we have added province dummy variables.
In order to control for country heterogeneity we estimate models for Thailand and
Vietnam separately.

In order to further explore the type of adaptation measures undertaken by farm-
ers, we formulated a multinomial logit model (MNL) to assess the drives for four
categories of adaptation measures, while not undertaking any adaptation was treated
as the base category as follows:

exp(xﬂj)
X exp(xh,)

Pr(Y, =)= @
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where the dependent variable Y denotes adaptation categories taking on value j =
{0,1,2,...J} and x is a vector of regressors (Greene 2003).
In our study, the adaptation categories include the following:

e (0 = No adaptation

* 1 = Crop diversification

e 2 =Chemical input management
e 3 = Water management

e 4 = Planting trees

The explanatory variables x include different household head characteristics (i.e.
age, education, gender, membership of socio-political organization), household
characteristic (agricultural member ratio, farm size, income, risk attitude and eth-
nicity (only in model for Vietnam)), distance to district town and province dummies.
The justification of these variables and their expected direction of influence are
assumed to be identical with those in Equation 1a.

In addition, however, we include the respondent’s perceptions of changes in
climate-related parameters like rainfall, temperature and wind as these perceptions
may influence the choice of adaptation measures in different ways. The multinomial
logit model makes the assumption of independence of irrelevant alternatives (I1A)
(Long and Freese 2006). We use the Hausman test to verify this assumption.

5 Descriptive Results

In the shock section of the survey, households were asked for the four most frequent
types of climate-related shocks (i.e. droughts, floods, storms and soil erosion) experi-
enced during the past 3 years (2010-2013). Table 1a reports these results for Thailand
and Table 1b for Vietnam. As shown in Table la, drought was the major climate-
related shock event reported with a considerable variation across the three provinces
in Thailand. The province of Buri Ram was most affected. Flood was reported by over
10% of households in two provinces while storms and soil erosion was reported by
only few households. Average frequency of climate events was little over one event

Table 1a Climate-related shocks experienced by farmers by province in Thailand

Type of | % of households reported Average frequency Average severity

climate- Ubon Ubon Ubon

related Buri Ratcha- | Nakhon |Buri | Ratcha- |Nakhon |Buri |Ratcha- | Nakhon
shocks Ram thani Phanom |Ram | thani Phanom |Ram |thani Phanom

Drought |58.57 |21.27 16.84 1.00 |1.00 1.08 249 | 243 2.39
Flood 6.96 | 11.21 13.68 1.02 |1.00 1.05 2.37 | 251 2.63

Storm 4.41 1.21 3.16 1.00 |1.00 1.00 2.54 | 2.00 1.78
Soil 0.34 0.91 0.00 1.00 | 1.00 - 2.00 | 2.50 -
erosion

Source: DFG Household survey 2013
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Table 1b Climate-related shocks experienced by farmers by province in Vietnam

Type of % of households reported | Average frequency Average severity
climate- Thua Thua Thua

related Ha Thien Dak Ha Thien |Dak | Ha Thien | Dak
shocks Tinh Hue Lak Tinh | Hue Lak |Tinh |Hue Lak
Drought 13.23 | 14.37 4748 |1.00 |1.00 1.04 |2.37 |2.58 2.65
Flood 36.38 | 13.97 347 [1.03 |1.03 1.00 |2.55 |2.60 2.59
Storm 8.56 8.58 0.79 | 1.00 |1.00 1.00 243 |2.51 1.80
Soil erosion 0.58 3.19 047 1.67 |1.00 1.00 |3.00 |2.38 2.67

Source: DFG Household survey 2013

and quite consistent across the provinces. The same can be said for perceived severity
which is mostly around 2.5 on average on scale from O to 3. This severity score implies
that climatic extreme events affected farm households quite critically according to
their subjective assessment. Overall, among the three provinces in Thailand, Buri
Ram province located in the eastern part of the country and on the border with
Cambodia had the highest degree of climate-related shocks reported.

From Table 1b it can be derived that results vary considerable across the three
provinces in Vietnam. In the land locked province of Dak Lak where coffee is a
major crop drought was reported by almost half of the households and storm was
reported by just few households. On the other hand in Ha Tinh, the province located
in the central coastal region with exposure to the sea, more households reported
floods. Drought, flood and storm were reported with quite similar rates of house-
holds in Thua Thien Hue. This is also the province where soil erosion was most
experienced. Frequency of events was similar to Thailand with the exception of soil
erosion in Ha Tinh, which can be explained by the mountainous terrain where some
of the sample households are located. This observation is also reflected in the per-
ceived severity which is higher than for the other categories. Overall, severity is
somewhat higher in the Vietnamese provinces compared to the provinces in
Thailand. This seems reasonable as Vietnam is generally more severely affected by
the climate change.

In the climate change module, we asked respondents whether or not they per-
ceived changes in climate in general and changes in rainfall, temperature and wind
in particular during the time they resided in the area. In Table 2, the different vari-
ants of climate change for the three climate categories are reported.

Overall, the vast majority of respondents in all six provinces in the two countries
have recognized changes in climate and changes in rainfall and temperature were
more frequently reported than changes in wind. Results do not differ much between
the two countries although variation between provinces remains high.

Changes in rainfall patterns were described differently between provinces and
countries. For example, in two provinces of Thailand respondents observed the
length of the dry season to have increased while in Vietnam lower total rainfall was
more noted. However, in Vietnam households perceived rainfall variability to
increase. Differences among provinces in both countries may show the difference of
their geographic conditions.
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Table 2 Climate change perceptions of farmers in Thailand and Vietnam by province, percentage
of households reported

Thailand Vietnam

Buri Ubon Nakhon Ha Thua Thien
Observations Ram Ratchathani Phanom Tinh Hue Dak Lak
Climate in general | 94.57 90.61 74.74 81.52 |82.04 90.69
Rainfall 94.51 88.79 68.98 78.30 | 80.40 89.19
Less rain in the 40.08 24.26 11.63 2595 |42.44 46.09
whole year
Less rain early in 23.26 16.70 14.68 2.12 15.12 13.80
the season
Dry season becomes | 49.15 38.33 16.90 1942 | 24.69 28.02
longer
Rain becomes more | 16.43 33.18 9.97 30.35 19.91 37.13
erratic
Fewer rainy days 15.11 12.70 4.99 12.75 2145 29.87
Temperature 94.41 90.27 72.85 7693 |77.16 86.77
Getting hotter in 86.86 87.64 55.68 55.08 | 61.57 63.02
summer
Cool season is 35.35 41.53 15.24 20.49 | 28.24 9.96
shorter
More extreme 18.00 37.64 20.20 57.21 45.22 5491
temperature
More heat days 59.53 62.36 17.45 23.07 5247 56.19
Wind 80.81 67.39 54.85 34.14 |27.93 37.84
Wind speed higher 71.62 60.18 46.54 21.4 19.60 32.43
More frequent 31.14 34.67 16.62 8.65 8.80 1.71
storms
Wind direction 24.54 31.01 12.19 13.51 13.73 11.52
changes

Source: DFG Household survey 2013

Temperature results generally follow those of rainfall. However, there is more
agreement on the description of the type of temperature changes with most respon-
dents observing higher summer temperatures. Both in Thailand and Vietnam over
half the respondents in two provinces said that extreme temperatures have increased.

Changes in wind were less frequently mentioned especially in Vietnam while in
the province of Buri Ram 80% of the respondents specified a higher wind speed as
major change and 30% reported more frequent storms which was confirmed by
respondents from the province of Ubon Ratchathani.

Comparing farmer observations with existing literatures supports the notion that
their subjective perceptions match scientific data. This confirms findings from South
Africa that farmers’ perceptions of climate change are in line with the climatic data
records (Gbetibouo 2009). Meteorological data from Thailand confirm that rainfall
in Thailand decreased in the past three to five decades compared to the first half of
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Table 3 Effects of climate change on crop production and farmers’ adaptation measures by
province, percentage of households reported

Thailand Vietnam

Buri Ubon Nakhon Ha Thua

Ram Rathchathani Phanom Tinh Thien Hue | Dak Lak
Effects on crop 81.66 68.48 44.91 71.21 64.47 84.07
production
Lower yields 61.89 47.48 3241 4583 141.82 63.87
More crop failures 25.23 27.69 9.97 28.83 17.75 32.72
More pests 15.77 12.47 1.94 29.29 126.70 21.62
More drought stress | 35.35 23.46 7.20 10.77 15.74 34.99
Adaptation 29.54 32.42 11.23 4553  31.14 44.95
measures
Crop diversification | 19.69 21.82 6.67 13.62 11.38 20.82
Chemical input 12.05 11.52 4.56 2296 | 21.76 11.04
management
Water management 3.40 9.42 0.70 7.39 6.39 22.40
Planting trees 1.87 2.88 0.35 0.39 1.60 0.47
Others 0.00 0.30 0.00 11.09 1.80 2.05

Source: DFG Household Survey 2013

the last century. Also climate models predicted that precipitation will shift from the
north to the south (Boonyawat and Chiwanno 2007). Based on climate data gener-
ated by a global circulation model temperature in Thailand projected to increase
2° C—4 °C by the end of the century (ADB 2009). Jesdapipat (2008) stated that
storms in Thailand have become more intense which is consistent with the subjec-
tive perceptions of respondents in our sample.

In Vietnam it has been predicted that most regions will experience an increase in
temperature of 2° C—4 °C by the end of the century (Cuong 2008). The same author
also found that in most areas of Vietnam, overall rainfall intensity has increased
considerably while monthly rainfall has decreased between the months of July and
August, but has increased between September and November. It is also expected
that the Southern part of Vietnam will become drier.

In Table 3, we illustrate the perceived impact of climate change by farmers on the
performance of agriculture, in particular in crop production and their adaptation
measures. It is striking that in all six provinces of the two countries a considerable
share of households reports a decline in yields. The highest shares with over 60% of
households reporting are in Buri Ram and Dak Lak, both provinces with a strong
agricultural potential. In these two provinces the occurrence of drought stress was
most frequent which is quite consistent with their observations on the change in
climate generally and in rainfall reported in Table 2.

In spite of the high share of households who report an impact on crop produc-
tion only between one fourth and two fifth undertake adaptation measures. This
kind of discrepancy has also been observed in a study of farmers in Ethiopia
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(Deressa et al. 2008). Adaptation measures include for example growing more
(drought resistant) varieties, widening the crop portfolio, spraying more pesticides
and applying more fertilizer. Although responses considerably vary by country and
by province reflecting differences in agricultural systems, changes in crops and
crops varieties and in the amount of chemical input used are the two dominant
adaptation measures. In the province of Dak Lak, investment in irrigation was
reported by over one fifth of households which is distinctively higher than in all
other provinces. Here results are consistent with the perception of more droughts
which however is not the case for the province of Buri Ram where 35.35% farmers
reported drought stress but only 3.40% take a particular water management method.

In summary, what we can derive from the survey on subjective climate change
perceptions is that there is a strong geographic effect of the perceived impacts of
climate change. The fact that there is a fairly good congruence between the per-
ceived effects of climate change and adaptations suggesting that farmers are well
aware of climate change although the ratio of adaptations to perceptions is in the
order of 1:3 only.

In Table 4, we have made use of the 2007 survey and compared farm manage-
ment parameters related the use chemical inputs, irrigation practices and tools and
tree plantation which can serve as proxy parameters for actual adjustment to climate
change with the 2013 survey data. It shows that changes can be observed with more
cases significant in Vietnam. While no causality to climate change perception can be
established here and other factors can also play a role, results are consistent with
respondents’ climate change perceptions. For example, planting of trees has
increased significantly in both countries.

Summarizing the results of the descriptive analysis suggests that farmers in poor
and vulnerable environments in Thailand and Vietnam did experience climate-
related shocks which on average are perceived as moderately severe. However,
variation across locations exists. Furthermore, farmers are well aware of climate
change and can describe the process by a range of indicators like “cool season get-
ting shorter” or “rain become more erratic”. These criteria differ from those used by
scientists in climate models but they seem to correspond well with such findings.

Table 4 Farm management practices in 2007 and 2013 across all provinces in Thailand and
Vietnam

Thailand Vietnam
Parameter 2007 |2013 |p-value |2007 2013 | p-value
Chemical input (PPP$) 3541 5545 | 0.02 118.36 | 93.83 0.02
Irrigation tools (unit) 1.89 1.73 0.63 0.90 229 1 0.00
Newly-bought irrigation tools (unit) | 0 0.030 | 0.00 0 0.004 |0.08
Share of irrigated plots (%) 13.98 | 7.71 0.00 50.64 71.31 | 0.00
Share of tree areas (%) 491 8.09 0.00 23.84 34.19 10.00
Share of trees out of crop types (%) 5.95 10.37 0.00 20.58 30.21 |0.00

Source: DFG Household Survey 2007-2013
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Also, farmers recognize that climate change has caused negative impacts on their
agricultural production. Nevertheless, adaptation actions in response to the perceived
downside effects are still few. This underlines the hypotheses established in Section
2 of the paper that perceptions are an important driver for adaptation decisions that
aim at reducing risks and losses. In the next section the perception-adoption link
will be explored further by means of econometric analysis.

6 Results of Econometric Analysis

With our first model we test the hypothesis that farmers’ perception of climate
change can be linked to the likelihood of farmer’s respective adaption measures.
Our two-step Heckman probit model shows a significant lambda for both Thailand
and Vietnam dataset indicating the existence of sampling bias (Tables 5a and 5b).
The perception model for Vietnam mostly shows the expected signs of the explana-
tory variables. Education and gender show positive and significant signs (Table 5a).
In other words, better educated and male respondents are more likely to recognize
climate change. Climate-related shock experience significantly increases the likeli-
hood of respondents recognizing climate change suggesting that short term experi-
ence can shape perceptions for long term trends. Differences in province partly
reflect the findings of the descriptive statistics. Relative to the base province of Ha
Tinh, respondents in Dak Lak are significantly more likely to perceive climate
change. This result is consistent with those presented in Tables 1b and 2 with
increasing temperatures and an increase in droughts.

The outcome equation with the implementation of adaptation measures as the
dependent variable also shows better statistical quality for Vietnam. Age of house-
hold head is negatively related to the likelihood of adaptation measures. It is plau-
sible that older farmers are less likely to change their farming system in response to
perceived climate change. Gender was significant suggesting that male household
heads are more likely to implement adaptation measures which is consistent with
the findings of Asfaw and Admassie (2004). As expected, membership in a socio-
political organization has a positive influence on adaption measures. Likewise, the
share of household members engaged in agriculture and ethnicity of household are
positively correlated with likelihood of adaptation.

As shown in Table 5b, the perception model for Thailand overall performed
poorly in terms of statistical tests. However, the climate-related shock variable was
significant and the significant coefficients of the province dummy variables for Buri
Ram (positive) and Nakhon Phanom (negative) were consistent with observations
presented in Tables 1a and 2.

Similar to the selection equation, the adaptation model for Thailand showed poor
explanatory power and the only significant variable (aside from a province dummy)
was the respondent’s individual attitude towards risk. The coefficient of risk attitude
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Table 5a Perceptions of and adaptations to climate change by farm households in Vietnam, two-

stage Heckman selection model

Adaptation
equation Selection equation
Explanatory variables Coefficients | Coefficients
Household head characteristics
Age (Years) —0.004%%*
(=2.71)
Education (Years of schooling) —0.001
(=0.26)
Gender (1 = Male, 0 = Female) 0.058
(1.47)
Member of socio-political organization 0.090%*
(1 =Yes, 0 =No) (2.56)
Respondent characteristics®
Age (Years) 0.005
(1.45)
Education (Years of schooling) 0.027%*
(2.31)
Gender (1 = Male, 0 = Female) 0.211%%*
(2.56)
Member of socio-political organization (1 = Yes, 0 = No) 0.035
(0.34)
Household characteristics
Agricultural member ratio 0.227%%*
(4.32)
Log of farm size (ha) 0.029%*
(2.10)
Household size 0.022
(0.83)
Log of income (PPP$) 0.029%* 0.036
1.72) (0.84)
Ethnicity (1 = Kinh, 0 = Minorities) 0.095%:* -0.113
(2.25) (=0.97)
Climate-related shock experience (Ordinal score) 0.061%*
(2.44)
Risk attitude (Likert scale) —0.002
(=0.29)
Village characteristics
Log of distance to district town (Km) -0.016 0.089*
(—0.80) (1.81)
Province dummies
Thua Thien Hue —0.127%#%* 0.087
(—2.96) (0.80)
Dak Lak —0.107%* 0.405%**

(continued)
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Table 5a (continued)

Adaptation
equation Selection equation
Explanatory variables Coefficients | Coefficients
(—2.03) (3.45)
Intercept 0.408%* —0.219
(1.80) (—=0.52)
Mills
Lambda —0.487%*
(-1.97)
rho —0.87
Total observations 1529
Wald chi2 77.86
Prob > chi2 0.000

Source: Authors’ own calculation

Note: *p < 0.10, **p < 0.05, ***p < 0.01, z statistics in parentheses

“We tried to use the household head characteristics instead of respondent characteristics in the
perception equation but the results are as not good as results in Tables 5a and 5b

shows that the higher the degree of risk-seeking, the higher the likelihood that a
household adapts to climate change. While farmers in Buri Ram perceive a higher
degree of climate change compared to the reference province of Ubon Ratchathani,
fewer farmers undertake adaptation measures. Against this background the negative
coefficient for the province dummy is surprising. However, this suggests that other
factors such as poorer quality extension services or less attention given by other
public institutions to the climate change phenomenon may cause this result.

To investigate the determinants for choosing different adaptation measures, we
use a multinomial logit model for four groups of adaptations and “no adaptation” is
the base category. The Hausman test for the validity of the independence of the
irrelevant alternatives (IIA) was insignificant for both Thailand and Vietnam. This
suggests that the multinomial logit model is an appropriate specification for model-
ling the choice of adaptation measures to climate change of farmers. The estimated
coefficients along with the standard errors are presented in Table 6a for Vietnam and
in Table 6b for Thailand.

In the model for Vietnam, the signs of the explanatory variables are largely con-
sistent with the results of the outcome equation in the Heckman model (Table 5a).
For all adaptation measures except for “planting trees” household head’ age has a
significant and negative signs which is consistent with expectations as older house-
hold heads are likely to stick to their traditional practices in spite of recognizing
changes in climate conditions. On the other hand, changing water management
practices is positively correlated with membership in a socio-political organization.
This is plausible as water management in rural Vietnam is a collective action and
usually requires good relationships with village authorities namely the people’s
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Table Sb Perceptions of and adaptations to climate change by farm households in Thailand, two-

stage Heckman selection model

Adaptation
equation Selection equation
Explanatory variables Coefficients | Coefficients
Household head characteristics
Age (Years) 0.001
(0.93)
Education (Years of schooling) 0.006
(1.01)
Gender (1 = Male, 0 = Female) 0.034
(0.96)
Member of socio-political organization (1 = Yes, 0 = No) | —0.032
(-0.44)
Respondent characteristics
Age (Years) —0.004
(=0.99)
Education (Years of schooling) 0.004
(0.28)
Gender (1 = Male, 0 = Female) 0.020
(0.20)
Member of socio-political organization (1 = Yes, 0 = No) —-0.039
(=0.17)
Household characteristics
Agricultural member ratio 0.030
(0.53)
Log of farm size (ha) -0.024
(-1.32)
Household size 0.042
(1.39)
Log of income (PPP$) 0.004 0.036
(0.23) (0.77)
Climate-related shock experience (Ordinal score) 0.090%**
(2.69)
Risk attitude (Likert scale) 0.013%*
(2.33)
Village characteristics
Log of distance to district town (Km) 0.037 —0.050
(1.52) (=0.72)
Province dummies
Buri Ram —0.085* 0.245%*
(—1.88) (2.01)
Nakhon Phanom —0.054 —0.643%%%*
(—0.54) (=5.51)
Intercept 0.149 1.057%%*

(continued)
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Table 5b (continued)

Adaptation
equation Selection equation
Explanatory variables Coefficients | Coefficients
(0.72) (2.10)
Mills
Lambda —0.601*
(—1.65)
rho —1.00
Total observations 1361
Wald chi2 17.21
Prob > chi2 0.102

Source: Authors’ own calculation
Note: *p < 0.10, **p < 0.05, ***p < 0.01, z statistics in parentheses

committee. Among household characteristics it is shown in Table 6a that the higher
the share of household members engaged in agriculture, the more likely the house-
holds undertake adaptation measures. The respective coefficient is positive and sig-
nificant for all adaptation measures except for planting trees although the direction
of influence is positive. This result is plausible as households whose major liveli-
hood is in agriculture are more likely to actively meet the challenges of climate
change. Indeed, the coefficients for all categories (i.e. changing crop diversity,
chemical input management, and water management) are positive and highly sig-
nificant for four categories. Income of households shows a significant and positive
influence on adaptation measures “water management” and “planting more trees”
which seems plausible as these measures are related to investments. The coefficients
for the variables reflecting the perception of the respondent in the three indicators of
climate change, i.e. rainfall, temperature and wind all show a positive sign although
not all are significant. Consistent results are found for rainfall which is plausible as
indeed rainfall is the major driving factor for productivity of agriculture and chang-
ing rainfall patterns may warrant adjustments in many agricultural practices.
Temperature is significant for planting more trees and changes in crop diversifica-
tion such as changing crops or crop varieties. The variable for farmer’s perception
in the change of wind conditions is significant for “crop diversification” and “plant-
ing trees” which seems plausible again. Overall, however, it can be argued that
farmer’s climate change perceptions prompt them to change their farming system.
The significance of all climate related coefficients for planting more trees is a strong
indicator that farmers recognize the need for climate change adaptation for a variety
of reasons.

The ethnicity variable is only significant for water management which underlines
again the importance of collective action which often relies on public support. This
indicates that households belonging to the Kinh ethnic majority group may be more
likely to undertake adaptation measures. Finally, the significant coefficient for the
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Table 6a Results of multinomial logit model for the choice of adaptation measures, Vietnam

Crop Chemical input | Water
Explanatory variables | diversification | management management | Planting trees

coef/se coef/se coef/se coef/se
Household head
characteristics
Age (Years) —0.015%* —0.017%%* —0.016% —0.045

(0.009) (0.008) (0.009) (0.031)
Education (Years of 0.014 0.010 -0.010 0.070
schooling)

(0.027) (0.021) (0.024) 0.111)
Gender (1 = Male, 0.471 0.378 0.332 —0.384
0 = Female)

(0.298) (0.233) (0.257) (0.759)
Member of socio- 0.178 0.329 0.568%** 1.627
political organization
(1 =Yes, 0 =No)

(0.222) (0.219) (0.198) (0.990)
Household
characteristics
Agricultural member 1.250%** 0.986%** 0.736%* 1.928
ratio

(0.364) (0.299) (0.324) (1.357)
Log of farm size (ha) 0.061 0.066 0.214%* 0.362

(0.098) (0.073) (0.084) (0.220)
Log of income (PPP$) | 0.219%: 0.038 0.299%%:* 0.678%***

(0.105) (0.087) (0.094) (0.262)
Rainfall perception 1.607* 17.775%%% 1.635%* 13.515%%%
(1 =Yes, 0 =No)

0.977) (0.326) (0.798) (0.803)
Temperature 0.973 0.631 0.953 15.283#**
perception (1 = Yes,
0=No)

(0.756) (0.393) (0.650) (0.581)
Wind perception 0.736%** 0.080 0.105 1.800%**
(1 =Yes, 0=No)

0.192) (0.163) (0.180) (0.697)
Risk attitude (Likert 0.047 —0.001 0.021 —0.166
scale)

(0.043) (0.029) (0.035) (0.105)
Ethinicity (1 = Kinh, 0.102 0.291 0.374* 0.714
0 = others)

(0.255) (0.237) 0.223) (0.956)
Village characteristics
Log of distance to —0.084 0.021 —0.080 0.340
district town (Km)

(continued)
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Crop Chemical input | Water

Explanatory variables | diversification | management management | Planting trees
coef/se coef/se coef/se coef/se
(0.118) (0.094) (0.099) (0.284)

Province dummies

Thua Thien Hue —0.220 -0.137 —0.083 1.687
(0.292) (0.211) (0.293) (1.044)

Dak Lak 0.556%* —1.070%%* 1.203 %% 0.398
(0.262) (0.260) (0.240) (1.102)

Constant —7.200%%% —20.009%%%* —7.371%%% —40.993%#%*
(1.173) (0.901) (1.057) (2.233)

Base category No adaptation

Number of 1529

observations

Log likelihood —1505.473

LR chi2 353.08%

Pseudo R2 0.136

Source: Authors” own calculation
Note: *#* p < 0.01, ** p < 0.05, * p< 0.1

province dummy of Dak Lak indicates the importance of irrigation and crop diver-
sification is this land locked region compared to the coastal provinces of Thua Thien
Hue and Ha Tinh.

In summary, the model for Vietnam shows satisfactory results. It largely con-
firms the finding of our first model (binary model 1a) and provides further informa-
tion on the factors that drive specific adaption measures. The results can provide
information for extension services to guide farmers in adopting more climate smart
technologies.

The model for Thailand shows less explanatory power than the Vietham model.
Although the coefficients generally have the expected signs, much fewer of them
are significant. Interestingly, however, individual attitude towards risk of the respon-
dent pops up in two of the four categories of adaptation measures with a positive and
significant coefficient. This is plausible as risk seeking behaviour may make farmers
more likely to undertake climate change adaptation measures. This however was not
observed in the Vietnam model. On the other hand, the coefficients for the three
climate change indicators are quite consistent with the Vietnam model although
wind speed seems to be a stronger factor in Thailand in explaining agricultural
adjustments to climate change. The negative coefficient for the province dummy
variable for Buri Ram is consistent with the binary model but does not match with
the climate-related shock experience shown in the descriptive statistics. In sum-
mary, while the Thailand model is less satisfactory the main message that climate
change perception is a major driver for specific adaption measures in agriculture can
be confirmed.



156

H. Waibel et al.

Table 6b Results of multinomial logit model for the choice of adaptation measures, Thailand

Crop Chemical input | Water
Explanatory variables | diversification | management management Planting trees

coef/se coef/se coef/se coef/se
Household head
characteristics
Age (Years) 0.002 0.002 0.022%* 0.017

(0.008) (0.009) (0.010) (0.019)
Education (Years of 0.038 —0.005 0.010 0.176%%**
schooling)

(0.032) (0.037) (0.047) (0.054)
Gender (1 = Male, —0.075 0.273 0.670%* 0.447
0 = Female)

(0.200) (0.252) (0.333) (0.467)
Member of socio- —0.845 0.358 0.212 —0.924
political organization
(1 = Yes, 0 =No)

(0.552) (0.403) (0.465) (1.003)
Household
characteristics
Agricultural member 0.182 —0.185 0.451 0.348
ratio

(0.344) (0.372) (0.446) (0.511)
Log of farm size (ha) -0.113 0.050 —0.150 -0.279

(0.099) (0.129) (0.152) (0.281)
Log of income (PPP$) | 0.088 0.036 —0.000 -0.071

(0.088) (0.102) (0.133) (0.198)
Rainfall perception 1.286 16.749%%* 0.944 14.083%%%*
(1 = Yes, 0 =No)

(1.115) 0.591) (1.025) (0.388)
Temperature 1.747 —0.447 15.678%*** 12.952%:%*
perception (1 = Yes,
0 =No)

(1.558) (0.719) (0.709) (0.588)
Wind perception 0.453%* 0.796%** 0.476 2.443%*
(1 =Yes, 0=No)

(0.229) (0.304) (0.328) (1.042)
Risk attitude (Likert 0.085%* 0.046 0.112%%* —0.160*
scale)

(0.033) (0.036) (0.045) (0.094)
Village
characteristics
Log of distance to 0.044 0.434%%* 0.044 0.034
district town (Km)

(0.132) (0.152) (0.181) (0.198)

(continued)
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Table 6b (continued)

Crop Chemical input | Water
Explanatory variables | diversification | management management Planting trees
coef/se coef/se coef/se coef/se
Province dummies
Buri Ram —0.037 0.046 —1.259%** —-0.801*
(0.191) (0.217) (0.318) (0.441)
Nakhon Phanom —0.8197%*%* —0.523 —2.441%%% —2.113%*
(0.314) (0.365) (0.715) (1.043)
Constant —6.382%%% —20.852%%%* —21.526%%%* —33.107 %%
(1.298) (1.214) (1.441) (2.448)
Base category No
adaptation
Number of 1361
observations
Log likelihood —1174.558
LR chi2 176.10%%%*
Adjusted R2 0.089

Source: Authors” own calculation
Note: *** p < 0.01, ** p< 0.05, * p< 0.1

7 Summary and Conclusions

Using a comprehensive dataset of farm households in Thailand and Vietnam we
have tried to answer three questions. Firstly, we wanted to explore what climate
related shocks farm households experience in the more recent past and whether they
perceive a change in the longer term climate conditions and what indicators they use
to describe climate change. Secondly, what factors influence their climate change
perceptions and can their perceptions be linked to their adaptation measures.
Thirdly, we wanted to know to what extent the explanatory factors differ for specific
climate change adaptation measures.

The answer to the first question is quite clear. The majority of farm households
in both countries have experienced recent climate-related shocks and the vast major-
ity does perceive that climate has changed. While the latter fact may not be very
surprising our results however point out that farmers have their own way of describ-
ing the climate change related phenomenon. We can also see that quite consistent
with differences in natural and economic conditions, the geographic location has an
influence on how farmers recognize climate change. Furthermore, farmers reported
adjustment measures which they are planning to undertake or have already under-
taken in response to climate change. We have independently checked this claim by
comparing some climate relevant agricultural practices from our 2007 survey with
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the most recent survey in 2013 and we found quite some differences that suggest
that farmers are indeed climate-responsive although we cannot judge to what degree
these changes fit the metaphor of “climate-smart”.

To answer the second question we used a Heckman model that allows joint esti-
mation of a selection and an outcome equation, separately for the two countries.
Based on the results we can confirm that perceptions can be reasonably linked to
farmers’ decision to undertake adaptation measures. In the model for Vietnam we
can show that perceptions are shaped by the respondent’s characteristics, location
variables and recent climate related shocks. Unfortunately, results for the Thailand
model are less convincing. However, the climate-related shock variable is signifi-
cant and consistent with the results in Vietnam. Similar results were found for the
outcome equation where again the Vietnam model was more convincing. The dif-
ference could be attributed to the lower awareness among the Thai farmers as
shown in the lower number of cases in spite of largely equal initial sample size
between the two countries. From an objective point of view, Vietnam is indeed
more exposed to climate change due to its geographic location along the South
China Sea costal line.

Finally, the answer to the third question is that the factors that drive specific cli-
mate change related adaption measures differ among practices, provinces and coun-
tries. They are to be found in the characteristics of the respondent and the household
head whenever there is a difference between the two. Perhaps the most important
factor in explaining specific adaptation measures are the three specific climate vari-
ables namely rainfall, temperatures and wind, which are all significantly correlated
with tree plantation. While for the other adaptation measures such as crop diversifi-
cation, varietal change, etc. factors other than climate change may be more impor-
tant, the clearest connection we find is with trees.

We believe our results can provide important information to policy makers and
agricultural extension services who should improve their understanding of the farm-
ers’ interpretation of climate change and the constraints that have so far prevented
them from undertaking more and better adaption measures. Further studies should
take a more in-depth look at those constraints and provide a detailed assessment of
the costs and benefits of farmer-based adaption measures.
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U.S. Maize Yield Growth and Countervailing
Climate Change Impacts

Ariel Ortiz-Bobea

Abstract Over the past several decades, maize yields in the US Midwest have risen
at about 17% per decade as a result of steady technological progress. Although the
trend is expected to remain positive, climate change is expected to have an increas-
ing countervailing effect. In this chapter, I compute the yield growth rates necessary
to fully offset the potential negative effects of a warming climate. Relying on a
statistical model allowing for nonlinear effects of temperature on yield, I find that
maize yields would decrease by —4.2, —21.8 and —46.1% around the trend, under
uniform warming scenarios of 1 °C, 3 °C and 5 °C, respectively. I find that an
increase of 6.6%/decade in maize yields is required to fully offset the detrimental
effects of a severe but still plausible 3 °C warming in the next three decades. This
indicates that future maize yield trends could — all else equal — be substantially cur-
tailed due to the climate change. This case study illustrates how agricultural policy
analysts can assess the magnitude of potential climate change impacts relative to
historical yield trends to help identify targets for agricultural research.

1 Introduction

Climate change is resulting in shifting rainfall patterns and rising temperatures that
will increasingly challenge agricultural producers across the globe, including in
temperate regions with high agricultural productivity such as the United States (US)
Midwest region. Various statistical studies have found a strong longitudinal rela-
tionship between exposure to high temperature (>30 °C) and lower-than-average
crop yields (Schlenker and Roberts 2009; Lobell et al. 2011). This historical evi-
dence presages lower yields in the region under a warmer climate relative to a world
without climate change.! At the same time, Midwest maize yields have risen at
about 17% per decade in recent times as a result of steady technological progress.
This chapter analyzes the extent to which these secular maize yield trends can help

"Evidence suggests that temperature affects yield by lowering the water supply in rainfed environ-
ments (see Lobell et al. 2013).
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offset the projected relative decline of maize yields resulting from a warming
climate.? This case study illustrates how agricultural policy analysts can assess the
magnitude of potential climate change impacts relative to historical yield trends to
help identify targets for agricultural research and investments.

The case study is organized as follows. First, I estimate a statistical model of
maize yields regressed on weather variables for the US Midwest. The model allows
for nonlinear temperature effects on yield following the approach developed by
Schlenker and Roberts (2009). This model accounts for distinct effects of tempera-
ture exposure to various temperature bins within each day of the growing season.
The model is based on panel data and exploits the longitudinal covariance of maize
yields and weather conditions at the county level. Second, I use the estimated cli-
mate sensitivity parameters to developed maize yield change projections under
three uniform warming scenarios (1, 3 and 5 °C). Third, I use these projections to
answer the following question. What yield growth rate would be necessary to fully
offset the projected yield effects under warming scenario? Obviously, the answer
depends on the time horizon of the warming, so I explore time frames ranging from
one decade to a century. Finally, I discuss the magnitude of potential climate change
impacts on maize yields in light of historical yield trends.

The chapter is organized as follows. First, I describe the data sources and provide
summary statistics for key variables in the analysis. I also provide an overview of
the warming scenarios. In the subsequent section I present the crop statistical model
and describe how climate change impact projections are computed. I then present
the model results and the associated impacts from a uniform warming and provide
a discussion of the findings. I then conclude the chapter.

2 Data Sources and Summary Statistics

The empirical analysis in this chapter relies on agricultural and climate data. The
agricultural data was obtained from Quick Stats, the US Department of Agriculture’s
(USDA) online database. This database provides data from historical surveys on
county-level agricultural production variables such as acres planted and harvested
as well as production. The dependent variable in the study, maize yield, is obtained
by dividing total maize production by acres planted. For the 1929-2014 period, this
information is complete for 644 counties in 13 Midwest states. This constitutes the
set of counties in the study.

The climate data is obtained from the PRISM Climate Group, which provide
USDA’s official climatological data. The PRISM data is a detailed gridded dataset
providing daily measurements of minimum, average and maximum temperature and
total precipitation for each 4-by-4 km grid over the entire contiguous US since
1981. Because the data is gridded, it needs to be aggregated to the county level to

2 Although crop yield does not directly reflect agricultural productivity, it provides a useful metric
that is easily understood by a wide audience interested in agriculture and food security concerns.
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Table 1 Summary statistics for select variables

Variable Min 25th pct. | 50th pct. |Mean | 75th pct. | Max

Corn yield (bu/acre) 17.0 101.1 123.7 122.2 | 144.6 210.8

Precipitation (mm) 110 467 558 569 659 1254

Temperature exposure

(days)
<0°C 0.00 1.07 243 3.24 4.744
0-5°C 0.00 4.13 6.14 6.55 8.68
5-10°C 3.12 12.25 1596 1598 19.68
10-15 °C 9.42 23.89 28.38 |28.38 32.67
15-20 °C 23.14 38.52 4229 142.02 45.78
20-25°C 24.55 39.06 4332 14330 47.69
25-30 °C 6.27 26.05 30.70 |30.88 35.97
>30 °C 0.01 5.90 11.14 | 12.66 18.15

Notes: Summary statistics correspond to a balanced panel of 644 counties for the 1981-2014
period. Weather variables are aggregated between April and September of each year. For reference,
100 bu./acre of maize are roughly equivalent to 6.3 t/ha

match the agricultural observations. I perform this aggregation by weighting each
PRISM grid by the amount of cropland it contains based on USDA’s Cropland Data
Layer (CDL). The CDL provides 30-m resolution land cover pixels corresponding
to over 100 classes. The weights were based on cropland pixel counts falling within
each PRISM data grid and the average of CDL cropland counts for years 2008-2014
were used. Note that temperature exposure to each temperature “bin” or interval is
computed by fitting a double sine curve going through the minimum and maximum
temperature of each consecutive day for each PRISM grid and subsequently count-
ing the time spent within each degree bin over the growing season in each year. The
temperature exposure was then aggregated to county using the aforementioned
approach.

Key summary statistics are presented in Table 1 and correspond to a balanced
panel of 644 counties over the 1981-2014 study period. This period is confined to
years with complete climate data. The table shows maize yields vary considerably,
ranging from 17.0 to 210.8 bu./acre. This variation obviously encompasses both
cross-sectional (across counties) and longitudinal (within counties) dimensions.
There is also a wide range of variation for precipitation over this time period with
minimum and maximum levels of 110 and 1254 mm for the April-September
period. Following conventional practice, these months correspond were chosen to
approximate the maize growing season in the region.

Regarding air temperature, the present study relies on measurements of the tem-
perature distribution across the entire growing season rather than average monthly
temperature. In other words, the temperature variables correspond to the time spent
within each temperature bin over the April-September period. This approach is
arguably better suited to capture exposure to extreme temperatures than monthly
average temperatures. Although the statistical analysis makes use of exposure data
to each bin ranging from 0 to 36 °C, I only present summary statistics for aggregated
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Fig.1 Corn yield trends in the US Midwest (Notes: Observations correspond to acreage-weighted
maize yields for each year. The trend lines were fitted assuming a linear trend for years 1929-1960
and 1961-2014. The sample corresponds to a balanced panel of 644 counties across 13 states over
the 1929-2014 period)

contiguous bins in Table 1. The table shows that the most frequent temperature
range is between 15 and 25 °C, which corresponds to the bins with the highest mean
exposures.

In this chapter I seek to compare the potential effects of a warming climate rela-
tive to historical yields trends. Figure 1 illustrates the rise in maize yields in the
Midwest since 1929. Panel A shows the yield trend has roughly doubled in absolute
terms between 1929-1960 and 1961-2014. However, this obscures the fact that the
rate of this trend has slowed down by almost 40% during this period, as shown in
panel B.2 I will refer to these growth rates later on in the analysis. Also, it is worth
noting that I do not detect a statistically significant trend in weather variables over
the study period (1981-2014). This suggests that these yield trends are mostly a
reflection of technological progress and not really of parallel climate trends.

Regarding climate change data, I adopt 3 uniform warming scenarios of 1, 3 and
5 °C with no precipitation change. The reason I focus on temperature rather than
precipitation changes is that previous studies (e.g. Lobell et al. 2008; Schlenker
and Roberts 2009) have found that temperature changes are the major explanatory
factor explaining crop yield fluctuations in the US Midwest (and elsewhere). A
possible reason is that high temperatures capture the effect of dry summer spells,
which are crucial for maize production, but are not captured by the season-long
precipitation variables. Figure 2 provides an overview of the temperature distribu-
tion for the baseline climate as well as under the warming scenarios (lower row).
The maps illustrate the mean exposure above 30 °C in each county during the
growing season. Under the baseline climate, very few counties have mean exposure
exceeding 30 days over the April-September period (total of 183 days). However,

3The 1929-1960 period corresponds to the period of hybrid corn varieties adoption across the US.
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Fig. 2 Exposure to extreme temperature under varying uniform warming scenarios (Notes: The
upper row shows the yearly mean exposure (in days) to temperatures exceeding 30 °C during the
April-September growing season for each county in 13 Midwest states for baseline and 3 uniform
warming scenarios. The lower row presents the temperature distribution across the sample for each
temperature bin. Each box represents the median and the first and third quantiles of the distribu-
tion. The whiskers extent to data extremes. The dotted vertical line indicates the 30 °C threshold
for illustrative purposes)

exposure above this threshold substantially increases under the most severe warm-
ing scenario. This will have a major effect on the projected yield impacts as we will
see shortly.

3 Crop Yield Model and Climate Change Impacts

Crop statistical models have re-emerged as an alternative approach to the traditional
biophysical models for assessing the potential impacts of climate change on crop
yields. A statistical crop yield model is basically a regression analysis of crop yields
on weather variables. Early examples can be traced back to the early part of the last
century (Wallace 1920; Hodges 1931). In this chapter, I adopt the approach devel-
oped more recently by Schlenker and Roberts (2009). These authors developed an
innovative approach that separately estimates the effect of the cumulative exposure
(over the growing season) to different temperature bins on crop yield.*
Mathematically, the nonlinear effect of temperature on yield may be represented by

“This approach assumes that temperature effects on yield are cumulative and substitutable over
time. This assumption may be relaxed.
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a function of temperature /s, denoted g(h). Logged maize yield y; in county i and
year ¢ can thus be represented as:

Vi = [e(h)g, (h)d(h)+ p,8, + 6, + 2,7 +c, +e, (1

where ¢;(h) is the time distribution of temperature for April-September, p;, is pre-
cipitation, z; is a quadratic time trend and the c; are county fixed-effects that capture
time-invariant factors explaining yields level across counties (e.g. soil quality, etc).
However, Eq. (1) cannot be estimated directly because of the integral. To make this
model tractable one needs to approximate the integral with a summation over dis-
crete temperature bins:

36

v, = Zg(h+0.5)[q)it (h+ 1)—@1., (h)} +p,9, +pl.2t52 +2,T+c, +€,

h=0

where @, (h+1)—®,(h) represents the time spent over the [4;h+ 1] interval, and
g(h+0.5) is a parameter to estimate. However, given the high number of tempera-
ture bins, collinearity between exposures to contiguous bins might create noisy esti-
mates. As a result I assume that g(h) is a smooth function over temperature bins
which I can approximate with cubic B-spline with 8 degrees of freedom evaluated
at each temperature bin. This can be written as:

36 8

Yo = 2.27B (h+0.5)[d)it (h+1)-@, (h)] +p,S, +PiS, + 2,7 +c, +e,
h=0 j=1
36 8

Vo = 2278 (h+0.5)[ @, (h+1)=®, (h)]+p,5 +piS, +2,7 +¢, +€,
=0 j=1

where B; is the jth column of the basis matrix of the natural cubic spline. The model
effectively regresses yield on eight temperature variables, x; ;. The model is esti-
mated via Least Squares and errors are clustered by county and by year to account
for heteroscedasticity and contemporaneous error dependence. Once parameters y;
are estimated, one can derive the marginal effects of temperature exposure by pre-
multiplying estimated coefficients by the basis matrix. These marginal effects cor-
respond to the marginal effects of each temperature bin on crop yield.

Obtaining climate change projections based on these marginal effects is
straightforward and simply requires multiplying the marginal effects for each tem-
perature bin by the change in exposure to each bin under a given warming sce-
nario. The log yield changes can then transformed into percentage changes using
well-known formulas.
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4 Results and Discussion

4.1 Model Results and Warming Impacts

The main result of the model is the nonlinear effect of temperature on maize yields
which is illustrated in Fig. 3. The effects of precipitation are not presented here
because the scenarios do not alter the level of precipitation. Exposure to tempera-
tures above 30 °C appear detrimental to maize yields. The response function reflects
the fact that years with higher exposure to high temperature tend to be associated
with lower than average maize yields in the study region. This is in line with previ-
ous findings in the literature.

The lower part of the Fig. 3 represents the baseline temperature distribution
across temperature bins. This is somewhat similar to the distribution within bins
illustrated in Fig. 2. Again, for the baseline climate, exposure beyond 30 °C is not
very common. However, a uniform warming scenario shifts the temperature distri-
bution to the right, which increases the frequency of high temperatures. The antici-
pated consequence is that maize yields would decrease as exposure to detrimental
temperature levels rises.
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Fig. 3 Nonlinear effects of temperature on maize yields
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Fig. 4 Maize yield impacts under alternative warming scenarios (Notes: The top row represents
the projected effect of the corresponding warming scenario for each county in the sample. Grey
counties are not in the sample. Some of these effects are not statistically significant when close to
zero. The bottom row represents the distributions of these county-level effects)

Figure 4 illustrates the maize yields impacts for all counties in the sample (top
row) as well as the distribution of impacts (bottom row) for each warming scenario.
Because the statistical model regresses the log yield on weather variables condi-
tional on a time trend, these impacts reflect percentage changes around the yield
trend. A warming scenario of 1 °C has a relatively small effect with some northern
counties experiencing small positive effects. However, more severe warming sce-
narios generate increasing crop yield losses. Interestingly, the model predicts rising
heterogeneous effects across the sample as illustrated by the higher variance of
projected impacts for the most severe warming scenario. The reason is that warming
results in a disproportionately higher increase in the frequency of extreme tempera-
tures in region that were warmer in the baseline climate.

The acreage-weighted maize yield impacts for the sample are —4.2%, —21.8%
and —46.1% for the 1 °C, 3 °C, and 5 °C warming scenarios, respectively. Again,
these impacts are around the trend so they do not represent net effects on yields.
These impacts from uniform scenarios, however, do not provide information about
their timing or the pace of warming.
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4.2 Warming Impacts Against Technological Progress

To provide some context for the magnitude of these yield impacts, I compute the
yield growth rate necessary to fully compensate these warming effects. This rate is
computed as r=1/t (( yo—y)/yo+ 1) where ¢ is the time allowed for yield growth (in
decades), and ( yo— y)/y, is the share of acreage-weighted average yields loss in the
projected climate relative to the baseline climate (y,<y).

I present these rates based on the historical yield sensitivity to temperature in
panel A of Table 1. The table naturally shows that in order to compensate the impacts
of a warming climate the growth rate in maize yields needs to be higher, the sooner
this warming occurs. This explains the higher rates for lower time horizons (upper
rows). Obviously, the rate needs to be even higher, to compensate larger damages
from a more warming. This explains why higher rates are also found under more
severe scenarios. Panel A shows that to compensate for a 3 °C warming within the
next 3 decades (mid-century) the maize yield growth rate needs to be 6.56%/decade.
This warming scenario approximately corresponds to climate change projections
under higher emissions scenarios toward the middle of the century for the continen-
tal US. Recall that the recent historical yield trend shown in Fig. 1 is about 17.4%/
decade. This is greater than the required growth rate to offset the warming impacts.
However, these results show that climate change would have a sizable countervail-
ing impact even if relatively high secular yield growth rates are maintained. More
precisely, if the secular trend continues at this historical rate, the net yield growth
might be reduced to about 17.4—6.6 = 10.8%/decade. This is a 38% reduction,
which seems considerable.

The previous discussion assumed that only an increase in average yields is con-
sidered to counterbalance potential yield losses from a warming climate. However,
breeding programs may be designed to reduce the vulnerability of maize yield to
extreme conditions. This can be graphically represented as a reduction in the slope
of the marginal effect of high temperature on crop yield in Fig. 3. I consider a case
in which these marginal effects for temperatures exceeding 30 °C are reduced by
half. Projected yield impacts will naturally be lower. Similarly, the required maize
yield growth rates need to compensate a warming climate would also be lower.
These rates are represented in panel B of Table 1. Indeed, with reduced extreme
temperature sensitivity, the offsetting rates could be lower.

Panel C presents the difference between the compensating rates in the case based
on historical heat sensitivity and with reduced heat sensitivity. These rates can be
interpreted as the “secular yield growth rate equivalent” of an immediate reduction
by half in extreme temperature sensitivity. In other words, the comparison of panels
A and C provide insights into the tradeoff of combatting projected yield losses from
warming by increasing average yield trends or by reducing the sensitivity of yields
to extreme conditions. It is clear that the sooner and the more severe the warming is,
the more appealing reducing the sensitivity to extreme becomes. Alternatively, if
warming is mild or very distant, reducing yield sensitivity to high temperature
present relatively small advantages (Table 2).
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Table 2 Maize yield growth rate required to fully compensate warming damages

A) B) ©

Time horizon | Historical sensitivity Reduced sensitivity Difference

(indecades) |+1°C [+3°C |[45°C |+1°C |+3°C |+5°C |+1°C |+3°C |[+5°C
1 4.14 |19.69 [3790 |-0.24 588 18.66 438 |13.81 |19.24
2 207 9.84 1895 |—-0.12 [2.94 ]9.33 2.19  16.90 9.62
3 1.38 | 6.56 1263 |-0.08 196 |6.22 1.46  |4.60 6.41
4 1.03  4.92 9.47 -0.06 |1.47 |4.66 1.09 |3.45 4.81
5 0.83 |3.94 7.58 -0.05 |1.18 [3.73 0.88 |2.76 3.85
6 0.69 |3.28 6.32 -0.04 098 |3.11 0.73 230 3.21
7 0.59 |2.81 5.41 -0.03 |0.84 |2.67 062 |197 2.74
8 0.52 |2.46 4.74 -0.03 |0.74 |2.33 055 |1.72 2.41
9 046 |2.19 421 -0.03 10.65 [2.07 049 |1.54 2.14
10 0.41 1.97 3.79 -0.02 [0.59 |1.87 0.43 1.38 1.92

Notes: Theyield growthraterequired tocompensate damagesiscomputedas = 1/¢[(yo—y,)/ yo) +1]
where t is the time allowed for yield growth (in decades), and (y,—y,)/ y, is the share of acreage-
weighted average yields loss in the projected climate relative to the baseline climate (y,<y,). The
“Historical Heat Sensitivity” relies directly on the estimated parameters for computing climate
change impacts. The “Reduced Heat Sensitivity” reduces by half the marginal effects of tempera-
ture exceeding 30 °C, i.e. the curve in Fig. 3 becomes less steep. “Difference” corresponds to the
difference in rates between the “Historical Heat Sensitivity” rates and those for the “Reduced
Sensitivity” rates

5 Conclusion

In this chapter I illustrate how to assess the yield growth rate requirements to fully
compensate yield losses due to climate change based on statistical techniques. The
crop statistical model employed allows for nonlinear effects of temperature on
yields. In line with results in the literature, the statistical model suggests that expo-
sure to temperature exceeding 30 °C is detrimental to maize yields in the US
Midwest. A warming climate would therefore entail an increase in exposure to det-
rimental conditions and reduce yields. Indeed, I find sample-wide yield impacts
around the yield trend of —4.2%, —21.8% and —46.1% for the 1 °C, 3 °C, and 5 °C
uniform warming scenarios, respectively. The middle of the road-scenario is plau-
sible by mid-century.

I find that a historical rate in maize yield growth in the US Midwest of 17.4%/
decade exceeds the rate (6.56%/decade) needed to compensate a plausible warming
of 3 °C within the next 3 decades. However, the net yield trend would be substan-
tially diminished under this scenario due to the countervailing effect of a warming
climate. In addition, I explore how the reduction in half of yield sensitivity to
extreme temperature reduces the yield growth requirements to offset detrimental
warming effects. I find that reducing sensitivity to extreme condition is a more
attractive option when warming is imminent and severe. This case study highlights
how agricultural policy analysis can assess the magnitude of potential yield losses
due to climate change relative to historical yield trends.
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The analysis could be extended with a cost-benefit analysis of alternative
mean-increasing or variance-reducing technological change. The study also has
important limitations including the fact that crop yield models cannot account for
CO, fertilization or detailed management information that may be explicitly mod-
eled with biophysical approaches. Other limitations include the assumptions about
time separability of temperature effects as well as the omission of confounded
effects of other inputs with weather conditions.
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Abstract Climate change and enhanced climate variability will have differing
impacts on agricultural producers worldwide. The increasing utilization of preci-
sion farming and mobile technologies, together with improvements in data manage-
ment software, offer expanding opportunities for an integrated data platform that
links farm-level management decisions and corresponding behavioral changes to
site-specific biophysical data and analytical tools. The goals of this paper are to
illustrate how decision support tools can be designed to address the farm-scale eco-
nomic and environmental tradeoffs associated with changes in climatic conditions
and how these farm-scale tools could be linked with regional based analyses to scale
up to the information needed for better science-based policy.

We use the AgBiz Logic™ platform to evaluate farm-scale climate smart options for
the dryland wheat producing area of the U.S. Pacific Northwest. A software tool like
AgBiz Logic could also be utilized to provide higher quality, more timely data for
landscape-scale and regional technology assessment. Decision support tools are at
the very heart of the recommendations called for in the recent U.S. Government
Accountability Office report 14-755 (U.S. GAO 2014), which speaks to USDA’s
ongoing efforts to better communicate information to growers in a timely down-
scaled manner.
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1 Introduction

Climate change and enhanced climate variability will have differing impacts on
agricultural sectors worldwide. Whether in the form of increased intra-seasonal
variability, severe heat waves, long-term drought or warmer winters, farmers and
growers need to be cognizant of the risks and opportunities that future weather pat-
terns may bring to yields and profitability, as well as the possible environmental
outcomes associated with changes in management regimes. Despite advances in
applied research and analysis over the past half century, making informed manage-
ment decisions based on integrating climate and environmental science findings at
the farm scale remains a challenge. Critical information and data are often missing,
and thus the consequences of changes in management practices across many dimen-
sions are not easily identified.

Three key elements are required to improve the capability to make better man-
agement, and ultimately, policy decisions: (1) timely and accurate data on climate
variability and its impact on yield and cost projections; (2) scientific understanding
of the agro-ecological system at the farm scale; and (3) incorporation of those two
elements into knowledge products that meet the needs of growers and policy deci-
sion makers. The increasing utilization of precision farming and mobile technolo-
gies, together with improvements in data management software, offer expanding
opportunities for an integrated data platform that links farm-level management deci-
sions and corresponding behavioral changes to site-specific biophysical data and
analytical tools. Through the use of data technologies, farm-level information can
be integrated with publically available data at the landscape scale for supporting
science-based policy and sustainable management of agricultural landscapes.

The primary goal of this paper is to illustrate how decision support tools can be
designed to address the farm-scale tradeoffs associated with changes in climatic
conditions. We also explore how these farm-scale tools could be linked with regional
based analyses to scale up to the information needed for better science-based policy.
We illustrate how the three key elements noted above can be addressed within the
AgBiz Logic™ platform and decision-support framework developed to aid growers
in evaluating current and alternative management systems under future climate sce-
narios. By incorporating both climate change and environmental outcomes, these
decision tools can be used to evaluate climate smart options. Our illustrative case
study reflects the dry-land wheat producing area of the U.S. Pacific Northwest.

Decision tools and modules such as AgBiz Logic, provide essential analytical
output for global and national efforts labeled climate-smart agriculture (CSA) which
focus on making farms and farmers more resilient to a changing climate. These
decision support tools are at the very heart of the recommendations called for in the
recent U.S. Government Accountability Office report 14-755 (U.S. GAO 2014),
which speaks to USDA’s ongoing efforts to better communicate information to
growers in a timely downscaled manner.
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2 AgBiz Logic as a Decision Support Tool for Addressing
CSA

AgBiz Logic is an integrated knowledge platform which collects and allocates
grower data to enterprise budgets and saves the budgets. It also saves plans' and
scenarios which can in turn be used in the economic, financial, climate and environ-
mental modules. A simplified schematic of AgBiz Logic is provided in Fig. 1.
Climate data from climate models and projections; environmental location-specific
data on soil, slopes, rainfall etc.; and site-specific production data and other regional
(public) data on prices, costs and transportation information are part of the
information-base used and stored by AgBiz Logic. Outputs from each of the AgBiz
Logic modules are inputted into another component of the software tool and/or used
to generate metrics and other economic information. The economic and financial
calculators are the means for farmers to better understand how climate change may
impact their livelihood and their on-farm assets. The components are explained in
greater detail in this paper.

AgBiz Logic (available online at http://www.agbizlogic.com/) consists of the fol-
lowing economic and financial calculators:

* AgBizProfit™ is a capital investment tool that evaluates an array of short-,
medium-, and long-term investments. The module uses the economic concepts of
net present value, annual equivalence, and internal rate of return to analyze the
potential profitability of a given investment.

* AgBizLease™ 1is designed to help agricultural producers establish equitable
short- and long-run crop, livestock and other capital investment leases. The mod-
ule uses the economic concepts of net present value to analyze an equitable crop
share or cash rent lease for a tenant and landowner.

* AgBizFinance™ 1is designed to help agricultural producers make investment
decisions based on financial liquidity, solvency, profitability, and efficiency of
the farm or ranch business. After an AgBizFinance analysis has been created,
investments in technology, conservation practices, value-added processes, or
changes to cropping systems or livestock enterprises can be added to or deleted
from the current farm and ranch operation. Changes to a business’ financial
ratios and performance measures are also calculated.

Two recent additions to the AgBiz Logic decision support platform include the
AgBizClimate™ and AgBizEnvironment™ modules:

» AgBizClimate delivers essential information about climate change to farmers and
land managers that can be incorporated into projections about future net returns,
via changes in expected yields. By using data unique to their specific farming
operations, growers can develop management pathways that best fit their opera-
tions and increase net returns under alternative climate scenarios.

"Plans consist of a sequence of budgets that describe a particular management and or investment
strategy. Plans can be compared to each other and saved as a scenario.
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The AgBiz Logic™ Platform
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Fig. 1 AgBiz logic platform

e AgBizEnvironment uses environmental models and other ecological accounting
to quantify changes in environmental outcomes such as erosion, soil loss, soil
carbon sequestration and GHG emissions resulting in the ability to incorporate
on-farm and off-farm environmental outcomes into the decision support software
and platform.

The AgBiz Logic platform provides both a farmer-level decision support tool and
an assessment tool for researchers to realistically determine how climate change
and climate change policies may influence and impact regional agricultural sectors.
By incorporating regional downscaled climate change information, farm manage-
ment and financial information, and on-and-off farm environmental impacts of land
use changes and management decisions into an interconnected online program,
actions of growers and data needs of researchers are linked. The downscaled climate
change information influences projected yield and production inputs that change
over time. These yield changes are the impetus for producer-generated adjustments
in input use, management, and technology adoption that may lessen negative
impacts or take advantage of positive opportunities.

3 Addressing the Farm-Scale Tradeoffs Associated
with Changes in Climate

AgBiz Logic provides an internally consistent framework for evaluating climate
change impacts and investment decisions at the farm scale. Farmers, growers, and
land managers can use AgBizClimate to explore near-term projections for average
weather conditions (e.g., growing degree days, chilling days) relevant to a
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commodity in their area. With knowledge of these projected changes, users have an
opportunity to adjust their investments, yields and production inputs based on how
such changes will affect their production and risk. AgBizClimate linked to AgBiz
Logic allows users to step into the world of 20-30 years from present and consider
how their current enterprises and operations would continue to serve them in the
future, and whether there are any long-range planning decisions they may want to
begin considering in order to maintain profitable operations.

What follows is an example of a case study in the mid-Columbia region of
Umatilla County, Oregon using modules in the AgBiz Logic suite to observe the
outcomes of climate change on current and alternative cropping systems (rotation)
and on net returns (Seavert et al. 2012). We will first present an example of how
AgBizClimate can be used to evaluate climate change impacts with changes in
yields, tractor, combine and truck costs and production inputs, and we will also
demonstrate how the AgBizProfit module can be used to evaluate investment deci-
sions associated with changing a crop rotation.

3.1 Initial Setup and Baseline Scenario

The farm operation is a typical 3800-acre dryland wheat farm, in a region that
receives between 12 and 18 inches of precipitation annually. In keeping with com-
mon practice, the producer uses a winter wheat and fallow crop rotation that includes
direct seeding and chemical fallow to conserve soil moisture, increase wheat yields,
reduce soil erosion, and reduce fuel usage. Weeds are controlled with glyphosate in
the fallow years and other herbicides as needed during the crop years. Pesticides are
applied as necessary. Fertilizer requirements are applied at planting using a direct-
seed drill. The farm’s average yield for winter wheat is 49.5 bushels per acre. One-
half of the acres are leased and the farm operator owns the remaining acres. The
leased land is based on the landowner receiving one-third of the crop and paying
one-third of the weed control, fertilizer, and crop insurance costs (hail, fire and crop
revenue coverage) and 100% of the property insurance and taxes. The yield levels
are consistent with the yields from the 2007 USDA Agricultural Census for this
area.

The data input needs and sequencing of steps are summarized in Appendix A.
The producer selects previously generated crop and livestock enterprise budgets
from AgBiz Logic; if these are not specific to this operation a grower can choose
from a set that best reflects their returns and costs (Appendix A, Fig. 5). These previ-
ously generated/selected budgets serve as the baseline net returns scenario for com-
parison once weather variables are introduced. AgBizClimate is then used to select
the weather station that is closest to the crop or livestock enterprises (Fig. 6). The
result is downscaled, site-specific weather forecast information for the producer to
use to best assess how climate change will impact the farm or enterprise.

After selecting the weather station in closest proximity to the farmed acres, the
producer can select up to three weather variables that he/she believes will most
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impact wheat yields (Fig. 7). In this example, the number of nights below freezing,
accumulated growing degree days and accumulated seasonal precipitation are cho-
sen. Each weather variable has its own specific impacts, as shown in Appendix A,
Figs. 8,9, and 10. The modeled baseline weather condition (black line in Figs. 9 and
10) is an average for each weather variable chosen from 1970 to 1999. The modeled
future climate variable is averaged over 2030-2059 for high and low emission sce-
narios. The solid red and yellow lines show the average, and the shading shows the
5-95th percentile range of resulting from 20 climate models (Figs. 10 and 11).

By the 2030s, the frequency of nights below freezing per year is expected to
decrease by 29 nights for the low emissions future and by 34 nights for the high
emissions future, as compared with the historical baseline (Fig. 8). From this infor-
mation, predictions can be made regarding how wheat yields will be impacted from
this specific weather variable, using either crop models or grower/expert estimates.
In this example yields are increased 20% due to fewer nights below freezing; sensi-
tivity analysis on fluctuations in yields can be incorporated into future analyses.

Figure 9 shows the results for changes in the number of growing degree days. By the
2030s, accumulated growing degree days from April 1 to October 31 are expected to
increase by 525° hours for the low emissions future and by 620 degree hours for the high
emissions future, as compared with the historical baseline. From this information, wheat
yields are estimated to increase 15% due to a higher number of accumulated degree days
above 50. Figure 10 shows the results for accumulated precipitation by month.
Accumulated water year precipitation is expected to increase by 0.4 inches both for the
low emissions and for high emissions future, as compared with the historical baseline.
From this information, the producer estimates wheat yields will increase 25% due to an
increase in precipitation combined with the time of year of the precipitation.

In Fig. 11, the producer can choose (observe from the available data) how likely
his/her wheat yields will be impacted based on Crop Models, Grower Focus Groups,
and from their own estimates of yields from Figs. 8, 9, and 10. The producer then
enters a final yield estimate for each budget (“Your Changes”). This value will be
leveraged to modify each budget used in the analysis. In the example shown, the
user agrees with the Crop Models of an increase in wheat yields of 20.3%. However,
the user also inserts an additional wheat budget and uses the Grower Focus Group
value of 15.0% as a comparison. In AgBizClimate users can create new budgets by
modifying selected inputs that are directly related to yields (Fig. 12). Examples of
changing inputs related to yields include custom harvesting of hay or wheat crops,
when paid by the ton.

3.2 Exploring Climate Change Impacts and Investments
in Alternative Cropping Systems

Next, we evaluate the impact these changes in yields have on net returns. We
also explore the profitability of changing the cropping system. For this region,
research suggests that growers may benefit from climate change when they
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adapt to an annual cropping system of winter wheat and camelina. Camelina
is a crop being studied for its potential use as a source of biodiesel fuel for
aviation, particularly in regions where dryland cropping systems are
predominant.

Using the AgBizProfit module we can run a scenario report (using the budgets
that were modified using AgBizClimate). Each scenario consists of one to five indi-
vidual plans that can be compared to each other simultaneously. In this case we
compare four plans: (1) the current 2015 winter wheat fallow plan, (2) a winter
wheat fallow plan with a 20% increase in wheat yields, (3) a winter wheat fallow
plan with a 15% increase in wheat yields, and (4) a change from a winter wheat fal-
low system to a winter wheat and camelina rotation. On the latter cropping system
wheat yields will decline from 50 to 39 bushels per acre (or about 13%) due to
reduced soil moisture; however the revenues associated with the decline in wheat
yields will be offset by the new revenues from the camelina crop. New crop budgets
for these plans will be created for this scenario.

Table 1 reflects the yield changes under each scenario and shows how tractor,
combine and machinery hours, truck miles driven, and expected years of life
change as a result of the increased volumes of grain, annual acres harvested and
the requirement of an additional combine when changing to an annual cropping
system with camelina.? For the winter wheat and camelina rotation, an average
camelina yield of 36 bushels (1800 Ibs) per acre is used and the market price is
$0.15/1b.; camelina is assumed to be grown in place of fallow. Even though the
wheat yields are much less (38.71 bushels per acre, Table 1) and machinery costs
higher (crop farming 3800 acres annually as compared to 1900 with the wheat and
fallow rotation), the contributions to net returns from camelina compensate for the
loss in wheat net returns.

Each of the winter wheat and fallow rotations in 2040 include the additional
costs due to increased incidences of weeds, disease and insect infestations
attributed to warmer temperatures and higher precipitation. Two additional
applications (1 additional herbicide application and the addition of a pesticide
application) with material costs are included as well as costs per acre for materi-
als to control insects and diseases. These additional applications increase the
tractor and sprayer hours in the wheat and fallow rotations in 2040. However,
when camelina is included in an annual cropping system the applications and
material costs for four herbicides are removed, which greatly reduces annual
tractor and sprayer hours.

The AgBizClimate results for per acre returns, total variable cash costs, and
net returns of the four cropping systems with crops grown on both owned and
leased land are shown in Table 2. The winter wheat and fallow rotation in 2015
has an average net return of $72 per acre on owned land and a $36 per acre on

2Camelina is more difficult to harvest than wheat and combines must slow down to three miles per
hour (as opposed to six mph when harvesting wheat), reducing the number of acres harvested in a
day and thus requiring the purchase of an additional combine, or custom hiring the additional
harvesting.
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Table 2 Per acre returns, total variable cash costs, and net returns for winter wheat and fallow
rotations and winter wheat and camelina annual cropping system for crops grown on owned and
leased land

Crops grown on owned land

2015 2040 2040 2040
Winter | Fallow | Winter Fallow | Winter | Fallow | Winter | Camelina
wheat wheat wheat wheat
(20.3%) (15%)
Returns $322 $0 $387 $0 $370 $0 $252 $270
Total 118 61 130 71 130 71 135 151
variable
cash
costs
Net $204 ($61) $257 ($71) $240 ($71) $116 $119
returns
Average | $72 $93 $85 $118
net
returns

Crops grown on leased land

2015 2040 2040 2040
Winter | Fallow | Winter Fallow | Winter |Fallow | Winter |Camelina
wheat wheat wheat wheat
(20.3%) (15%)
Returns | $215 $0 $258 $0 $247 $0 $168 $216
Total 93 49 105 57 106 57 111 135
variable
cash
costs
Net $121 ($49) | $153 ($57) | $141 ($57) | $57 $81
returns
Average | $36 $48 $42 $69
net
returns

leased land. The low net returns are largely due to the wheat yield of 49.50
bushels per acre. Now consider the impacts of a changing climate, which in this
example result in increased wheat yields. When yields are increased 20.3% in
2040 to 59.55 bushels, the net returns increase to $93 per acre on owned land
and $48 per acre on leased land; these net returns must also be adjusted to reflect
the increase in herbicides and insecticide application costs. We also provide the
results for a smaller change in yields due to climatic changes. As expected net
returns decrease slightly when wheat yields are increased only 15% relative to
the 2015 crop rotation. The net returns are $85 per acre on owned land and $42
per acre on leased land.

To explore some of the tradeoffs that may be present under climate change we
incorporate the profitability of changing the cropping system or adapting manage-
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Name of Scenario:

Climate Change Impacts on Current and Potential Annual Cropping
System

Notes for this Scenario:

Observing the before and after effects of climate change on per acre net returns of
growing a winter wheat & fallow rotation and a winter wheat & Camelina annual
cropping system in 2040

View results as a: O Table ® Graph

Financial measure: Net Returns
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Budget1: Budget 2: Budget 3: Budget 4:
Wheat/Fallow Wheat(20.3%)/Fallow Wheat(15%)/Fallow Wheat/Camelina
2015 2040 2040 2040

== Owned Land
== | cased Land

Fig. 2 AgBizClimate output results

ment to new climatic conditions. For this region, research suggests that growers
may benefits from climate change when they adapt to an annual cropping system of
winter wheat and camelina. The net returns with a winter wheat and camelina rota-
tion are $117 per acre on owned land and $69 per acre with leased land.? Figure 2,
shows these results as an AgBizClimate output. Sensitivity of net returns to output
and input prices are available from the authors but not reported in this paper.

As shown in this illustrative example both cropping systems (winter wheat/fal-
low versus winter wheat/camelina) and cropping arrangements (owned versus

3Crop leases change in the mid-Columbia region with oilseed crops. The landowner receives 20%
of the crop and pays 20% of the fertilizer costs and 100% of the property insurance and taxes. It
should also be noted that herbicides are not used in the production of camelina.
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leased) will impact net returns. While many alternative cropping systems can be
simulated, we provided only the comparison with the winter wheat/camelina and
the original system currently used by a majority of the growers in this region. In
both the owned and leased situations, both of which are typical of the arrangements
in this area, the net returns per acre are higher with the effects of climate change for
winter wheat and camelina annual rotation, regardless of whether the crops are
grown on owned or leased land.

3.3 Profitability of Implementing Investment Strategies

Though we have shown that the winter wheat and camelina rotation has higher aver-
age net returns, we do not yet know if it is profitable for an individual producer. In
order to switch to an annual cropping system that includes camelina, the producer
would need to invest in an additional combine and truck. The profitability of this
investment will depend on the timing of the cash flows. An alternative would be to
custom hire the harvest of the camelina crop, which eliminates the need for the capi-
tal outlay of equipment, but also adds a certain amount of risk due to the uncertainty
of the custom operator being available at harvest time. Selecting investments that
will improve the financial performance of the business involves two fundamental
tasks: (1) economic profitability analysis and (2) financial feasibility analysis.
Economic profitability will show if an alternative is economically profitable.
However, an investment may not be financially feasible: that is, the cash flows may
be insufficient to make the required principal and interest payments (Boehlje and
Ehmke 2005). In addition agricultural leases may also change with adaptation strat-
egies as additional inputs and costs are incurred by either the landowner or tenant.
The more a tenant or landowner contributes to total costs over the length of a lease,
the higher the percentage share of the crop return or annual cash rent payment.

Figure 3 is an AgBizProfit output showing the results of a capital investment
analysis for the adaptation strategies. Based on a discount rate of 4% and a 7 year
analysis, the current wheat and fallow rotation has a net present value (NPV) of $57
per acre. The NPV of the annual cropping system with the purchase of an additional
combine and truck is $500/acre. Custom harvesting of the camelina crop results in
an NPV of $350 per acre. Therefore, the annual cropping system with the additional
equipment purchases is the most profitable strategy. However, if a producer does not
have the required cash flow to invest in additional equipment, which is needed for
this cropping system, then this change in cropping rotations may not be feasible.
The AgBizFinance module can be used to determine the feasibility of switching to
a camelina rotation.

Conducting an AgBizFinance analysis requires a detailed balance sheet, descrip-
tion of current loans, capital leases and cash flows for each enterprise in the farm
business. This type of analysis is very specific to a particular farm and difficult to
demonstrate and discuss without sufficient data. Therefore an AgBizFinance analy-
sis and further discussion is not presented in this paper.
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Name of Scenario:

Profitability of Changing to an Annual Cropping System on Owned Land

Notes or this Scenario:

Assessing the profitability of changing from a winter wheat and fallow rotation to an
annual cropping system of winter wheat and camelina, with purchasing additional
combine and truck or custom hiring harvest.

- . | Table, single plan & all years QGraph, single plan & allyears O
T .. Table, 3l plans & single year (OGraph, all plans & singleyear @

Investment Scenario Net Present Values

Select a measure: <net present volues
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Fig. 3 AgBizProfit results for owned land

3.4 Assessing Climate Change Implications for Agricultural
Leases

Most of agricultural leases today are based upon what has been done historically or
customary for a region. However, as profit margins narrow and climate change
impacts yields, production inputs, and crop rotations, there will be a greater focus to
base future leases on equitability, where the tenant and landowner are compensated
more evenly for their contributions into the lease. Determining the equitability of
leases can be explored with a decision support tool such as AgBizLease, a module
within AgBiz Logic. Often times, the net returns on leased land do not equitably
compensate the tenant for their financial risk of farming the land. For example,
under existing practices, equitable crop leases are established on the percentage of
each party’s contribution to total costs (Seavert 1999). Using this tool, tenants could
review lease terms to determine if current land leases would be equitable in the
future. For example, if more insecticides and fungicides are required in future
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production systems due to a changing climate, those costs could be shared in the
same percentages as share of the crop. AgBizLease could use the AgBizClimate
budgets from these analyses to further evaluate the equitability of current lease
terms as input costs change, and the resulting sensitivity of net returns.

As shown in Fig. 3, the current crop-share lease is equitable for this winter wheat
fallow rotation, however is not profitable for either the tenant or landowner. The
accumulated net returns for the tenant and landowner for a ten year lease is —$104
and —$40 per acre. The yields and prices are not sufficient to compensate the tenant
for their production inputs and the landowner for their contributions of returns to
land, property taxes and both sharing the fertilizer, herbicide and crop insurance
costs. However, if this crop-share lease changed to an annual cropping system of
winter wheat and camelina with the same sharing of crop and production inputs,
both tenant and landowner benefit with $168 and $216 per acre, but not equitably.
The AgBizLease program calculated an equitable crop-share lease to be 73% of the
crop to the tenant and 23% to the landowner. By sharing the crop based on their
contributions to this annual cropping system, the tenant would receive $295 per acre
and landowner $89 per acre (Fig. 3).

4 Assessing Environmental Impacts

AgBiz Logic modules are based on the premise that growers maximize net returns
over time; the static short run net returns are captured as the difference between
revenues and cash costs. Depending upon the scenario, revenues can be defined as
revenues associated with selling conventional, market-oriented products or can be
expanded to include other services that might be valued by the grower, such as soil
carbon, green production, environmental footprint, or other sustainability or risk-
management attributes.

To capture the environmental aspects of the production decision, including on-
site and off-site impacts, the AgBizEnvironment module reflects one of several
approaches depending upon whether the environmental impact is considered an
input or an output to the production process. Environmental/land quality can be
considered as an input into the production process (i.e. soil quality) and thus part of
the “natural capital” that impacts growers’ net returns. Environmental quality can
also be considered as an output of the production process. Way (2015) describes
three possible firm-level profit maximization approaches to capture environmental
impacts: (1) a conventional approach where environmental quality is reflected in
changes in the natural capital variables; (2) the case where changes in environmen-
tal characteristics are best reflected using a multiple output production approach;
and (3) a constrained profit maximization approach where environmental regula-
tions constrain the choices and production levels of the grower. Each of these
approaches requires information on the environmental outcomes from the produc-
tion processes and/or how these may impact growers’ net returns.
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The AgBizEnvironment module utilizes existing environmental models or calcu-
lators to quantify the environmental outcomes and links this information either
directly to net returns (if we can construct a shadow price or cost of the outcomes)
or provides direct measures of environmental issues of concern such as changes in
GHG emissions, soil erosion, carbon soil sequestration and energy usage. Examples
include the Environmental Impact Quotient Value (EIQ) formula developed by
Cornell University, Cool Farm Tool which measures GHG (carbon dioxide, nitrous
oxide, and methane) emissions, COMET-farm which is a whole farm carbon and
GHG accounting systems, and the Universal Soil Loss Equation (USLE) calculator
and its many variations. Outputs from these models or calculators can be catego-
rized as either an input to the production process and/or an (desirable or undesir-
able) output from the production process. GHG emissions and soil carbon credits
are often characterized as outputs, although soil carbon can also be an input to the
quality of the natural capital; pesticide use, soil erosion, and soil carbon are consid-
ered both production inputs and outputs. Table 3 provides an overview of these
environmental simulation tools available within AgBizEnvironment, their outputs,
and their applicability in producer-decision support frameworks.

Using the AgBizEnvironment module and associated environmental calculators,
we explored the economic and environmental tradeoffs for switching to a conserva-
tion management practice for the winter wheat-fallow rotation. From AgBizProfit
we calculated the change in farm-level net returns in the mid-Columbia region of
switching to no-till (which is a more conservation-oriented, water conserving man-
agement practice) from conventional tillage. No-till has lower variable costs and
labor requirements given the absence of the tillage operations pre- and post-harvest.
However herbicide applications increase under no-till management in order to con-
trol weeds that would otherwise be managed with tillage, and equipment (air-
seeded) costs increased. Based on research trials, wheat yields in this micro region
are essentially the same between the two systems, at about 63 bu./acre. This yield
exceeds the 49.5 bu./acre used in the previous example which was estimated from
the 2007 Ag Census data. We opted to use the higher research trial yields for the
AgBizEnvironment since it reflects the conditions in this smaller micro-region
(Table 3).

For the baseline scenario, since the yields and revenues were taken to be the
same between the two systems, variation in net returns is due to costs. Under this
baseline scenario, net returns for no-till exceed the net returns for conventional till-
age by approximately $29 per acre, or alternatively the yield advantage from con-
ventional tillage would need to be about 67 bu./acre greater than no-till to equalize
the net returns (Way 2015). So why do we not see a much larger adoption rate for
the no-till management? In part, the answer may reside with combination of risk
and expertise. At this point in the software development, AgBizProfit does not incor-
porate risk as it relates to management expertise.

Environmental impacts of concern also could include GHG emissions and pos-
sible soil erosion. These impacts were calculated using the COMET-Farm model for
calculating changes in nitrous oxide and soil carbon equivalents only and the
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Table 3 Summary of the environmental tools available with AgBizEnvironment

Production input or

Simulation tool Environmental factor | output Source

Environmental Pesticides Both http://www.nysipm.

Impact Quotient cornell.edu/

(EIQ) Value publications/eiq/

equation.asp

Cool Farm Tool Greenhouse gas Output https://www.

(CFT) emissions/Carbon coolfarmtool.org
Sequestration

COMET-Farm Greenhouse gas Output http://cometfarm.nrel.
emissions/Carbon colostate.edu
Sequestration

Universal Soil Loss Soil Erosion Both http://www.ars.usda.

Equation (USLE) gov/Research/docs.

htm?docid=10626

Universal Soil Loss Equation (USLE) for estimating changes in soil erosion. Our
preliminary results indicate a net gain of 0.2 tons soil carbon (CO,equv/yr./acre)
from the no-till relative to conventional tillage. There is no accounting for carbon
dioxide emissions in the COMET-Farm results since this model does not adjust for
changes in energy use. COMET-Farm reflects climate and soil models and thus
accounts only for the nitrous oxide and soil carbon activity. With respect to soil ero-
sion, the potential average soil loss for conventional tillage is 5.19 tons/acre/year,
and for no-till practice the average soil loss is approximately 1.04 tons/acre/yr.
Thus no-till is environmentally preferred over conventional tillage in these two
dimensions.

It is noted that the long term average soil loss (5.19 tons/acre/year) for the con-
ventional tillage on this farm, with slopes of 7-15% and Walla Walla silt loam soil
type, exceeds the tolerable soil loss limit for maintaining productivity (5.0 tons/
acre/year). This brings into question the ability of the conventional tillage farm to
continue to maintain yields equivalent to the no-till system. Under a multi-year net
returns model, we would likely see yields fall relative to a multi-year no-till system
and thus the gap in net returns would increase over time.

This example illustrates the approach to quantifying the economic-
environmental tradeoffs associated with alternative management practices and
lays the groundwork for monitoring changes in soil carbon or other environ-
mental outcomes that could be used in environmental or carbon accounting poli-
cies. What remains in future research is to link the climate changes and projected
yield changes that are generated through AgBizClimate to the environmental
outcomes that are generated through AgBizEnvironment and integrate with the
economic and financial modules for a fully integrated decision-support frame-
work for growers.


http://www.nysipm.cornell.edu/publications/eiq/equation.asp
http://www.nysipm.cornell.edu/publications/eiq/equation.asp
http://www.nysipm.cornell.edu/publications/eiq/equation.asp
http://www.nysipm.cornell.edu/publications/eiq/equation.asp
https://www.coolfarmtool.org/
https://www.coolfarmtool.org/
http://cometfarm.nrel.colostate.edu/
http://cometfarm.nrel.colostate.edu/
http://www.ars.usda.gov/Research/docs.htm?docid=10626
http://www.ars.usda.gov/Research/docs.htm?docid=10626
http://www.ars.usda.gov/Research/docs.htm?docid=10626
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5 Toward Landscape-Scale Tradeoff Analysis: Linking
to the TOA-MD Platform

This section briefly discusses how farm-level data collected with a farm-level soft-
ware tool such as AgBiz Logic could be combined with landscape-scale data to sup-
port regional policy analysis using a framework called TOA-MD (Tradeoff Analysis
Model for Multi-dimensional Impact Assessment). We briefly describe the TOA-MD
model, and discuss its data requirements and how those could be supported by data
generated from AgBiz Logic. Also see Antle et al. (2016) for further discussion and
an example of the use of the TOA-MD model for analysis of climate smart
agriculture.

The TOA-MD model* was designed to simulate technology adoption and impacts
of climate change or changes in other external drivers within a population of hetero-
geneous farms. The TOA-MD framework is applied to farmers or growers who
choose between the production system currently in use, which in this case would be
the winter wheat fallow system, and an alternative production system such as annual
cropping (winter wheat camelina), with the choice of system based on the distribu-
tion of expected economic returns in the regional farm population.

Unlike the AgBizLogic platform, TOA-MD is a model of a farm population, not
a model of an individual or “representative” farm, and therefore TOA-MD can sim-
ulate an adoption rate for a region (i.e., the proportion of farms that would switch to
the alternative production system). TOA-MD is based on a statistical description of
the population of farms. Accordingly, the fundamental parameters of the model are
population statistics — means, variances and correlations of the economic variables
in the models and the associated outcome variables of interest. With suitable bio-
physical and economic data, these statistical parameters can be estimated with
observational data for a production system in use, combined with experimental,
modeled or expert data for a new system that is not yet in use and thus not
observable.

The analysis of technology adoption and its impacts at the regional scale depends
critically on how the effects of the new technology interact with bio-physical and
economic conditions faced by farm decision makers. A key element in the TOA-MD
analysis is reliable estimates of the effect of the new “technology” (i.e., the changes
in the farming system that farmers could adopt) on the farming system’s productiv-
ity and profitability. This information can come from various sources, including
from formal crop and livestock simulation models, from experimental or
observational data such as the information that can be obtained from a set of grow-
ers using AgBizLogic, or from expert judgment.

The TOA-MD model can be used for what Antle et al. (2014) describe as
“adoption-based tradeoffs”. Adoption-based tradeoffs occur when the adoption rate
of a technology changes in response to an economic incentive or other factor affect-
ing technology adoption. An important example of an adoption-based tradeoft is the

“See http://tradeoffs.oregonstate.edu.
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analysis of GHG mitigation through soil carbon sequestration that occurs when
farmers are offered a contract to sequester soil carbon (e.g., see Antle and Stoorvogel
2008). In this type of analysis, the prices faced by the farmers for outputs and inputs
are held constant, so the observed changes in behavior are induced by the incentive
provided to change management in ways that increase the buildup of the soil car-
bon. The adoption can also be induced from changes in climate that occurs over a
longer time frame.

6 Data Requirements for the TOA-MD Model and How It
Links to Farm-Scale Decision Support Tools

The parameters of the TOA-MD model are the means, variances and co-variances
(or correlations) of the economic returns to each production system being repre-
sented in the analysis, and these statistical parameters of the other outcomes of
interest, e.g., environmental outcomes such as the change in soil carbon. These sta-
tistics represent the farm population of interest, thus the data to be used are ideally
obtained from a statistically representative sample of the population of farms and
collected over a long enough period of time (e.g., multiple growing seasons) so that
statistical methods can be used to account for seasonal variation and other factors
that could affect the observed outcomes. The data can be grouped into the following
categories:

(i) prices, outputs and costs of production of each production activity;
(ii) farm characteristics, including farm size, family size, and non-agricultural
income; and
(iii) other relevant environmental or social outcomes.

The conventional way to obtain the farm production data is to conduct a survey,
such as the surveys done periodically by government agencies (e.g., agricultural
census or other statistical surveys such as the Agricultural Resource Management
Survey in the United States or the Farm Accountancy Data Network data collected
in European Community countries). There are limitations to these kinds of data.
One is that these data are often collected periodically, e.g., the U.S. agricultural
census is carried out on 5-year intervals, and then only made available to researchers
with a substantial delay of a year or more. Another major limitation is that these data
often lack sufficient detail, particularly for management decisions such as fertilizer
and chemical use, machinery use, and agricultural labor. A third limitation is that
these surveys can be extremely expensive both for respondents (e.g., to complete
large elaborate questionnaires) and for organizations collecting the data (e.g., to
employ enumerators, data entry workers, quality control specialists, etc.).

A tool like AgBiz Logic could be utilized to provide higher quality, more timely
data at lower cost. As portrayed in Fig. 1, a data system that linked farm manage-
ment software to a confidential database could provide near real-time data on man-
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agement decisions, and do so for a statistically representative “panel” of farm
decision makers over time. Moreover, the level of detailed management data uti-
lized by AgBiz Logic would provide the needed level of detail for implementation of
analysis using a tool such as TOA-MD. Also, users of AgBiz Logic would have
every incentive to enter accurate information because they would be using this
information to make their actual management decisions. Finally, a tool like AgBiz
Logic provides a user-friendly, efficient way for farmers to enter data, thus substan-
tially reducing the cost of data collection.

Several considerations need to be incorporated to facilitate a linkage between
AgBiz Logic and the TOA-MD framework. First, a statistically representative group
of farms would need to be identified who would agree to use AgBiz Logic and allow
their data to be used in a landscape scale analysis. This would involve a sampling
process similar to identifying a sample of farms for a farm-level economic survey.
Second, software would need to be designed to transmit and assemble the individual
farm data into a database that could subsequently be used to estimate TOA-MD
parameters while maintaining confidentiality of individual producers. Note that data
would need to be collected over multiple growing seasons in most cases to account
for crop rotations and other dynamic aspects of the farming system. Farm household
characteristic data could be collected as a part of AgBiz Logic, or could be collected
using a separate survey instrument. Environmental and social outcome data collec-
tion would need to be tailored to the specific type of variable. For example, mea-
surement of soil organic matter could require infield soil sampling and laboratory
analysis, possibly combined with modeling, or the use of specialized sensors.

In addition it is important to project from current biophysical and socioeconomic
conditions into plausible future conditions. This is currently being done on a global
scale using new scenario concepts called “Representative Concentration Pathways”
and “Shared Socio-Economic Pathways.” To translate these future pathways into
ones with more detail needed for agricultural assessments, “Representative
Agricultural Pathways” are being developed (Valdivia et al. 2015). The data acquired
through tools such as AgBiz Logic can be combined with these future projections to
implement regional integrated assessments using the new methods developed by the
Agricultural Model Inter-comparison and Improvement Project (Antle et al. 2015).

7 Conclusions

The use of a decision support tools such as AgBiz Logic can provide farmers better
information on the relative impacts of adapting to a change as reflected in changes
in future climate conditions, changes in future policies, prices, and costs or changes
in terms of lease arrangements. It can also be used by researchers to understand how
decisions about new programs, management options, technologies and varieties
may impact a producer’s net returns and ultimately his/her choices with respect to
adoption of alternative management practices or cropping systems. By
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Accumulated Net Returns for a Ten-Year Crop-Share Lease
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Fig. 4 AgBizLease: results when crop-share leases for a wheat and fallow rotation change to an
annual cropping system

incorporating both climate change and environmental outcomes, these decision
tools can be used to evaluate climate smart options at the farm-scale.

The examples in this paper illustrate how an integrative decision support tool that
is properly fine-tuned for the specific applications can better inform growers and
land owners of how changes in climate will impact their operations and their envi-
ronmental outcomes. AgBizClimate was used to show the impacts of climate change
to wheat production. AgBizProfit was used to show adaptation strategies to an
annual cropping system. AgBizFinance can be used to show the feasibility of pur-
chasing additional equipment to farm the annual cropping system. AgBizLease
showed how changing to an annual cropping system also changes the sharing of the
crop, and AgBizEnvironment showed the tradeoffs of economic returns to environ-
mental impacts (Fig. 4).

A software tool like AgBiz Logic could also be utilized to provide higher quality,
more timely data for landscape-scale and regional technology assessment. As por-
trayed in Fig. 1, a data system that linked farm management software to a confidential
database could provide near real-time data on management decisions, and do so for
a statistically representative “panel” of farm decision makers over time. Moreover,
the level of detailed management data utilized by AgBiz Logic would provide the
needed level of detail for implementation of analyses using a tool such as
TOA-MD. Users of AgBiz Logic would have every incentive to enter accurate infor-
mation because they would be using this information to make changes to future
management decisions. Finally, a tool like AgBiz Logic provides a user-friendly
efficient way for farmers to enter data, thus substantially reducing the cost of data
collection.
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Appendix A: How AgBiz Logic Works and Its Web-Based
Presence

To begin an AgBizClimate analysis, name this scenario, add notes, and
select budgets from your existing database.

Name of Scenario:

Climate Change Impacts on Current and Potential Annual Cropping System

Notes for this Scenario:

Observing the before and after effects of climate change on per acre net returns
of growing a winter wheat & fallow rotation and a winter wheat & Camelina
annual cropping system in 2040

Budget 1: | Wheat/Fallow, 2015 I ?I

Budget 2: | Wheat(20.3)Fallow, 2040 | W |

Budget 3: | Wheat(15) Fallow, 2040 | v |

Budget 4: I Wheat/Camelina, 2040 | v |

Budget 3: | I v |

Fig. 5 Naming a scenario, inserting notes for a scenario and selectin ABL budgets
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Select a state where the crops or livestock

enterprises are located:
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Select a weather station nearest
vour crops in this scenario:
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Fig. 6 Selecting Oregon and Umatilla county as the state and county with the closer weather sta-

tion to crops grown

WHEAT yields will most likely be impacted by climate
change. Select the 3 most important weather variables from
the list below that will impact yields or quality of the cropin

this scenario.

Number of warm nights

O®P0000P®P000W®OO0

Snowpack

Seasonal mean temperature
Number of days above freezing

Accumulated chilling hours
24-hour temperature range (night v. day)

Number of nights below freezing

Number of consecutive extremely hot days
Number of consecutive extremely cold days
Accumulated growing degree days

Number of consecutive wet days
Number of consecutive dry days
Accumulated seasonal precipitation

Fig.7 Weather variables that will likely impact yields or quality of products for crop and livestock

enterprises



Based on your selected weather variables and weather station,
the following are projected impacts from climate change.

Number of Nights Below Freezing per Year
Pendleton

ks
80 - JE

Number

Modeled Historic Baseline  Modeled Low Future Modeled High Future
1976-2005 2020-2049 2020-2049

Based on this information, How do YOU think these climate
changes will affect your WHEAT yields?: [20%|A| Change

Fig. 8 Weather variables that will likely impact yields or quality of products for crop and livestock
enterprises

Based on your selected weather variables and weather station,
the following are projected impacts from climate change.

Accumulated Growing Degree Days (Base 50°F)

Pendleton
3500 —f __ ‘Modelod HIStONcBaseiNg - - - = = - < << - - s s s s e
(1976-2005)
3000 — e Modeled Low Future T
mmf
ulure
2500 = == 2020-2049)

g

T F % % ¥ & ¥ &
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Based on this information. How do YOU think these climate
changes will affect your WHEAT yields?: [15%|A| Change

Fig. 9 Weather variables that will likely impact yields or quality of products for crop livestock
enterprises
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Based on your selected weather variables and weather station,
the following are projected impacts from climate change.

Accumulated Water Year Precipitation
Pendleton

Modeled Histor: Baselne
=== (1976-2005)

P
- PN

Inches

I I O I I

S
“WaUDONROO

Based on this information. How do YOU think these climate
changes will affect your WHEAT yields?: [25%|A| Change

Fig. 10 Weather variables that will likely impact yields or quality of products for crop and live-
stock enterprises

Below are estimates of how yields for crops in this scenario
may change on average by the 2040s based on crop models,
grower focus groups and your estimates from each weather
variable. “Your Changes” to yields will be usedin this analysis.

Winter Wheat | Wheat Wheat
Owned Leased

Crop Modeling +20.3% +20.3%
Grower Focus Groups +15.0% +15.0%
Weather Var. 1 +20.0% +20.0%
Weather Var. 2 +15.0% +15.0%
Weather Var. 3 +25.0% +25.0%
Your Changes +20.3% +20.3%

Fig. 11 Weather variables that will likely impact yields or quality of products for crop and live-
stock enterprises
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Modify AgBiz Logic crop budgets based on Your Change of
wheat yields +20.3%
Name of Scenario:

Climate Change Impacts on Current and Potential Annual Cropping
System

Notes for this Scenario:

Observing the before and after effects of climate change on per acre net returns
of growing a winter wheat & fallow rotation and a winter wheat & Camelina
annual cropping system in 2040

Modify: Budget Item:
Budget 1: Wheat/Fallow, 2015 ﬂ Seed ﬂ
Budget 2: Wheat(20.3)/Fallow, 2040 Fertilizer: Nitrogen
Budget 3: Wheat(15)/Fallow, 2040 Fertilizer: Sulfur
Budget 4: Wheat/Camelina, 2040 Herbicides

Insurance: Hail & Fire
Insurance: Crop Revenue
Harvest Costs

Machine Operations

Fig. 12 Modifying 2015 crop budgets for 2040 production
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Can Insurance Help Manage Climate Risk
and Food Insecurity? Evidence
from the Pastoral Regions of East Africa

Michael R. Carter, Sarah A. Janzen, and Quentin Stoeffler

Abstract Can insurance cost-effectively mitigate the increasingly deleterious
impacts of climate risk on poverty and food insecurity? The theory reviewed in this
chapter suggests an affirmative answer if well-designed insurance contracts can be
implemented and priced at a reasonable level despite the uncertainties that attend
climate change. Evidence from the IBLI index insurance project in the pastoral
regions in East Africa suggest that these practical difficulties can be overcome and
that insurance can have the impacts that underlay the positive theoretical evaluation.
At the same time, continuing analysis of the IBLI experience suggests that much
remains to be done if quality index insurance contracts are to be scaled up and sus-
tained. We conclude that insurance is not an easy, off-the-shelf solution to the prob-
lem of climate risk and food insecurity. Creativity in the technical and institutional
design of contracts is still required, as are efforts to forge the more effective public-
private partnerships needed to price insurance at levels that will allow insurance to
fulfill its potential as part of an integrated approach to social protection and food
security in an era of climate change.

There is ample evidence that climate shocks create and sustain poverty and food
insecurity in rural regions of the developing world. There is also ample evidence
that climate change is increasing the frequency and severity of climate shocks.
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Together these pieces of evidence in turn provoke the question: Can insurance cost-
effectively mitigate the increasingly deleterious impacts of climate risk on poverty
and food insecurity?

Two inter-related claims suggest an affirmative answer to this question:

1. After a shock is realized (ex post), insurance payments should help families
maintain their economic assets (physical and human) and their long-term eco-
nomic viability. In simpler terms, insurance should help families avoid a (poten-
tially inter-generational) poverty trap.

2. Because it increases ex post security, insurance should also have an ex ante effect
through increasing the expected level and certainty of returns to investment. This
ex ante ‘risk reduction dividend’ should allow more families to escape poverty
and food insecurity.

Taken together these two arguments suggest that insurance can be a cost-effective
instrument to address food insecurity in the face of climate change. As opposed to a
policy that simply treats the casualties of climate shocks with, say, food aid trans-
fers, an integrated policy that includes an insurance element may reduce the total
required social protection expenditures by addressing the causes, not just the symp-
toms, of food insecurity. Such an integrated policy cost effective if it allows more
more households to maintain and achieve economic viability so that they can take
care of their own needs.

The goal of this paper is to interrogate these claims and reflect on obstacles that
may limit the efficacy of insurance as an instrument to manage climate risk. To do
this, we proceed in several stages. First, in Sect. 1, we use recent theoretical model-
ing to explore the relative cost effectiveness of insurance as a device to manage the
food insecurity induced by climate change. This modeling exercise assumes that:

* A contract can be designed that offers quality protection to inured individuals
(i.e., insurance payouts correlate well with household losses) and avoids the
problems of moral hazard and adverse selection that can undercut the commer-
cial sustainability of insurance;

e Households understand and trust the insurance and make purchase decisions
based on a standard model of economic rationality; and,

e Insurance is commercially priced at the same proportionate levels observed in
US crop insurance markets (128% of the actuarially fair price).

Under these assumptions, we find that while the logic outlined above holds and
that integrated social protection, which employs an insurance element, can be a part
of smart public policy, especially in the face or climate change. We do find that the
relative benefits of an integrated social protection begins to weaken as climate
change worsens and insurance itself becomes increasingly expensive.

While the theoretical case for insurance-augmented integrated social protection
is clear, can it work in practice—that is, can the three conditions assumed by the
theoretical analysis be met in practice? To provide insight into this question, we
then turn to a specific case study-livestock insurance in the pastoral regions of
northern Kenya and southern Ethiopia—to consider the practical barriers that limit
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the feasibility of insurance as a mechanism to help manage increasing climate risk.
Section 2 first shows how satellite-based index insurance has been developed to
overcome the most pressing barriers to using insurance for managing risk among
low wealth, spatially disperse rural households. Empirical impact evaluations of the
Kenya and Ethiopia programs generally support the ex post and the ex ante insur-
ance impacts outlined above.

While this evidence from the pastoral regions of East Africa is promising, even
in this area the expansion and sustainability of the insurance contract remains fun-
damentally challenged by a number of issues, including contract quality, demand
and pricing. After putting forward a framework for thinking about the factors that
limit the quality of index insurance, Sect. 3 reviews new evidence on the quality of
the East African insurance contracts and considers possible future steps for improv-
ing their quality. Section 4 then summarizes our findings concerning whether insur-
ance can in practice play a useful role in managing climate risk and food
insecurity.

1 The Logic of Insurance as a Device to Mitigate the Impacts
of Climate Change on Food Insecurity

In an earlier paper, Ikegami et al. (forthcoming) identify what might be termed a
social protection paradox. They compare two social protection scenarios.

In the first scenario, which mimics the targeting of conventional social protection
programs, a fixed government budget is used to bring all poor households up to the
poverty line, or as close to the poverty line as the budget permits. This conventional
scenario is purely progressive in the sense that larger transfers go to poorer house-
holds. In contrast, a second scenario considered by these authors—which they term a
triage policy—is not purely progressive. Instead, the fixed government budget is first
allocated to the vulnerable non-poor to keep them from falling below a critical asset
threshold, thereby stemming their descent into long-term poverty. These transfers to
the vulnerable non-poor are contingent transfers that are only made if an unfavor-
able shock occurs and threatens the vulnerable with economic collapse. After the
contingent needs of the vulnerable are met through these transfers, any remaining
budget is then allocated progressively to the poor, again moving all poor households
as close to the poverty line as possible.

To compare the effectiveness of these two social protection schemes in managing
poverty, Ikegami et al. forthcoming employ a dynamic simulation model, similar to
the model developed below. In their model, shocks are realized and individuals
optimally choose current consumption and the amount of assets to carry forward to
generate future income. Based on household asset and consumption levels, an omni-
scient government then allocates its budget in accordance with its social protection
policy regime. Results are derived for both the standard and the triage regimes.
Ikegami et al. forthcoming find that while the extent and depth of poverty are lower
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in the short term under the conventional needs-based approach, those results are
reversed in the medium and long terms. In other words, the poor are paradoxically
better off in the medium term despite less social assistance being allocated to them
and more social assistance targeted to vulnerable but non-poor households.

The reason behind this paradoxical reversal is that when aid is concentrated
solely on the neediest and not the vulnerable non-poor, then the number of aid-
eligible poor people slowly swells over time, diluting the resources available for
each poor individual. In contrast, transfers to the vulnerable both prevent them from
falling below the threshold (and becoming poor) and allow them to successfully
build up assets and eventually move away from the threshold and the vulnerability
that it implies. Over time, under the triage policy an increasingly large share of the
social protection resources become allocable to the poor whose ranks have not
grown. We might anticipate that this social protection paradox revealed by Ikegami
et al. forthcoming will only become larger in the face of climate change.

Building on this work, Janzen et al. (2015) ask whether or not the contingent
transfers envisioned in the Tkegami et al. forthcoming triage policy can be imple-
mented via an insurance contract. Implementing these transfers as an insurance con-
tract would have two advantages. First, it may be able to rely on self-selection,
obviating the need for the government to monitor needs and issue payments.!
Second, having an insurance contract available could also offer a benefit to non-
vulnerable households, including poorer households. To the extent that these latter
households pay a portion of the insurance cost, they would be provisioning a portion
of their own social protection.

While this logic may seem compelling, prior theoretical studies have suggested
that insurance could actually increase the likelihood of collapse by vulnerable
house- holds.> However, these other studies ask what happens if vulnerable house-
holds are forced to purchase insurance. In contrast to these other theoretical analy-
ses, Janzen et al. (2015) allow individuals to optimally decide and how much
insurance to purchase. This difference is subtle but important as Janzen et al. (2015)
find that the most vulnerable households optimally purchase only minimal insur-
ance unless it is subsidized. These same households quickly switch to full insurance
as soon as they successfully accumulate a small amount of additional productive
assets.

Using their model, Janzen et al. (2015) go on to show that the discounted present
value of a hybrid policy (which subsidizes insurance and makes cash transfers to
close the poverty gap for all poor households) is less than the cost of a conventional
transfer program that simply closes the poverty gap for all poor households. After
briefly reviewing the Janzen et al. (2015) model, this section then extends their
analysis to consider the relative cost effectiveness of an insurance-based hybrid
social protection scheme in the face of different climate change scenarios.

'The Ikegami et al. (forthcoming) policy assumes an omniscient government that can observe
shocks and issue precisely the transfer required to protect vulnerable households from slipping into
a poverty trap.

2See Chantarat et al. (2010) and Kovacevic and Pflug (2011).
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1.1 Theoretical Model of the Ex Post and Ex Ante Impacts
of Insurance on Poverty

Janzen et al. (2015) analyze the following dynamic model of a house- hold opti-
mally allocating its resources across consumption, accumulation of assets that gen-
erate income through a risky production process, and purchase of an insurance
contract that protects the household against asset losses:

0

max E,, u(ct)
¢,,0<1,<A, iy

I3

subject to : (D)
c,+pl, <A +f(A)
f(A)=max[F"(A),F"(A)
Ay =(A+f(A)=¢)(1-6,_—¢.,)+©B0,.)-pI,
5(0,,,)=max((®,,, —s),0)
A >0

t+1

The first constraint restricts current spending (consumption plus insurance pur-
chases) to cash on hand (current assets plus income). As shown in the second con-
straint, the model assumes that assets are productive (f (A;)) and that the households
have access to both a high and low production technology, F® (4,) and F“(A)),
respectively. Fixed costs associated with the high technology make it the preferred
technology only for households above a minimal asset threshold. As has been dem-
onstrated elsewhere, this non-convexity in the production function can lead to mul-
tiple equilibria and a poverty trap. Households with assets above a critical threshold
level will strive to reach to a higher, non-poor equilibrium level of asset holdings
and consumption. Those who begin with assets below that level (or whom shocks
push below that level), will settle down at a lower level of asset holding typified by
lower consumption and a poor standard of living.

Assets are subject to stochastic shocks (or depreciation). The random variable,
0, .1 > 0 is a covariant shock and ¢, ., > 0 is an idiosyncratic shock.? Both shocks
are exogenous and realized after decision-making in the current period (f), but
before decision-making in the next period (¢ + 1) occurs. While these risks affect all
households, they play an especially important role for households in the vicinity of
the critical asset threshold. Because a shock can send households in this vicinity
into a downward spiral to the low level equilibrium, we will refer to these house-
holds as the ‘vulnerable.’

A unit of insurance can be purchased at a price p and the insurance payout is
based on the realized covariant shock according to the linear indemnity schedule:

3The distinction between these two stochastic elements will become important later when we con-
sider feasible insurance mechanisms in the next section.
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5(9t)=max((9t)—s),0), )

where s is the contractually determined depreciation rate above which insurance
indemnity payments begin. Note that this insurance mechanism is akin to an index
insurance mechanism as it only pays based on common or covariant shocks and
does not provide protection against idiosyncratic shocks.

The third constraint is the equation of motion for asset dynamics: period ¢ cash
on hand that is not consumed by the household or destroyed by nature is carried
forward as assets in period 7 + 1. Finally, the non-negativity restriction on assets
reflects the model’s assumption that households cannot borrow. This assumption
implies that consumption cannot be greater than current production and assets, but
it does not preclude saving for the future.

Figure 1 presents some of the key results from the Janzen et al. (2015) analysis
of this dynamic model. The horizontal axis represents time periods (“years”) in the
dynamic model. The vertical axis measures the headcount poverty rate for a stylized
economy under three scenarios: An autarky scenario in which no insurance con-
tracts are made available; A market-based insurance scenario in which insurance
costs 120% of its actuarially fair price; and, A targeted insurance subsidy scenario
in which the government pays half of the commercial insurance premium for all
households that hold assets less than the level required to generate an average
income equal to 150% of the poverty line. In all cases, the simulation assumes that
households behave optimally based on the price of insurance and the dynamic
choice problem displayed above.

As can be seen from Fig. 1, under the autarchy scenario with no insurance, head-
count poverty steadily increases over time by about 25%, rising from 40% to 50%
of the population. Under the targeted insurance subsidy scheme, there is an initial
uptick in consumption poverty from 40% to 50%. This initial rise reflects the deci-
sion of vulnerable or near poor households to consume at levels below the poverty
line in order to invest and (or) purchase insurance. However, over the longer-term,
when insurance is partially subsidized for less well-off households, consumption
poverty eventually falls to about 15% of the population, as opposed to the 50% level
that occurs when there is no insurance market. This long-term drop in consumption
poverty when insurance is available and subsidized reflects the fact that a significant
fraction of the vulnerable ultimately escape the poverty trap. In contrast, without
insurance, more of these vulnerable households fail and swell the ranks of the
income poor. When an asset insurance market simply exists, but contracts are not
subsidized, the impacts on poverty dynamics are qualitatively similar to the impacts
of subsidized insurance, but quantitatively, the impacts are roughly two-thirds the
magnitude of the impacts of subsidized insurance. This smaller impact occurs
because the risk reduction dividend effects are smaller when insurance is more
costly.*

“Janzen et al. (2015) discuss in detail how the price of insurance changes optimal insurance pur-
chase and asset investment decisions.
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Fig. 1 Consumption poverty headcount (Source: Janzen et al. (2015))

To gauge the cost-effectiveness of insurance subsidies from a public finance perspec-
tive, Janzen et al. (2015) sum the cost of all required cash transfer payments and add to
that amount the cost of targeted insurance subsidies. Their analysis reveals an intertem-
poral tradeoff. The cost of transfers cum insurance subsidies is initially quite high, but
over time total social protection costs are higher under the scheme that only provides
cash transfers. Achieving the lower long-term poverty measures afforded by insurance
subsidies costs more money in the short- term, but leads to substantial long term savings.
Using a 5% discount rate the net present value of the two public expenditure streams
over the 50 year time horizon of the simulation are 16% lower under the targeted subsidy
scheme. Note of course that the public expenditures are only a portion of the full cost of
social protection under the insurance scheme as individuals are in some sense privately
provisioning a portion of the cost of their own “social” protection.

1.2 Analysis of Climate Change Scenarios

The analysis reported in Janzen et al. (2015) assumes a baseline risk scenario that is
roughly calibrated to the climate conditions of the pastoral regions of East Africa circa
the year 2000. In order to explore the effectiveness of the insurance cum social protec-
tion scenario explored by Janzen et al. (2015), we took their model and slowly
increased the frequency and severity of the covariant shocks. Figure 2a shows the
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Fig. 2 Climate change scenarios

baseline scenario on which these results are based.’ Over a 50 year simulation sce-
nario, we then allowed the climate to worsen every decade. Figure 2 shows the distri-
bution of shocks assumed to exist in the final decade of the simulation. The analysis
assumes that individuals are fully informed about the less favorable climate and adjust
their behavior accordingly. The cost of insurance is also re-priced with every shift in
climate, raising its costs, and the cost of the associated targeted insurance subsidies.

Figure 3 explores the costs of using subsidized insurance as part of a social pro-
tection package that seeks to eliminate poverty by transferring to every indigent
household the amount of money necessary to lift them to a level of consumption
achievable at the poverty line. The vertical axis measures the percentage change in
government expenditures relative to the the year-zero transfers that would be
required to close the poverty gap for all households under the alternative social
protection policies. Results are again shown for three policy scenarios (autarkic risk
management; unsubsidized insurance; and, subsidized insurance for poor and vul-
nerable households). For ease of comparison, we also include the social protection
cost trajectories for a given policy both with and without climate change.

As can be seen, as climate change kicks in at year 10 of the simulation, the costs
of cash transfers needed to close the poverty gap for all poor households begins to
skyrocket above the costs absent climate change. Interestingly, even though insur-
ance becomes increasingly expensive, it manages to hold steady the total cost of
social protection (insurance and cash transfers) across the first 3 decades of climate
change. This result attains in part because during the first decade of the simulation,
many households are able to escape vulnerability and accumulate sufficient assets
such that they are no longer eligible for insurance subsidies.

However, when the fourth round of climate change kicks in at year 40 of the simu-
lation, the total costs of social protection begin to accelerate. The hybrid social protec-
tion continues to be cost-effective public policy, but as risk rises to an ever higher
level, even the hybrid policy begins to loose its effectiveness in absolute terms.

SThe risk levels at baseline in the simulations that follow are similar, but not directly comparable
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2 Index Insurance as a Solution: Livestock Insurance
in the Pastoral Regions of East Africa

Section 1 employed abstract modeling techniques to consider the public finance
case for insurance as a mechanism to offset the negative impacts of climate change
on poverty and food insecurity. While it is relatively easy to implement an insur-
ance policy in a theoretical model, a key question is whether it is possible to
implement an insurance scheme in the real world that offers quality insurance
protection, while keeping administrative costs, moral hazard and adverse selec-
tion in line.

Conventional agricultural insurance, which requires field visits to verify loss
claims by individual households, has a dismal record when applied to small-scale
rural house- holds, especially those located in isolated areas. In a study of a conven-
tional insurance program established with heavy subsidies for the small-farm sector
in Ecuador, Carter et al. (2014) find that the costs associated with a single loss veri-
fication visit may exceed $400. Given that the total annual premium associated with
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the typical small scale farmer is less than $100, it is easy to see why the business
case for individual insurance evaporates. Cutting corners on loss verification is an
open invitation to morally hazardous behavior. Moreover, given that it is not cost
effective to individually rate the loss probabilities for each and every small-scale
farmer, conventional insurance is also subject to problems of adverse selection in
which those households most likely to experience a loss are also most likely to buy
the insurance. As summarized by Hazell and Valdes (1985) and Hazell (2006), the
net result of these problems has been loss ratios well in excess of 100%, implying
that the insurance cannot be financially sustained.

Against this backdrop, index insurance appears as a promising, cost-effective
solution. Under index insurance, loss verification is not required because payouts
are based on an index. For agricultural insurance the index might be yields mea-
sured directly or predicted by satellite-based biomass growth indicators for an
insurance zone.® The index is meant to be highly correlated with, but not identical
to, the losses experienced by individual farmers. In principal, index insurance
should eliminate problems of high transactions costs, moral hazard and adverse
selection. However, its key advantage is also its achilles heel. If the insurance index
is only weakly correlated with farmer losses (as Clarke et al. (2012) show in the case
of rainfall insurance in India), then index insurance is more similar to a lottery ticket
than an insurance contract. Lottery tickets are as likely to pay out when farmers
have good crops as when they have bad crops, meaning that lottery ticket ‘insur-
ance’ is likely to destabilize farmer income by perversely transferring money from
bad to good states of the world.

If index insurance is to be part of the solution to helping manage climate risk,
then the challenge is clearly to design an insurance index that is sufficiently well
correlated with farmer losses such that it offers real ex post protection and thereby
incentivizes ex ante investment such that the risk reduction dividend is gained. The
remainder of this section focusses on one of the better researched index insurance
projects, the IBLI (index-based livestock insurance) program in the semi-arid pas-
toral zones of northern Kenya an southern Ethiopia.

2.1 Designing the IBLI Index Insurance Contract

As detailed by Chantarat et al. (2013), the IBLI project began with the notion that
satellite measures of vegetative growth, which had been in use for some time as
part of famine early warning systems, might provide a reliable measure of forage
availability for pastoral households. This measure was then transformed into an

%Because the index is the same for all households in the insurance zone, it does not matter in terms
of payout probabilities whether high or loss risk producers select into purchasing the insurance,
eliminating the adverse selection problem (assuming that the insurance is priced correctly for each
zone). Moreover, as long as the zone is large enough, then moral hazard problems also disappear
as no single farmer can influence the index by her actions.
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index of predicted livestock mortality losses experienced by pastoral households
in drought years.

Figure 4 displays “NDVI” maps for the original IBLI insurance zones in the
Marsabit District of Northern Kenya. NDVI (or the Normalized Difference
Vegetation Index) measures the intensity of light reflected from the earth’s surface
in different spectral bands. NDVI is essentially a ‘greeness’ measure that follows a
regular cycle as rains come and forage crops grow. The maps displayed in Fig. 4 are
based on a pixel size of 8 km by 8 km—that is, each square of this size receives its
own unique NDVI reading on a daily basis as the satellite passes overhead.” The plot
on the left shows a year with normal conditions, whereas the plot on the right shows
a year where drought pressure was severe and livestock losses were high.

While NDVI can clearly distinguish drought from non-drought years, the insur-
ance quality question swings on how well economic losses experienced by pastoral-
ist households can be explained by the NDVI measure. To answer this question,
Chantarat et al. (2013) assembled historical data on livestock losses and estimated a
non-linear response function that maps NDVI signals into observed livestock mor-
tality losses. Figure 5 gives a sense of the predictive accuracy of this mapping for
one of the insurance zones in Marsabit District. Using out-of-sample prediction
tests, Chantarat et al. (2013) report that based on the estimated response function
and the historical distribution of NDVI, households would have been correctly
indemnified 75% of the time when they experienced severe mortality losses (those
in excess of 30%). The level of predictive accuracy falls to 60% when losses are
30% or less.

While imperfect, the predictive accuracy of the IBLI mortality was sufficiently
high that a pilot project was launched in 2009.® While often hampered by imple-
mentation problems, the IBLI contract continues to date. Originally rolled out as a
randomized controlled trail, the IBLI case study provides an excellent opportunity
to learn, not just if index insurance can be implemented, but if it also delivers the
expected ex post and ex ante effects that motivate the use of index insurance as a
cost-effective device to help mitigate the costs of climate change. We turn now to
consider some of that evidence.

2.2 Impacts of the IBLI Contract on Ex Post Coping and Ex
Ante Investment

Severe drought in northern Kenya in 2011 resulted in high rates of livestock mor-
tality in the IBLI pilot zone, with mortality estimates ranging from 25% to 50%.
In accordance with the contract, all insured households received indemnity

"The current version of IBLI operates with much smaller grids based on changes in satellites and
satellite technology.

8 More recent work by Barré et al. (2016) proposes specific quality measures and a safe minimum
standard for contract quality.
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Fig. 4 Satellite-based NDVI measures of forage availability

payments in October 2011. These payments coincided with the round 3 survey of
IBLI study households. While the coincidence of the survey and the payments
made it impossible to observe the short run impacts of the payments on coping
strategies, households were asked what their coping strategies had been the third
quarter of 2011 (the period immediately preceding the payouts, but well into the
period of drought losses) and what they anticipated their coping strategies would
be in the fourth quarter of 2011. Janzen and Carter (2013) use this data to study
the impacts of insurance on families’ ability to maintain their assets and food
security during and after the severe drought. They achieve causal identification of
impacts by exploiting randomly distributed inducements for households to actu-
ally purchase the insurance.

The first half of Table 1 summarizes the results of the Janzen and Carter (2017)
analysis. The table reports the estimated percentage point reduction in the indicated
coping strategy caused by insurance. For example, when pooling all households
together, insurance causes 25% point reduction in the probability that the household
relies on meal reduction to cope with the drought in the immediate post- payout
period.

The first column of the table displays the estimated average impacts of insurance.
Looking at the post-payout period, we see that on average insured households
reduce anticipated reliance on meal reductions by 25% points and anticipated reli-
ance on livestock sales by 36% points. Looking at the quarter 3, immediate pre-
payout figures, we see—perhaps surprisingly—that insurance reduced by 20% points
households’ reliance on meal reduction. This decrease presumably reflects house-
holds’ anticipation of the impending insurance payments, which allowed them to
reduce hoarding of available food and other stocks.
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Table 1 Causal Impacts of Insurance.
All Poor Non-poor
Ex Ante Risk Management Strategies
Reduce Meals —20% points —30% points -
Sell Livestock - - -
Ex Post Risk Coping Strategies
Reduce Meals —25% points —43% points -
Sell Livestock —36% points - 64% points
Overall Welfare
Income +3% +1% -
MUAC scores +1 s.d. - -
Investment
Expenditures on Livestock ‘ +72% ‘ - ‘ -

Sources: Janzen and Carter (2017); Jensen et al. (2014a); Jensen et al. (2016)

While these average effects are impressive, looking beyond the averages tells a
richer and perhaps more compelling story. As discussed by Janzen and Carter
(2017), poverty trap theory (and other theoretical perspectives) suggest that poorer
house- holds will confront shocks by holding onto productive assets and destabiliz-
ing consumption. While this ‘asset-smoothing’ behavior reflects an understandable
effort to avoid falling into a long-term poverty trap, its impacts on the next genera-
tion’s human capital are potentially large.” At the same time, wealthier households
would be expected to respond ex post to a shock by selling assets and smoothing
consumption.

Motivated by these theoretical propositions, Janzen and Carter (2017) use thresh-
old estimation techniques to test for the presence of a critical asset threshold around

?See the analysis in Carter and Janzen (2015) for an effort to model these consequences as well as
references to other empirical literature that documents this asset smoothing behavior.
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which coping behavior switches between asset and consumption smoothing. This
estimated threshold is used to distinguish between the poor and non-poor in Table 1.
the results are striking. The average post-payout results disguise a strongly heterog-
enous pattern of insurance impacts. The decrease in meal reductions as a coping
strategy is driven almost entirely by poorer households below the threshold, whereas
the reduced reliance on livestock sales is driven almost entirely by households
above the estimated threshold. These estimates tell an interesting story about the
impact of insurance on ex post coping strategies. It appears to equally help both
poor and non-poor (or at least less poor) households avoid costly coping strategies
with potentially deleterious long-term consequences. But the mechanism through
which insurance achieves this end is distinctive across the two sub-populations.

The second half of Table 1 reports the results of two additional impact evalua-
tions that take advantage of rich panel data collected for the evaluation of IBLI.
Both studies (Jensen et al. 2014b, 2016) also use randomly distributed premium
discount coupons to instrument for IBLI purchases. Jensen et al. (2014b) show that
insured households demonstrate improved child health (as measured by MUAC)
and increased income per adult equivalent. An examination of production strategies
also finds that house- holds with IBLI coverage reduce herd sizes and invest more
heavily in health and veterinary services for their remaining herd, which is associ-
ated with increased milk productivity (and milk income) within the herd. Without
explicitly estimating a threshold (as in Janzen and Carter (2017)), Jensen et al.
(2016) also reveal heterogeneous impacts, at least for income:!° the impact on
income is significant only for the poorest households. These changes signal the kind
of ex ante investment impacts discussed in the introduction, complementing the ex
post impact findings of of Janzen and Carter (2017).

3 Limitations to Index Insurance as a Solution for Climate
Change and Food Insecurity

While the economic case for index insurance as a smart response to managing cli-
mate risk and food insecurity is well developed, and while the IBLI project itself has
shown that workable contracts can be devised that deliver the anticipated ex ante
and ex post benefits of insurance, it remains far from clear whether index insurance
can be scaled and operate as an essential part of the solution to the problem of cli-
mate change and food insecurity. Two of the fundamental challenges that may pre-
vent index insurance from reaching its potential are:

10Jensen et al. (2014a) find no statistically significant difference in impacts for income, MUAC, or
investment in their original analysis. They do find a larger impact in milk productivity among poor
households, which may partially explain the heterogenous income results revealed in the latter
study.
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1. Demand: Similar to other settings, Jensen et al. (2014b) found that poorer house-
holds (in this case, smaller herds) are less likely to purchase IBLI coverage, that
liquidity plays an important role in the purchase decision, and that demand is
price sensitive. In the model presented in Section 1, Janzen et al. (2015) find that
the most vulnerable households, despite having the most to gain from insurance,
also have a high opportunity cost of insurance that may inhibit demand for an
otherwise valuable product.

2. Pricing: A variety of factors have tended to push the price of index insurance
contracts in developing country agriculture—including the IBLI project—to levels
well in excess of 150% of the actuarially fair price.'" Small project size is clearly
a problem (as many insurance companies do not see it worth their while to par-
ticipate in these markets), as are thin data problems which makes insurers have
imprecise estimates of loss probabilities. Carter (2013) suggests that insurance
pricing seems to reflect an ‘uncertainty loading,” meaning an extra mark-up that
charged when data are of mixed quality and loss probabilities uncertain. Solution
to these problems may ultimately require a mixed private- public reinsurance
model to keep the price of insurance in the range that it is rational to buy it.

While these challenges are clearly important, in the remainder of this section, we
focus on a third, equally important challenge—that of providing scalable high quality
contracts. While the IBLI contract was designed with much more care and attention
to the ability of the index to adequately cover losses (see Section 2 above), even the
IBLI contract shows signs of quality slippage as more data and experience become
available. This section analyzes these challenges and suggests a way forward to
address them and make IBLI an efficient instrument that protects Kenyan herders
from the threat represented by climate change.

3.1 The Quality Challenge to Index Insurance

Unlike conventional insurance, index insurance includes a remaining uninsured
“basis risk’: a farmer or herder may encounter losses when the index does not trig-
ger, or that the index may trigger when she does not have any loss. In the model
above, this element was captured with the idiosyncratic risk component. Losses
triggered in the model by idiosyncratic shocks were not compensated in the model.
It is now widely recognized that basis risk may prevent index insurance to achieve
its promise of delivering affordable protection to poor households (Miranda and
Farrin 2012; Jensen and Barrett 2015). Clarke (2016) shows that because of basis
risk, the most risk averse households may not be interested in purchasing index

"'"The actuarially fair price of an insurance contract is the price that is just equal to the expected
indemnity payments to the farmers. Clearly the price must be marked up in excess of that amount
in order to cover administrative costs, cost of capital, etc. However, a price that is, say, 150% of the
actuarially fair price means that the farmer (or whoever is paying the insurance premium) is paying
$1.50 for every $1.00 of protection for the farmers.
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Fig. 6 Impact of basis risk on willingness to pay for index insurance (Source: Elabed and Carter
(2015))

insurance products. Indeed, if they have losses, pay a premium, and fail to receive
insurance premiums, they end up in a worse situation than without insurance.

Basis risk may be an even bigger problem than work like Clarke (2016) suggests.
Elabed and Carter (2015) use a field experiment in Mali to show that behavioral
fac- tors related to basis risk further affect insurance demand. Specifically they
show that people dislike the uncertainty of insurance payments, which, added to the
original uncertainty of shocks, creates a “compound risk aversion” (the aversion to
the combination of two uncertain events) among some households. This behavioral
reaction generates a drop in insurance demand from 60% approximately for
compound-risk neutral individuals, to only 35% of the population when compound-
risk aversion is taken into consideration (Fig. 6).

While the necessity to reduce basis risk is now well acknowledged, there exists
a debate regarding its exact definition, which harms efforts to increase overall index
insurance quality. For example, there is a disagreement on whether basis risk should
measure rainfall index correlation with farmers’ rainfall shocks (i.e. accuracy of the
index as a rainfall predictor) or its accuracy as a predictor of farmers’ overall losses
overall quality of the protection). Clearly it is the latter that matters from the farm-
er’s perspective and that will influence her insurance purchase decision. A mis-
placed focus on accuracy of the index as a predictor of, say, rainfall, can lead to
inappropriate index insurance products, which trigger payments when rainfalls are
low in a given region rather than when farmers have actual losses, as rainfalls in a
given region and actual individual losses are, at best, imperfectly correlated. Before
analyzing the different sources of low quality of protection, let us step back and
examine the objectives of index insurance.
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For households, a good insurance means an insurance which improves their
well- being by protecting their consumption and assets (see Barré et al. 2016). In
addition, the quality of insurance as a development instrument stems from its abil-
ity to foster investments and reallocation of resources— and thus generate higher
income— by removing risk. In other words, an insurance product needs to be evalu-
ated based on its efficiency in stabilizing highly volatile income streams for poor
farmers or herders. As a consequence, an index insurance product should be care-
fully analyzed to determine if its expected payments are actually correlated with
households’ losses, or if the insurance rather acts as a weather derivative—or even
worse: as a lottery ticket (Jensen et al. 2014b; Barré et al. 2016). In India, Clarke
et al. (2012) have shown that insurance payments actually correlates poorly with
farmers’ low yield events (Fig. 7).

The inadequacy of indemnity payments, observed in India and other settings,
raises the issue of index insurance quality. Several sources of errors lead to low
levels of index insurance quality. As shown in Fig. 8, for products which aim at
covering all types of shocks, these sources of error relate:

* Design risk occurs when an insurance index is poorly correlated with average
losses in the insurance zone covered by the index; and,

e Idiosyncratic risk occurs when the individual’s losses differ from the average
losses in her insurance zone.

In the theoretical model presented in Section 1, the insurance contract exhibited
idiosyncratic, but not design risk.

The red line shows the point estimate for an Epanechnikov kernel with a band-
width of 0.8. The green lines show the 95% confidence intervals for the point esti-
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Fig.7 Relationship between average yields and insurance payments in India (Source: Clarke et al.
(2012))
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Fig. 8 Insured and uninsured risk under index insurance (Source: Elabed et al. (2013))

mate. The blue dots represent the scatter plot of claim payments for the respective
district yield levels.

Design risk emerges from prediction errors embedded in the index. The average
loss within a defined geographic zone can be measured by indices based on several
methods: crop cutting, satellite information, weather stations, etc. The contract for-
mula then maps the index into payouts (and, implicitly, losses). Both the index and
the mapping necessarily include some errors, which can be limited by using good
indices and good insurance designs, but will not be eradicated.

However, even if design risk can be eliminated by improving even further the
predictive power of the index, there typically remains some uninsured risk at the
individual level. Pure idiosyncratic risk may induce households to encounter agri-
cultural losses. For instance, a single farm’s crop may suffer damage from idiosyn-
cratic factors such as animal damage. Local communities often have some informal
risk management strategies to cope with such type of pure idiosyncratic shocks
when other villagers are not affected. Nevertheless, idiosyncratic risk diminishes
the overall protection provided to farmers or herders.

The relative magnitude of both design and idiosyncratic risks are both influ-
enced by the nature of the contract and its geographic scale. In terms of Fig. 8, how
much risk appears as idiosyncratic and how much appears as correlated depends on
the geographic scale of the index. As the geographic zone covered by a single
index increases in size, household losses will correlate less well with the insurance
index. For example, a weather-based index that covers households within 30 kilo-
meters of the weather station will track outcomes worse than an index that covers
households within 1 kilometer of the weather station. Similarly, an area yield index
at the level of a state or province will cover individual farmer losses less well than
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an index where yields are measured at the level of each municipality or village.
However in practice, reducing the geographic scale of the index too much leads to
issues related to moral hazard, i.e. the fear that households may become able to
manipulate the index.

Finally, for products which do not aim to cover all types of shocks (such as insur-
ance products based on a rainfall index), an additional source of low quality arise
from uncovered covariate risks (e.g., locusts, tsunamis). This type of error is related
to the traditional distinction between single-peril and multiple-peril insurance prod-
ucts, but the difference is not as clear in the case of index insurance: satellite-based
products such as IBLI, for instance, are supposed to cover all types of shocks related
to lack of forage- including increase in livestock diseases- but cannot detect shocks
which are not related to the ground vegetation- such as a new epidemic affecting
well-fed livestock. These uncovered covariate risks further decrease the quality of
the protection offered to poor households. Of course, households may be still inter-
ested in affordable index insurance products which only protects from one type of
shock (e.g. drought), but the overall protection provided by this type of product has
to be carefully analyzed and put in perspective with the price of the product and the
probability that a farmer is made worse off with the insurance than without it.'

The lack of a strong negative correlation between the insurance indemnities and
income shocks due to yield losses will result in a low demand for the insurance
product (Clarke 2016; Smith and Watts 2009). Low correlation will not only fail to
protect farmers, but eventually seriously damage livelihoods, because poor house-
holds pay high premiums to purchase protection, and plan on being protected when
making investment decisions. Thus, a detailed analysis of the sources of errors
needs to be conducted before implementing an index-based insurance and after its
implementation, in order to rule out low quality products and pave the road for
future product improvements. While this type of analysis is rarely undertaken in
practice, IBLI is one of the most studied index insurance programs, and its quality
has been closely scrutinized before and after implementation.

3.2 IBLI’s Quality Effort and Remaining Weaknesses

IBLI’s initial design considered carefully the above quality challenges, employing
the available data. Indeed, as summarized in Sect. 2 above, Chantarat et al. (2013)
conducted a rigorous ex-ante analysis intended to design the best performing index
insurance product in the Kenyan ASALs. However, ex-post analyses have been less
optimistic regarding IBLI’s index performance in terms of basis risk and contract
quality. Jensen et al. (2014a, b) and have investigated IBLI’s performance using data
collected between 2009 and 2012 (4 years, eight rainy seasons). This dataset was

2Note that if farmer pays for an insurance that only covers a sub-set of rainfall events, and then
she suffers an uncovered pest invasion, she is actually worse off then if she had the invasion but not
purchased the insurance. Clarke (2016) discusses these issues in detail.
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employed for the impact evaluation of the IBLI pilot and includes detailed informa-
tion on livestock dynamics, which can be used to assess the actual protection offered
to herders over the period.

Jensen et al. (2014a) decomposes basis risk in several ways. First, by considering
livestock surviving rates, the authors show that outcomes for insured households do
not stochastically dominate outcomes for uninsured households. Actually, as
expected, the insurance contract reduces the mean survival rate (taking into account
insurance payments) but reduces skewness of the survival rate distribution.
Simulations based on a constant relative risk aversion (CRRA) utility function
shows that most households are actually better-off with the insurance at the com-
mercial premium rate, but the benefits vary across locations and households.

To unpack these results, the authors decompose uncovered risks between design
risk (the IBLI index was a poor predictor of average losses) and idiosyncratic risk
(the individual suffered a worse loss than her neighbors on average did). At the
aggregate level, design risk is relatively low since IBLI reduces covariate risk by
about 62.8%. However, when individual idiosyncratic risk is added, IBLI only cov-
ers between 23.3% and 37.7% of the total risk. Note that at the individual level, the
precision of the index when covariate losses are above the strike point is much
higher, between 43.1% and 78.6%, which is closer to the objective, but still unsatis-
fying in some districts. Moreover, covering covariate shocks is arguably a first pri-
ority, as households may have informal insurance mechanisms when they receive
adverse idiosyncratic shocks (Mobarak and Rosenzweig 2012)."* Overall, these
results call for caution when assessing insurance ex-ante, given that ex-post quality
may be lower than expected based on ex-ante, out-of-sample predictions.!*

An analysis of the consequence of basis risk on insurance demand was further
performed by Jensen et al. (2014a). First, basis risk may deter insurance purchase.
Second, while index insurance avoids moral hazard issues and individual-level
adverse selection, it leaves some room for spatiotemporal adverse selection: house-
holds can buy insurance when they anticipate a bad climatic season in a given loca-
tion, or not buy insurance if they expect a good climatic season in that location.
Indeed, households may have an idea of the future season based on their informa-
tion at the time of the insurance sale, as forage is affected by previous seasons and
by the current season early rains. Thus, pastoralists can buy more insurance when
they anticipate a bad climatic event— while on the other hand, price tends not to
adjust to changing conditions.

3The complementarity of informal and formal insurance is not straightforward, and depends on
the structure of the informal networks and of the index insurance, a point reinforced by Boucher
and Delpierre (2014).

14The difference between ex-ante and ex-post assessments is striking. Factors explaining this mis-
match may include: the use of an out-of-sample prediction which was never used in the design
process (thus avoiding overfitting better); the application to a different time period (which was not
available at the time of the contract design); the use of more detailed household data; and the com-
putation of mortality rates and basis risk in a different manner.
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The analysis shows that price, liquidity and social relationships have a strong
impact on index insurance demand. In addition, both basis risk and special adverse
selection play a major role. In particular, households in districts with high idiosyn-
cratic risk (which cannot possibly be covered by the index insurance) are much less
likely to purchase the IBLI product compared to households living in districts with
a higher share of covariate risk. Design risk, on the other hand, plays a much smaller
role in diminishing demand by about 1% only, compared to idiosyncratic risk,
which explains about 30% of the demand.!> This conclusion is relatively pessimistic
regarding IBLI’s potential, as contract design can only address inherent basis risk
by lowering the geographic scale of the index. In pastoral regions, where individual
households may seasonally migrate across large spaces, there are natural limits to
how much a forage index like IBLI can be downscaled.

There are, of course, additional challenges to index insurance quality.' However,
these issues of basis risk relate directly to the core economic value of the insurance
product. If an index insurance does not pay pastoralists when they have losses, it
does not matter how precisely it is priced, how efficiently it is implemented, and
whether demand is low or high: households are not protected.!” Index insurance
products offer imperfect protection by definition, but efforts have to be made to
provide the highest quality of protection as possible. Fortunately, there are several
improvements that IBLI has realized in the last year or plans on including, which
can improve household protection in several manners.

3.3 The Way Forward

Since the introduction of IBLI pilot project in 2009, the program has introduced
some improvements and is planning further changes based on recent studies which
it conducted. As the project has developed, we learned a lot about the strengths and
weaknesses of IBLI. New ex-post data have become available at the household

3 Note that design risk is difficult to measure with a short panel and a limited number of observa-
tions, as insured catastrophic losses are rare events by definition.

1These challenges relate to contract pricing and implementation (Chantarat et al. 2013), and non-
price factors such as trust and liquidity (Jensen et al. 2014b), among others. Climate change also
intensifies these challenges, as it creates some short-term uncertainties around future payments
(Carter 2013) and may lead to very high premiums if climatic conditions deteriorate in the long-
run (Collier et al. 2009; Carter and Janzen 2015).

170f course, for households with full information, demand should be a good indication of the value
of an insurance products. However, even for households who understand the product sold, the
value of an insurance is difficult to assess ex-ante (Clarke and Wren-Lewis 2013). In addition,
households do not always understand very well the insurance product, given the complexity of
some index insurance schemes, the low levels of literacy in some contexts, and the poor quality of
some marketing/information campains. For that reason, implementation of index insurance proj-
ects should focus on the quality of the protection offered rather than on the demand for these
products only.
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level, as well as longer term satellite information. IBLI has also expanded in scale
in four districts in Northern Kenya and one district in neighboring Southern Ethiopia.
This combination of factors has brought new opportunities and challenges. While
IBLI has already operated some modifications since the studies mentioned above,
further studies are planned to help continue improving the product design and the
protection it provides to herders.

Notably, the program has evolved from an asset replacement mechanism to an
asset protection philosophy. From an economic point of view, it is more efficient to
intervene early and protect households’ productive assets, rather than compensating
them after the received a shock and possibly employed other costly coping strate-
gies (Janzen and Carter 2017). In addition, as the project extended to geographic
areas where livestock mortality data were lacking (in particular Southern Ethiopia),
IBLI had to rely exclusively on NDVI data. Thus, payments would be triggered
when NDVI data indicate a deterioration of the climatic conditions.

This move towards early payments have been accompanied by improvements of
the product design. Since 2013, in order to limit spatiotemporal adverse selection,
IBLI has started to disaggregate more the index, so that households located in dif-
ferent locations receive appropriate (different) insurance contracts. At this disag-
gregated scale, a larger share of shocks should be considered as covariate risk by the
index, and as such reduce the effect of idiosyncratic risk (Jensen et al. 2014b).

Additional analyses have been conducted to further improve index quality.
Vrieling et al. (2014) have investigated the possibility to combine remote sensing
indices over longer periods in order to increase the predictive power of IBLI’s for-
mula. Based on newly constructed remote sensing from 1981 to 2011, the authors
show how combining remote sensing indices allow a higher predictive power at a
highly disaggregated level-i.e., there is still scope for reducing the magnitude of
idiosyncratic risk by downscaling the insurance index. On the other hand, Klisch
et al. (2015) have realized technical improvements in the computation of the vegeta-
tion index which can be used to detect droughts.'®

Finally, Vrieling et al. (2016) have conducted some work on the temporality of
the payments. The initial IBLI designed considered fixed dates for beginning and
end of season in each district location. However, Vrieling et al. (2016) show that it
is possible to use a phenomenological model to describe the temporality of forage
development, based on historical NDVI data in each location. This change offers the
potential to predict more accurately livestock mortality in each district, but also to
provide payments one to three months earlier to pastoralists. These early payments
could allow pastoralists to protect their herd by buying forage, water or medicine for
instance, and prevent other shocks associated with low levels of forage such as ani-
mal diseases.

Additional research is required, however, on the relationship between insurance
quality and temporality of payments. If early payments do not compromise the cor-

'8 These improvements regard the smoothing and filtering of satellite data, the modelling of uncer-
tainty, the spatial and temporal aggregation of satellite data, and the timing of satellite data acquisi-
tion and processing.
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relation between insurance payments and household’s losses, then they are clearly
valuable. However, there may be some trade-offs between early protection and
accurate protection. Future work will analyze these trade-offs, as well as measure
how the identified improvements in satellite indices computations translate into
higher index insurance quality for herders.

4 Conclusions

We began this paper with the question:

Can insurance cost-effectively mitigate the increasingly deleterious impacts of
climate risk on poverty and food insecurity?

The answer, it seems is both yes and no. Theory suggests that if quality insurance
coverage can be delivered and the expected ex post and ex ante impacts take place,
then the answer should be yes. Indeed, research on the Index-based Livestock
Insurance (IBLI) pilot project in Kenya indicate that these conditions can be met
giving further power to the likelihood of a yes answer.

And yet, even within the generally positive environment of the IBLI project,
there is ample evidence of the limitations to index insurance. Demand has often
been tepid and unstable. Outreach and administration costs have been high. Pricing
by a private insurance industry made nervous by climate change has pushed costs
up. Finally, the effective quality of the IBLI contact has been scrutinized and found
wanting. Efforts to scale the IBLI contract to nearby pastoral regions has proven
challenging.

While efforts are underway to respond to these challenges, their breadth and
depth make clear that index insurance is not a sliver bullet that can be pulled off the
shelf and used to mitigate the food insecurity and other consequences of climate
change. Skeptics might suggest that these challenges are insurmountable. Others—
and we count ourselves among them-remain undeterred given the evidence that
index insurance can be a valuable instrument if these problems can just be solved.
Doing so will require continued creativity, piloting and evaluation to see if indeed
these not inconsequential challenges can be overcome.
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Can Cash Transfer Programmes Promote
Household Resilience? Cross-Country
Evidence from Sub-Saharan Africa

Solomon Asfaw and Benjamin Davis

Abstract Several new initiatives of cash transfer programmes have recently
emerged in sub-Saharan Africa, and most target poor rural households dependent on
subsistence agriculture. This paper synthesizes the key findings of From Protection
to Production Project (PtoP) of FAO and discusses the role of cash transfer pro-
grammes risk management tool to increase resilience in sub-Saharan Africa. Results
show that such programmes have important implications for household resilience.
Although the impacts on risk management are less uniform, the cash transfer pro-
grammes seem to strengthen community ties (via increased giving and receiving of
transfers) and allow households to save and pay off debts, and decrease the need to
rely on adverse risk coping mechanisms. One important finding related to climate
change, as illustrated by the Zambia case, is that households receiving cash transfers
suffered much less from weather shocks, with poorest households as the biggest
gains, and food security increased, although differing across countries. The paper
concludes that social protection programmes could be more effective as safety nets
by explicitly accounting for climate risk in their design and implementation.

JEL Classification 138 « Q01 Q18

1 Introduction

Almost three quarters of economically active rural populations in sub-Saharan
Africa (SSA) are smallholder farmers, making them important players in national
agricultural development plans. Thus agricultural development that contributes to
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increasing the productivity, profitability and sustainability of smallholder farming is
critical for reducing poverty and improving food security and nutrition. Agriculture
in SSA, however, is increasingly exposed to a variety of risks and uncertainties,
including market risk, production risks, climate variability, pest and disease out-
breaks and windstorms, and institutional risks (Antonaci et al. 2012). The main
premise is that by providing a steady and predictable source of income, cash transfer
programmes can enhance household and community level resilience by improving
human capital, facilitating changes in productive activities by relaxing liquidity
constraints, improving natural resource management, and improving the ability to
respond to and cope with exogenous shocks (e.g., Handa et al. 2015; Asfaw et al.
2012). The ultimate aim is to strengthen and improve resilience for rural producers
to allow them to prevent future fluctuations in consumption and move to the next
welfare level (Antonaci et al. 2012).

Government strategies for managing agricultural risks at the household or com-
munity level have taken different forms in different countries, but are generally
classified into three groups:

1. mitigation/adaptation activities designed to reduce the likelihood of an adverse
event or reduce the severity of actual losses. Risk mitigation options are numer-
ous and varied (e.g., irrigation, use of resistant seeds, improved early warning
systems, and adoption of better agronomic practices);

2. risk transfer, such as commercial insurance and hedging; and

3. resilience-improving mechanisms to withstand and cope with events ex ante.

Examples of these government strategies include social safety net programmes,
buffer funds, savings, strategic reserves, contingent financing, insurance, etc. There
are many definitions of resilience in the literature but the common thread in all defi-
nitions is the notion that resiliency reflects an ability to successfully manage or
withstand a shock or stress (e.g., Alinovi et al. 2010).

Unlike in other parts of the world, most farmers in SSA have no access to gov-
ernment or market-based risk management tools; when they do, government pro-
grammes or private sector initiatives to manage price and production instability are
often insufficient. Moreover, social protection programmes are seldom institutional-
ized, and are rarely used as risk management instruments to address food and nutri-
tion insecurity. However, an increasing number of African governments over the last
15 years have launched social protection programmes including cash transfers,
workfare and public works programmes and in-kind safety nets.

Cash transfer programmes in African countries have tended to be unconditional
(where regular and predictable transfers of money are given directly to beneficiary
households without conditions or labour requirements) rather than conditional
(more common in Latin America and which require recipients to meet certain con-
ditions, such as using basic health services or sending their children to school).
Most of these programmes seek to reduce poverty and vulnerability by improving
food consumption, nutritional and health status and school attendance. There is
robust evidence from numerous countries (especially within Latin America and
increasingly SSA) that cash transfers have leveraged sizeable gains in access to
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health and education services, as measured by increases in school enrolment (par-
ticularly for girls) and use of health services (particularly preventative health, and
health monitoring for children and pregnant women) (e.g., Fiszbein and Schady
2009; Davis et al. 2012).

Building on the existing literature, this paper synthesizes the key findings of the
From Protection to Production Project (PtoP) of FAO, which studies the impact of
cash transfer programmes on household economic decision-making. The cash trans-
fer programmes studied here are government-run cash transfer programmes in
SSA. The paper is organized as follows. First we examine cross-country results to
test their magnitude and distribution (i.e. heterogeneity) of impact on productivity
and economic indicators, and the implications of these impacts on resilience. We
will also explore the underlying programme design and implementation features
that mediated the impacts. Section 2 provides an overview of the evolution of social
cash transfer (SCT) programmes in SSA while Sect. 3 presents the conceptual
framework on the linkages between cash transfers and economic impacts and resil-
ience. Section 4 presents the impact evaluation design and data collection methods.
Section 5 presents a synthesis of key cross-country findings, while Sec. 6 ends with
a short conclusion and policy implications.

2 Overview of selected SCT Programmes in SSA

SCTs launched by African governments over the past 10 years have provided assis-
tance to the elderly and to households that are ultra-poor, labour-constrained, and/or
caring for orphans and vulnerable children. Typically, ministries of social develop-
ment manage the programmes. The main types of social protection instruments used
in African countries include cash transfers, workfare and public works programmes,
and in-kind safety nets.

Workfare and public works programmes supply temporary employment to recip-
ients able to contribute their labour in return for benefits, at the same time creating
public goods in the form of new infrastructure, making improvements to existing
infrastructure, or performing and delivering services (Del Ninno et al. 2009). In-kind
safety nets (e.g. food aid, supplementary feeding and school feeding schemes, etc.)
help recipients to access food, health care, education, and other basic goods and
services. Other, more common instruments in parts of Southern Africa include
social insurance schemes — primarily social pensions and health insurance.

Some of the African social protection instruments implemented during the last
decade include the Kenyan Cash Transfer for Orphans and Vulnerable Children
(CT-OVC), the Malawi SCTP, Mozambique’s Programa de Subsidios de Alimentos
(PSA), Ethiopia’s PSNP, the Livelihood Empowerment Against Poverty (LEAP)
programme in Ghana, the CGP in Lesotho, South Africa’s Child Support Grant and
Old Age Pensions, Rwanda’s Vision 2020 Umurenge Programme, Burkina Faso’s
nationwide school feeding scheme under the Burkinabé Response to Improve Girls’
Chances to Succeed (BRIGHT) integrated programme, Zambia’s CGP and the
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Zimbabwe SCT. Several other countries, including Uganda, Tanzania and Liberia,
have also pursued safety net programmes (Asfaw et al. 2012). Our study focuses on
the programmes described in the remainder of this section.

The Lesotho CGP provides an unconditional cash transfer to poor and vulnerable
households. The primary objective of the CGP is to improve the living standards of
OVC including nutrition and health status and increased school enrolment (Pellerano
et al. 2012). The CGP is targeted at poor households with children, including child-
headed households. As of the end of 2013 the programme reached approximately
20,000 households and 50,000 children (Pellerano et al. 2014). The Kenyan CT-OVC
is the Government’s flagship social protection programme, reaching over 130,000
households and 250,000 OVC across the country as of the end of 2011 (Asfaw et al.
2012). In Ethiopia, the cash transfer programme initiated by Tigray regional state
and UNICEF aimed to improve the quality of lives of OVCs, elderly and persons
with disabilities as well as to enhance their access to essential social welfare ser-
vices such as health care and education via access to schools in two selected wore-
das (districts) (Berhane et al. 2015).

The Malawi SCTP was initiated in 2006 in the pilot district of Mchinji, providing
small cash grants to ultra-poor, labour-constrained households. The SCTP objec-
tives included reducing poverty and hunger in vulnerable households and increasing
child school enrolment. By March 2015 the SCTP covered 100,000 beneficiary
households and had gone to full scale in 10 districts, and the Government of Malawi
expects to have enrolled over 175,000 households by the end of 2015. The pro-
gramme was fully executed by the Government of Malawi through the District
Councils by Social Welfare Officers (Handa et al. 2015).

The Ghanaian LEAP programme provides cash and health insurance to extremely
poor households to improve short-term poverty and encourage long-term human capi-
tal development. LEAP started a trial phase in 2008 and began expanding gradually in
2009 and 2010, currently reaching over 70,000 households with an annual expendi-
ture of approximately USD 20 million (Handa et al. 2014). The programme is fully
funded from the Government of Ghana’s general revenues, and is the of its National
Social Protection Strategy’s flagship programme. The LEAP programme operates in
all 10 regions of rural Ghana. Within regions, districts are selected for inclusion based
on the national poverty map; within districts, local DSW offices choose communities
based on their knowledge of relative rates of deprivation (Handa and Park 2012).

In 2010, Zambia’s Ministry of Community Development and Social Services
(MCDSS) began implementing its own CGP in the three districts (Kalabo, Kaputa,
and Shongombo) with the highest rates of mortality, morbidity, stunting, and wast-
ing among children under 5. The CGP includes all households with a child under
five years of age. Eligible households receive 55 kwacha a month (equivalent to
USD 12) irrespective of household size, an amount considered sufficient to pur-
chase one meal a day for everyone in the household for one month. The goal of the
programme is to reduce extreme poverty and the intergenerational transfer of pov-
erty, and as of March 2014 the programme reached 20,000 ultra-poor households
(Daidone et al. 2014a).
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Our impact evaluations focus on measuring the primary objectives of these pro-
grammes, including food security, health, and nutritional and educational status,
particularly of children. Most programmes are located in some kind of social
ministry, administered by professionals with backgrounds in the social sciences,
including economists with specialization in the social sectors. The impact evalua-
tions are most often implemented by research institutions and consulting firms with
specializations in these social sectors.

3 Role of Cash Transfer for Building Resilience: Review
of Selected Evidence

The potential benefits of cash transfer programmes are built around the premise that
the provision of regular and predictable cash transfers to very poor households, in
the context of missing or thin markets, has the potential to both generate economic
and productive impacts at the household level (e.g., Handa et al. 2015; Asfaw et al.
2012; Covarrubias et al. 2012; Boone et al. 2013). In rural areas most beneficiaries
depend on subsistence agriculture and live in places where markets for financial
services (such as credit and insurance), labour, goods and inputs are lacking or do
not function well. Cash transfers often represent a dominant share of household
income, and can be expected to help households in overcoming the obstacles that
block their access to credit or cash. This, in turn, can increase productive and other
income-generating investments, influence beneficiaries’ role in social networks,
increase access to markets, improving the ability to deal with exogenous shocks,
and strengthen household and community level resilience (Asfaw et al. 2012).

The predominant view from the literature is that social protection, including cash
transfer programmes, may protect beneficiaries from shocks, reduce use of negative
coping strategies that undermine longer-term livelihood sustainability, and reduce
household risk adversity towards more profitable, yet more risky, activities. One
group of empirical literature investigates the impact of social protection on recovery
from shocks. Evidence shows that a public works programme in India reduced
income fluctuations, while a public works programme in Ethiopia protected house-
holds from the negative effects of crop damage on child growth. Nonetheless,
although a food-for-work programme in Ethiopia increased risk sharing within
treated villages, it also reduced households’ capabilities to manage idiosyncratic
crop shocks — perhaps as a result of food aid crowding out informal insurance, and
subsequently leaving beneficiaries inadequately insured to manage idiosyncratic
risk (Dercon and Krishnan 2003). Conditional cash transfers (CCTs) in Latin
America also facilitated recovery from shocks; some of the positive effects include
reduced child labour in Nicaragua, protection of consumption for coffee farmers in
Nicaragua and Honduras during global price drops, income diversification in Brazil
and the decline in school dropouts in Mexico.

A second group of empirical studies looks at the impact of social protection on
adverse coping strategies. The evidence generally shows a reduction in the use of
adverse coping strategies that deplete household assets. One study finds that
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Ethiopia’s PSNP dissuaded 60% of beneficiaries from engaging in distress sales
during a drought (Devereux et al. 2005). The Michinji Malawi Social Cash
Transfer pilot scheme reduced begging for food or money by 14%, and reduced
school dropout rates by 37% (Covarrubias et al. 2012). In Ghana and Kenya, the
LEAP and CT-OVC programmes reduced child labour, distress asset sales and
indebtedness. The impact on risk coping behaviour is also influenced by gender
and programme design. In the Mchinji pilot scheme, children in female-headed
households benefitted from the social cash transfer programme via a decline in
non-household wage labour and an increase in participation in household chores,
whereas children in male-headed households only experienced a decline in school
absenteeism. Yet, these gender-specific outcomes are also a reflection of the con-
straints facing the households, as female-headed households are also single-
guardian households that face challenges in balancing domestic work with
income-generating activities (Covarrubias et al. 2012). In addition, cash and in-
kind transfers may increase social capital and strengthen informal safety nets and
risk-sharing arrangements, provided that appropriate mechanisms and an enabling
environment are created.

A third group of studies shows that SCT programmes can have impacts on house-
hold decision-making over labour supply, the accumulation of productive assets and
productive activities, which would subsequently have implications for resilience.
Todd et al. (2010) and Gertler et al. (2012) found that the Mexican PROGRESA
programme led to increased land use, livestock ownership, crop production, agricul-
tural expenditures and a greater likelihood of operating a microenterprise. From
their analysis of a conditional cash transfer (CCT) programme in Paraguay Soares
et al. (2010) found that beneficiary households invested between 45-50% more in
agricultural production and that the programme also increased the probability that
households would acquire livestock by 6%. Martinez (2004) found that the
BONOSOL pension programme in Bolivia had positive impacts on animal owner-
ship, expenditures on farm inputs, and crop output, although the specific choice of
investment differed according to the gender of the beneficiary. In contrast, Maluccio
(2010) found that the Red de Proteccion Social (RPS) programme in Nicaragua had
muted impacts on the acquisition of farm implements and no impact on livestock or
land ownership. With respect to SSA, Covarrubias et al. (2012) and Boone et al.
(2013) found that the Malawi SCT Programme (SCTP) led to increased investment
in agricultural assets, including crop implements and livestock and increased satis-
faction of household consumption by own production. Gilligan et al. (2009) found
that Ethiopian households with access to both the Productive Safety Net Programme
(PSNP) as well as complementary packages of agricultural support were more
likely to be food secure, to borrow for productive purposes, use improved agricul-
tural technologies, and operate their own nonfarm business activities. In a later
study, Berhane et al. (2011) found that the PSNP led to a significant improvement
in food security status for those that had participated in the programme for 5 years
versus those who only received 1 year of benefits. Moreover, those households that
participated in the PNSP as well as the complementary programmes had signifi-
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cantly higher grain production and fertilizer use. However, beneficiaries did not
experience faster asset growth (livestock, land or farm implements) as a result of the
programmes (Gilligan et al. 2009).

4 Methodology

4.1 Programme Evaluation Design and Data

The core of the quantitative analysis for the Lesotho, Malawi, Zambia and Kenya
studies was an experimental design impact evaluation. In Ghana and Ethiopia the
evaluation designs were quasi-experimental. Table 1 summaries the key evaluation
design features of the cash transfer programmes.

In Lesotho, participation in the programme was randomized at the level of the
electoral district (ED). First, all 96 EDs in four community councils were paired
based on a range of characteristics, with 40 pairs randomly selected for this survey.
Within each selected ED, two villages (or clusters of villages) were selected, and in
every cluster a random sample of 20 households were selected. Baseline survey data
was collected followed by public meetings with a lottery to assign EDs (both sam-
pled and non-sampled) to either treatment or control groups. Selecting the treatment
ED after baseline survey helped to avoid anticipation effects (Pellerano et al. 2012).
The baseline household survey was carried out in 2011 prior to distribution of cash
transfers; a follow up panel survey took place in 2013. A total of 3102 households
were surveyed; 1531 programme eligible households (766 treatment and 765 con-
trol) were used for impact evaluation analysis, with remaining 1571 programme
ineligible households used for analysis of targeting and spillover effects. The base-
line analysis report (Pellerano et al. 2012) shows that randomization was quite
successful.

Table 1 Core evaluation designs

Level of randomization or Ineligibles
Country Design matching N sampled?
Ethiopia | Non-experimental (PSM | Household level within a 3351 | Yes
and [IPW) village
Ghana Propensity Score Household and Region 1504 | No
Matching (IPW)
Kenya Social experiment with Location 2234 | No
PSM and IPW
Lesotho Social experiment Electoral District 2150 | Yes
Malawi Social experiment Village Cluster 3200 | Yes
Zambia Social experiment Community Welfare 2519 |No
Assistance Committee

All studies are longitudinal with a baseline and at least one post-intervention follow-up. N refers
to households sampled at follow-up
Source: Davis and Handa (2015)
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In Kenya’s CT-OVC, the impact evaluation utilized a randomized cluster longi-
tudinal design, with the baseline quantitative survey fieldwork carried out in mid-
2007. Within each district, two locations were chosen randomly to receive
intervention and two were selected as controls (Ward et al. 2010). This method of
randomization was not as robust as in the case of Lesotho due to the fewer units over
which the randomization took place. Approximately 2750 households were surveyed
in seven districts (namely, Nairobi, Kwale, Garissa, Homa Baye, Migori, Kisumu
and Suba). Two-thirds of households were assigned to the treatment group. These
households were re-interviewed (first round) two years later, between May and July
2009, in order to assess the impact of the programme on key welfare indicators
(Ward et al. 2010). The re-interview success rate was approximately 83%. The sec-
ond round follow up study was conducted between May and August 2011 with a
more detailed economic activity module (including wage labour, self-employment,
crop and livestock activities, etc.) to capture potential investment and productive
activity benefits of the programme on families. For the household level analysis, we
relied on data collected at the baseline (2007) and the second round follow up in
2011, with a sample of 1811 households. However it is important to point out that
for many of the outcome variables of interest to the PtoP project, we have only one
data point (i.e. no baseline).

In Zambia the baseline survey was carried out in September—October 2010, with
follow ups in 2012 and 2013. Communities were randomly assigned to treatment
group (incorporated into the programme in December 2010) or control (to be
brought into the programme at the end of 2013). Baseline data collection began
prior to group assignment. The study includes 2515 households (1228 treatment and
1287 control). Analysis of the baseline data shows that randomization appears to
have worked well; greater detail on the randomization process can be found in
Seidenfeld and Handa (2011).

In Malawi, baseline data was collected in 2013 and a follow up survey 17 months
later in 2014 (Handa et al. 2014). Treatment and control groups each represent about
half of communities sampled. The sample is divided between Salima and Mangochi
districts which count, respectively, 2192 and 2160 households. Of these households
1775 and 1756, respectively, meet the eligibility criteria. The longitudinal impact
evaluation includes 3531 eligible households and 821 ineligible households at
baseline.

In Ethiopia, the impact evaluation design was non-experimental; it follows a
longitudinal design, with a baseline household survey conducted in mid-2012, fol-
lowed by separate monitoring surveys, and finally a 24 month follow-up in 2014.
The evaluation sample includes three groups of households: treatment beneficia-
ries, control households, and ineligible households. The development of ranking
lists of eligible households based on meeting targeting criteria was a vital compo-
nent. Treatment and control households were both selected from the list of eligible
households. The sample comprises 3664 households at baseline, of which 1629
were beneficiaries and 1589 were control households. In addition 446 sample
households were randomly selected for the study from households who were non-
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eligible to receive support from the programme either because they were less poor
and/or because of the presence of able-bodied members. Attrition between baseline
(May—August 2012) and endline (2014) was 8.7% or 4.36% per year (Brehane et al.
2012).

The Ghanaian LEAP programme impact evaluation takes advantage of a nation-
ally representative household survey implemented during the first quarter of 2012.
It focuses on 7 districts across 3 regions (Brong Ahafo, Central, Volta). The initial
treatment sample of 700 households were randomly drawn from the group of 13,500
households that were selected into the programme in the second half of 2009.
Households were interviewed prior to indication of selection to lower anticipation
effect. The baseline survey instrument was a reduced version of the national house-
hold survey instrument, and the national survey sample and the treatment household
sample were surveyed at the same time by ISSER. The strategy was to draw the
control households from the national survey using PSM techniques. A comparison
group of ‘matched’ households were selected from the ISSER sample and re-
interviewed 2 years later, in March—April 2012, along with LEAP beneficiaries to
measure changes in outcomes across treatment and comparison groups (Handa and
Park 2012).

4.2 Analytical Methods

In PtoP project impact evaluation, we seek to answer the question: “How would
cash transfer beneficiaries have fared in the absence of the programme?” The
identification of the counterfactual is the organizing principle of an impact evalu-
ation as it is impossible to observe a household both participating in the pro-
gramme and not. The goal is to compare participants with non-participants who
are as similar as possible except for receiving the programme in order to measure
the differential impact of the intervention. The “with” data are observed in a
household survey that records outcomes for recipients of the intervention. The
“without” data, however, are fundamentally unobserved since a household cannot
be both a participant and a non-participant of the same programme (see Asfaw
et al. 2012 for detail).

However, the outcomes of non-beneficiaries may still differ systematically from
what the outcomes of participants would have been without the programme, pro-
ducing selection bias in the estimated impacts. This bias may derive from differ-
ences in observable characteristics (e.g., location, demographic composition, access
to infrastructure, wealth, etc.) or unobservable characteristics (e.g., natural ability,
willingness to work, etc.). Some observable and unobservable characteristics do not
vary with time (such as natural ability) while others may vary (such as skills).
Furthermore the existence of unobservables correlated with both the outcome of
interest and the programme intervention can result in additional bias (i.e., omitted
variables).
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The validity of experimental estimators relies on the assumption that the control
group units are not affected by the programme; this is also referred to as the Stable
Unit Treatment Value Assumption (SUTVA) (Rubin 1980; Djebbari and Hassine
2011). However control households can be affected through market interactions and
informal transaction and risk sharing (which is also known as non-market interac-
tion). Depending on the nature of the design and the availability of data, different
analytical models can be used to estimate the impact of the programme.

Towards this end, two approaches (i.e. a difference-in-difference (DD) estimator
and a single difference approach combined with inverse probability weighting and
propensity score matching) were used in most of the evaluations, depending on the
nature of the design and availability of data (see Asfaw et al. 2012 for detail). When
baseline data are not available, as is the case for some of our outcome variables in
some countries, the single difference method was applied. When panel data were
available with pre- and post-intervention information, which is the case with most
of the countries, a DD approach was used. By taking the difference in outcomes for
the treatment group before and after receiving the cash transfer, and subtracting the
difference in outcomes for the control group before and after the cash transfer was
disbursed, DD is able to control for pre-treatment differences between the two
groups, and in particular the time invariant unobservable factors that cannot be
accounted for otherwise (Wooldridge 2002).

The key assumption is that differences between treated and control households
remain constant throughout the duration of the project. If prior outcomes incorpo-
rate transitory shocks that differ for treatment and comparison households, DD esti-
mation interprets such shocks as representing a stable difference, and estimates will
contain a transitory component that does not represent the true programme effect.
When differences between treatment and control groups exist at baseline, the DD
estimator with conditioning variables has the advantage of minimizing the standard
errors as long as the effects are unrelated to the treatment and are constant over time
(Wooldridge 2002). Control variables are most easily introduced by turning to a
regression framework which is convenient for the DD, or by combining DD with
propensity score matching or DD with inverse probability weighting (DD-IPW).

All estimators presented above assume the cash transfer impact is constant, irre-
spective of who receives it. The mean impact of a programme or policy based on
this assumption is a concise and convenient way of evaluating impacts. Heckman
et al. (1997) justify this approach if researchers and policy makers believe that (a)
total output increases total welfare and (b) detrimental effects of the programme or
policy on certain parts of the population are not important or are offset by trans-
fers—either through an overarching social welfare function or from family mem-
bers or social networks.

Overall mean impacts are most helpful when complemented with measurements
of distributional impact. Even if the mean programme effect were significant,
whether the programme had a significant beneficial or detrimental effect might vary
across the distribution of targeted households (Khandker et al. 2010). For example,
the impact on poorer households as compared to wealthier households is particu-
larly interesting in the context of programmes that aim to alleviate poverty.
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There are a number of ways to present the distributional impacts of a cash trans-
fer programme. For example, one could divide the sample of households and indi-
viduals into different demographic groups (e.g., by gender or age cohort), perform
separate analysis on each group, and see if estimated impacts are different.
Interacting the treatment with different household socioeconomic characteristics is
another way to capture differences in programme effects, although adding too many
interaction terms in the same regression can lead to issues with multicollinearity
(Khandker et al. 2010). Another way to present distributional impacts of cash trans-
fer programmes is by using a quintile regression approach to assess the magnitude
of impact for each strata of households. Simply investigating changes in the mean
programme effect, even across different socioeconomic or demographic groups,
may not be sufficient when the entire shape of the distribution changes
significantly.

5 Results and Discussion

In this section, we synthesize key findings from the PtoP impact evaluation reports
and discuss the results over three broad groups of outcome variables linked to
household resilience: risk management including climate change, investment in
livelihood activities and food security. We focus on the quantitative studies and
where applicable we supplement the comparative analysis with results from the
qualitative evidence that report on similar outcomes. The results discussed are taken
from the following references: Asfaw et al. (2014, 2015a, b, 2016), Daidone et al.
(2014a, b), AIR (2013), Handa et al. (2014) and Pellerano et al. (2014).

5.1 Can Cash Transfer Promote Ex-Post Risk Management?

By providing a reliable income stream, cash transfer programmes improve risk
management by poor rural households. An extra source of income can help house-
holds provide for school fees and discourage the need for children to drop-out to
work on farms. The transfers flowing in and out of households can also change, and
households may engage more in social networks through increased giving and so
perhaps be able to rely on these networks in the future. Households can also use that
money to pay off debts, purchase on credit, or save the cash. Table 2 presents the
cross-country summary of the impact of social cash transfers on risk coping strate-
gies, access to credit, community relations, savings, and debt payments.
Beneficiary households were found to have relied less on risk coping mecha-
nisms thanks to cash transfers. Asfaw et al. (2015b) found households in Malawi to
shift away from undesirable ganyu labor as a result of the SCTP. Handa et al. (2015)
also found that the SCTP reduced paid work outside the home for children aged
10-17. In the face of negative shocks, use of the cash transfers emerged as the pri-
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Table 2 Synthesis of key findings

Ghana |Kenya | Lesotho |Malawi |Zambia | Ethiopia

Ability to manage risk

Risk coping mechanisms + N/E +++ ++ + ++
Savings + N/E - N/A ++ N/A
Purchase on credit + NS NS - NS 0
Debt payment ++ N/E - ++ + N/E
Provide transfer - N/E + NS N/E -
Receive transfer + N/E + - N/E NS
Remittance receipt + N/E - N/E N/E N/E
Agricultural asset

Agricultural tools N/E + + ++ +++ 0
Livestock ownership N/E ++ + +++ +++ 0
Crop and livestock

production and

marketing

Agricultural inputs 0 - ++ ++ +++ 0
Livestock inputs N/A 0 0 N/E NS -
Land use N/E N/E NS N/E ++ N/E
Agricultural output N/E NS ++ ++ ++ ++
Crop sales N/E N/E 0 ++ ++ 0
Livestock by-products N/E N/E + N/A N/A 0
Non-farm enterprise (NFE) NS 0 - 0 +++ 0
Household welfare

Food security +++ N/A +++ +++ +++ +++
Consumption NS +++ + +++ +++ ++
Dietary diversity 0 +++ NS N/E ++ +
Home consumption of crop N/E +++ N/E NS + N/E

production

Note: N/A not available, N/E not estimated, NS no shift, 0 overall mixed shift. + = significant posi-
tive impact; and — = significant negative impact. One, two or three ‘+’ or ‘-’ signs refer to the level
of the impact

mary coping mechanism for a quarter of the negative shocks among SCTP benefi-
ciary households, and there are declines in ganyu labor and in the use of savings as
coping mechanisms. The authors also found a smaller percentage of households
engaging in coping mechanisms for negative shocks, particularly for the poorest
households (Handa et al. 2015). In Ethiopia, the SCTPP reduced the number of
hours per day children were engaged in household activities. In particular, children
aged 6-12 in beneficiary households worked fewer hours per day on the family farm
and across all other activities compared to those in control households (Asfaw et al.
2015a). However, the impact was more mixed in Lesotho: while boys 13—-17 may
have seen a reduction in engagement in paid work outside the house, girls have seen
an increase due to the CGP (Pellerano et al. 2014). Pellerano et al. (2014) found a
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reduction in the levels of engagement in occasional and irregular occupations among
adults, noting the results to indicate that the cash support effectively worked as a
safety net preventing households from depending on low paid and precarious occu-
pations. The authors also found CGP beneficiaries to be less likely to send children
to live elsewhere by 6 pp., send children to work by 3 pp., take children out of
school by 8 pp., and reduce spending on health by 7 pp. as a response to shocks
within 12 months previous to the survey.

The decreased need to engage in negative risk coping mechanisms as a result of
cash transfers was also shown through increases in enrolment and other educational
outcomes for children. Handa et al. (2015) found that children aged 6—17 increased
their net enrolment by 12 pp. as a result of the SCTP in Malawi, with slightly stron-
ger impacts considering primary and secondary school-aged children separately.
The authors also found the dropout rate to have dropped for primary school-aged
children by 4 pp. and temporary withdrawal (missing more than two consecutive
weeks of instruction at any time in the past 12 months) to have decreased by 5 pp.
By the endline in Ethiopia, Berhane et al. (2015) found the SCTPP to have raised
enrolment by around 6 pp. pp. in Hintalo-Wajirat, with the effect for girls particu-
larly strong (13 pppp). Instead of having to take time out of school to earn extra
income, children were more readily participating in school thanks to the SCTPP. In
Ghana, the LEAP programme reduced the likelihood of school-aged children (5-17)
missing any school by 8 pppp and also reduced the chance of missing an entire week
by 5 pppp (Handa et al. 2014). Among younger children smaller households
appeared to be more protective, with a larger impact on missing any school in
smaller households. However, the significant impact on enrolment is entirely driven
by larger households. Handa et al. (2014) also found the impact on secondary enrol-
ment for children aged 13—17 to be similar to estimates for South Africa’s Child
Support Grant (6 pp) and Kenya’s CT-OVC (8 pp). While there were mixed results
for engagement in paid work with the Lesotho CGP, the programme increased the
proportion of children aged 6—19 enrolled in school by 5 pp., with a larger impact
on older boys aged 13—17 (Pellerano et al. 2014). AIR (2013) noted that children
living in a CGP beneficiary household in Zambia were 1 pp. more likely to ever
enroll in school and 2 pp. more likely to enroll on time, for every year less of educa-
tion their mother has. The authors attribute this effect to the CGP enabling or moti-
vating mothers who did not enroll children in school at baseline to change their
actions and start enrolling their children in school.

Cash transfer programmes were found to strengthen community ties through
various channels, while the impact on private transfers was mixed. In Lesotho, the
CGP had a significant impact in strengthening the reciprocity arrangements around
food sharing in treatment villages. Both the proportion of households receiving and
the proportion providing in-kind help in the form of food increased as a conse-
quence of the programme. The impact is strong and significant, 15 and 18 pp.
respectively, and the magnitude is larger for households with no labour capacity
(Daidone et al. 2014b). Handa et al. (2014) found a positive impact on the value of
gifts received and the amount of credit extended to others in Ghana. Meanwhile, in
Malawi Asfaw et al. (2015b) found SCTP beneficiary households to be 4% points
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less likely to receive a transfer. In Ethiopia, Asfaw et al. (2015a) found increases in
social capital and subjective belief of individuals’ quality of life and control. Treated
households were more likely to agree with additional support to poor people, have
fewer problems with neighbors, and, similarly, agree that people residing in their
community are basically honest and trustworthy. Other opinions of life satisfaction
and ability to achieve success marked higher among male-headed beneficiary
households compared to male-headed control households. However, there were no
impacts observed in either receipt or giving of private transfers in Ethiopia.

Beneficiary households were also found to use proceeds from cash transfer pro-
grammes to pay off debts. In Ghana, Handa et al. (2014) observed beneficiary
households saving more and being more likely to repay debt; smaller beneficiary
households also reduced their likelihood of holding a loan by 9 pp. The authors also
found a corresponding significant impact on the amount paid off of 19 pp. of adult
equivalent consumption. In Malawi, households overall, and female-headed house-
holds and large farm households in particular, reduced debt from previous loans due
to the SCTP. Male-headed households and large farm households were also less
likely to still owe money for previously contracted loans (Asfaw et al. 2015b).
Daidone et al. (2014a) also found larger households to pay down loans as a result of
the CGP in Zambia.

5.2 Can Cash Transfer Contribute to Managing Climate Risk?

Climate change poses severe threats to households’ wellbeing across the world,
particularly in low-income countries where poor households are often exposed to
different sources of risk. Adoption of risk management strategies, such as the pro-
motion of social safety nets, are becoming gradually more relevant for improving
the households’ abilities to manage climate risk. Given the high incidence of cli-
mate shocks in Zambia, we also would like to present the findings of Asfaw et al.
(2016) who shed light on how households respond to the CGP cash transfer in a
context of weather instability. Asfaw et al. (2016) conducted additional analysis by
merging the Zambia CGP impact evaluation data with rainfall data obtained from
the Africa Rainfall Climatology v.2 (ARC2) (1983-2012).! They assessed whether
regular and unconditional small cash payments (via the CGP) helped mitigate the
negative effects of climate variability, protect and improve smallholders’ liveli-
hoods and ensure food security and nutrition.? The authors also investigated how the
CGP and climate variability affect households on different quintile of the welfare
and food security dimensions.

Asfaw et al. (2016) found the CGP to increase total/food and non-food expendi-
ture, which implies the treatment increases households’ welfare. As a result of an

'Dekads (i.e. 10 days) at 0.1° covering the period 1983-2012 at ward level.

>The outcome variables in the study included total expenditure, food/non-food expenditure, daily
caloric intake and dietary diversity index.
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increase in food expenditure, both quantity and quality of food consumed responded
positively to CGP receipt, implying that households benefitted from the CGP in
terms of food security and nutrition. With regards to the effect of climatic variables
on welfare and food security, results from Asfaw et al. (2016) show that overall,
households in areas that experienced lower than average rainfall had lower levels of
daily caloric intake as well as food and non-food expenditures, and this effect was
most pronounced for the poorest households in the sample. A possible explanation
could be that the decline in rainfall had an initial negative impact on agriculture,
livestock production and other water-intensive activities. The decline in volume of
production thus affected households’ purchasing power, forcing them to improve
their coping mechanisms.

This study also finds strong evidence that cash transfer programmes have a miti-
gating role against the negative effects of climate shocks. Households that partici-
pated in the CGP had much lower negative effects of the weather shock, with poorest
households gaining the most. This indicates the potential of social protection to
support food access for households exposed to climate risk. However, the analysis
also indicates that while participation in the CGP is beneficial in mitigating negative
effects of climate shocks on food security, it is not sufficient to fully overcome these
effects. Thus it is important to ensure that SCTs are well aligned with other forms
of livelihood programmes and climate risk management, including disaster risk
reduction activities. This result confirms the findings of authors like Eriksen et al.
(2005), who found a positive relationship between the ability of people to draw on
extra sources of income and the ability to withstand droughts in Tanzania and
Kenya, with respect to those who were not.

5.3 Potential of Cash Transfer to Promote Ex-Ante Risk
Management

Cash transfers contribute to ex-ante risk management by increasing household
adaptive capacity through accumulation of productive assets, increased crop and
livestock production and productivity, and linkages with output markets. We look at
various dimensions of the productive process in order to ascertain whether house-
holds were found to have increased spending in livelihood activities, including crop
production, crop input use and asset building. Given that agriculture represents the
primary economic activity of the households studied, investment in agricultural
assets and increases in crop production prove critical for strengthening livelihoods
and ex-ante risk management. Households can also enhance their resilience by
diversifying into different income streams, such as non-farm enterprises. Table 2
presents the cross-country summary of the impact of SCTs on investment in liveli-
hood activities.
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5.3.1 Impacts on Accumulation of Productive Assets

Beneficiary households overall (and larger sized households in particular) in Zambia
owned more axes and hoes, and were more likely to own hammers, shovels, and
ploughs as a result of the cash transfer programme (Daidone et al. 2014a).
Beneficiary households in Kenya were more likely to own troughs, and male-headed
households were also more likely to own machetes and sickles (Asfaw et al. 2014).
In Lesotho, Daidone et al. (2014b) found the CGP to increase the use and purchase
of scotch-carts. In Malawi, beneficiary households overall, both female and male-
headed households, and large farm households owned more agricultural implements
(Asfaw et al. 2015b). Handa et al. (2015) also found the SCTP to increase crop
production and agricultural assets (sickles in particular). In terms of agricultural
asset ownership, beneficiary households in Hintalo-Wajirat were 6 pp. and 7 pp.
more likely to own plows and imported sickles, respectively (over baseline shares of
47% and 41%). In contrast, beneficiary households in Abi Adi were less likely to
own those agricultural implements. In terms of number owned, there were more
negative effects throughout (Asfaw et al. 2015a). However, Berhane et al. (2015)
found the SCTPP in Ethiopia to increase a constructed farm productive assets index
by 2% in Hintalo-Wajirat.

Cash transfers also led to increased livestock ownership in SSA, particularly of
smaller animals. Both small and large beneficiary households in Zambia increased
livestock ownership, but the impacts were stronger for large households (Daidone
etal. 2014a). Smaller households and female-headed households in Kenya increased
their ownership of small livestock (such as sheep and goats) compared to control
households. For smaller households, there was about a 15 pp. increase in ownership
of small livestock compared to control households, while female-headed house-
holds receiving the transfer increased their ownership by 6 pp. (Asfaw et al. 2014).
Daidone et al. (2014b) also found the cash transfer in Lesotho to have increased the
proportion of households owning pigs by about 8 pp. as well as to have increased
the number of pigs owned by 0.1 pp. Whether by number of livestock owned or
livestock ownership, SCTP beneficiaries in Malawi faced increases on livestock
(also noted by Handa et al. (2015)), such as on chickens, goats and sheep, and pigs
(Asfaw et al. 2015b). Meanwhile, in Ethiopia Asfaw et al. (2015a) found the impact
on livestock ownership to be more mixed, depending particularly on the area in
which the transfer was given. Berhane et al. (2015) found the SCTPP in Ethiopia to
increase the likelihood that households own any form of livestock by 7% in Hintalo-
Wajirat, with the increase largely driven by the increase in poultry ownership.

5.3.2 TImpacts on Crop Production and Productivity

The cash transfer programmes evaluated generally led to increased crop production
and productivity. Aggregating all crop output by value, the GCP in Zambia increased
the value of all crops harvested by ZMK 146, approximately a 50% increase from
baseline, with a larger value increase for smaller households at ZMK 182.
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Beneficiary households increased their crop production marketing by 12 pp. and
also increased their average value of sales (Daidone et al. 2014a). Production of
maize, the main staple commodity, increased in CGP households in Lesotho by
around 39 kg more than the control group, and more so for households with more
available household labour. Sorghum production increased by around 10 kg, with a
larger impact in severely constrained households, likely because sorghum requires
less labour as compared to other major crops. Furthermore, results on home garden-
ing were consistently larger for unconstrained and moderately labour-constrained
households compared to households with no adult members fit to work (Daidone
et al. 2014b). In Malawi, beneficiary households increased groundnut production
and productivity, with fewer and mixed impacts on other crops. Medium farm
households and male-headed households also increased maize yields. Ultimately,
both male-headed households and medium farm households increased the value of
crop production as a result of the SCTP. Households were more likely to sell any
crop, and the value of crop sold increased for female-headed households, small farm
households, and medium farm households (although it decreased for large farm
households) (Asfaw et al. 2015b). In Ethiopia, Asfaw et al. (2015a) found house-
holds to have decreased their yield of sorghum but to have increased sorghum yields,
particularly in Hintalo-Wajirat and among male-headed households. Ultimately,
beneficiary households increased the total value of their crop production by 18%.
For the Kenya CT-OVC, Asfaw et al. (2014) found little impact of the programme
on crop production. However, there was an impact on the proportion of food con-
sumption coming from own production, particularly for smaller-sized households
and female-headed households. The average treatment effect for the share of con-
sumption from home produced dairy and eggs was 20 pp. for smaller households
and 15 pp. for female-headed households.

Increased crop production and productivity for beneficiary households also came
through increases in land and crop input use. The CGP in Zambia increased the
amount of operated land by about 34% from baseline, and 18 pp. more households
spent money on inputs, from a baseline share of 23%. This increase in money spent
on inputs was particularly relevant for smaller households (22 pp), and included
spending on seeds, fertilizer and hired labour. The increase of 14 pp. in the propor-
tion of small households purchasing seeds is equivalent to more than a doubling in
the share of households. Small beneficiary households spent ZMK 42 more on crop
inputs than the corresponding control households, including ZMK 15 on hired
labour, amounting to three times the value of the baseline mean for overall spend-
ing, and four times for hired labour (Daidone et al. 2014a). The CGP in Lesotho
significantly increased the share of beneficiary households using pesticides (8 pp),
especially those who are labour-unconstrained and who are also more likely to pur-
chase pesticides as a result of receiving the CGP. Households purchased seeds more
often (7 pp), although there was no statistically significant change in the intensity of
purchase (Daidone et al. 2014b). In Malawi, household expenditure on organic fer-
tilizer increased by MWK 158 (from a baseline of MWK 245). Increases on organic
fertilizer expenditure also were found at the disaggregated levels (aside from
medium farm households, which faced no increase) and at expenditure-per-acre



244 S. Asfaw and B. Davis

(Asfaw et al. 2015b). An increase in the likelihood of chemical fertilizer use is also
found among male-headed households. In the case of the Ethiopia SCTPP, female-
headed beneficiary households were 4 pp. more likely to practice a soil and water
conservation technique on their land, a noticeable increase on their baseline mean
of 14%. Female-headed households were also 3 pp. more likely to hire labour for
farm work from a low baseline mean of 5% (Asfaw et al. 2015a).

5.3.3 Impacts on Non-farm Enterprises

On non-farm enterprises cash transfer programmes were found to have mixed
results. In Zambia, non-farm work increased by 20 days overall among beneficiaries
and non-farm enterprise by 1.6 days (AIR 2013). Cash beneficiary households par-
ticipated more often in non-farm enterprises in Kenya if they were female-headed,
but less so if they were male-headed; otherwise, there was no impact recoded for the
overall sample (Asfaw et al. 2014). In Malawi, results on non-farm enterprise labor
were mixed, where beneficiary households were less likely to engage in charcoal/
firewood enterprises but were more likely to engage in petty trade enterprises
(Asfaw et al. 2015b). In Ethiopia (Asfaw et al. 2015a) and in Ghana (Handa et al.
2014) there were no impacts found on the overall level on the likelihood that house-
holds participated more or less often in non-farm enterprises. Pellerano et al. (2014)
found a reduction in the proportion of households with an enterprise in operation in
the 30 days prior to the survey, but noted that the reduction was mainly driven by
households engaging less frequently in home brewing, which is generally small
scale and a livelihood strategy of last resort.

5.4 Can Cash Transfer Promote Resilience by Enhancing
Food Security?

Households consistently more able to consume an adequate amount of food and a
more diverse basket are necessarily more resilient and less food insecure than oth-
erwise similar households. Depending on the availability of data across the different
countries, we collected the impacts of cash transfer programmes on consumption,
dietary diversity and subjective food security indicators. Table 2 presents the cross-
country summary of the impact of social cash transfers on food security, consump-
tion and diet diversity.

5.4.1 Impact on Food Security
As expected, the studied cash transfer programmes unambiguously increased the

food security of beneficiary households. The CGP in Zambia increased the percent-
age of households eating two or more meals per day by 8 pp. as well as the number
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of households that were not severely food insecure by 18 pp., (AIR 2013). The share
of households consuming from part of their harvest also increased by 6 pp., which
came from increased groundnut and rice consumption of home production (Daidone
et al. 2014a). In Lesotho, Pellerano et al. (2014) found the CGP to reduce the num-
ber of months that households experienced shortages of food and decrease the pro-
portion of households not having enough food to meet their needs at least for one
month in the previous 12 months. Food security also increased in Malawi thanks to
the cash transfer programme: households overall, for example, were 11 pp. less
likely to worry whether they would have enough food in the past seven days. The
SCTP also allowed households to eat more meals per day, with effects observed for
households at all levels except for large farm households. Medium farm households
also increased the number of months that last year’s maize harvest lasted (Asfaw
et al. 2015b). In Ethiopia, there was a reduction on the number of months with prob-
lems satisfying food needs in the overall sample and among male-headed house-
holds. There was no impact on number of months in the last 12 months that the
household ran out of home-grown food, but there were increases on both the num-
ber of times a day children ate in the household and the number of times adults ate
in the household. Compared to control households, beneficiary households were
also less likely to suffer a shortage of food to eat during the last rainy season as a
result of the SCTPP. With regards to measures of last resort, beneficiary households
reduced their likelihood of consuming seed stock during the last week, compared to
control households (Asfaw et al. 2015a).

5.4.2 Impact on Consumption Expenditure

Cash transfers also enabled households to better meet their consumption needs. In
Zambia, the programme significantly increased food spending, with the largest
share going to cereals, followed by meats, including poultry and fish, followed by
fats such as cooking oil and then sugars (AIR 2013). The share of households con-
suming from part of their harvest also increased by 6 pp., which came from increased
groundnut and rice consumption of home production (Daidone et al. 2014a). In
Lesotho, Pellerano et al. (2014) detected a statistically significant CGP effect on
food expenditure and total consumption when controlling for covariates, including
differences in prices across locations, but at low levels of significance. In Kenya,
although there was no significant impact on consumption expenditure of cereals and
legumes, there was an increase for food spending on dairy and eggs. The programme
had no effect on spending on most of the food consumption categories for larger
households but it had large increases on three of the outcomes (dairy and eggs, meat
and fish and fruit) for smaller households. The programme had larger and positive
impacts on female-headed households compared to male-headed households, as in
the case of the share of consumption from home produced dairy and eggs. Treated
households in Kenya also appeared to consume more animal products, as well as
other foods, from their own production compared to control households (Asfaw
et al. 2014). In Malawi, there were increases at all levels of daily per capita calories
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consumed, with those increases in calories coming from food purchases; aside from
a decrease for male-headed households, there are no impacts on calories coming
from own production. Such results suggest that households are likely using the cash
to buy food directly, although calories coming from own production may take more
time to see impacts. For both extremely-poor and non-extremely poor household,
the pattern holds up: increases in calories consumed come from purchases rather
than from own production, with decreases in calories consumed coming from gifts
and other sources (Asfaw et al. 2015b). Berhane et al. (2015) found the SCTPP in
Ethiopia to reduce the food gap, increase the availability of calories, and to reduce
seasonal fluctuations in children’s food consumption (Berhane et al. 2015).
Meanwhile, Handa et al. (2014) found in Ghana that there was no overall change in
food consumption between treated and control households.

5.4.3 Impact on Dietary Diversity

There is also some evidence of improved dietary diversity as a result of cash transfer
programmes. There was a clear shift away from roots and tubers (primarily cassava)
and toward protein (dairy, meats), indicating a possible improvement in dietary
diversity among CGP recipients in Zambia (AIR 2013). In smaller households, the
impact of the CGP on food expenditures was concentrated on cereals (where 45%
of the impact on food is derived) followed by meat (15%), fats (14%), and pulses
(13%). Among larger households, the impact of the grant on food expenditures is
driven by meats (32%) and then cereals (30%). In the end, food expenditures
increase for both groups of households as a result of the cash transfer programme
(Daidone et al. 2014a). In Kenya, the results showed no significant impact on con-
sumption expenditure of cereals and legumes. However there was about a 12 pp.
increase for food spending on dairy and eggs. The programme had no effect on
spending on most of the food consumption categories for households with larger
number of members but it had large, positive, and significant effects on three of the
outcomes (dairy and eggs, meat and fish and fruit) for smaller sized households. The
programme typically had larger and positive impacts on female-headed households
compared to male-headed households, such as on consumption of animal products.
Treated households also appear to have consumed more animal products, as well as
other foods, from their own production compared to control households. Dairy and
eggs consumption from own production increased by about 13 pp. for beneficiary
households, and the impact on other types of foods was about 4 pp. The average
treatment effect for the share of consumption from home produced dairy and eggs
was 20 pp. for smaller households and 15 pp. for female-headed households (Asfaw
et al. 2014). In Ethiopia, results from Asfaw et al. (2015a) showed an increase in
household consumption of oils and fats, sweets, and spices, condiments, and bever-
ages as a result of the SCTPP. This was mixed with reductions in household con-
sumption of fruits and meats. Berhane et al. (2015) found the SCTPP to have
improved diet quality, as measured by the Dietary Diversity Index, in both May
2012 and May 2014 by 13% and 12% respectively. In Ghana, although there was no
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overall change in food consumption between treated and control households, Handa
et al. (2014) found a significant decline in starches and meats and an increase in fats
and food eaten out. Smaller households also faced a decline in alcohol and tobacco
consumption. Among Lesotho CGP beneficiaries, the increased spending on dairy
and eggs (as well as meat/fish and fruit for smaller households) did not translate into
an impact on dietary diversity (Pellerano et al. 2014).

6 Conclusions and Implications

The analysis of impact evaluation studies show that cash transfer programmes over-
all have important implications for household resilience. By providing a steady and
predictable source of income, cash transfer programmes can build human capital
and improve food security and potentially strengthen households’ ability to respond
to and cope with exogenous shocks, and allow them to diversity and strengthen their
livelihoods to prevent future fluctuations in consumption. Many of the programmes
studied increased investment in agricultural inputs and assets, including farm imple-
ments and livestock. Beneficiaries in the studied country programmes generally
increased crop production and value of crop production. Although differing across
countries, food security indicators revealed increases in the proportion of house-
holds being food secure as a result of cash transfer programmes. This too was met
by increases in consumption and dietary diversity. Although the impacts on risk
management are less uniform, the cash transfer programmes seem to strengthen
community ties (via increased giving and receiving of transfers) allow households
to save and pay off debts, and decrease the need to rely on adverse risk coping
mechanisms. Finally, the case study of the CGP in Zambia demonstrates the poten-
tial for cash transfers to help poor households manage climate risk. Not only was
CGP receipt associated with increases in total/food and non-food expenditure, and
subsequently the quantity and quality of food consumed, but the CGP was also
found to benefit households even when they were facing climate shocks. The CGP’s
climate mitigating effect is particularly evident for households at the lowest quin-
tiles of the distribution, meaning that the CGP better protects poorer households
against climate variability than richer households. Thus cash transfers can improve
poor households’ resilience for an uncertain future in terms of climate change.

The differences in impacts across countries can be attributed to a variety of fac-
tors, including the availability of labour given the demographic profile of benefi-
ciary households, the relative distribution of productive assets, the local economic
context, the relevance of messaging and soft conditions on spending and the regu-
larity and predictability of the transfers themselves. In the case of LEAP in Ghana,
irregular payments may have prevented households from increasing consumption,
as consumption is driven by permanent income. Instead, the lumpy flow of cash
seems to have promoted declines in the number of households with outstanding
loans and increases in the number of households with savings. In Ethiopia, the
SCTPP targeted households that were particularly made up with either the elderly
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or youth, which may explain why beneficiary households did not face increases in
labour supply or on other dimensions of agricultural production. The amount offered
through the Ethiopia SCTPP as a percentage of per capita income is also not as high
compared to cash transfer programmes that have found widespread impacts.

Cash transfers can be more than just social assistance; not only can they help
vulnerable households avoid the worst effects of severe deprivation, they can also
contribute to economic and social development. Since cash transfer programmes
impact the livelihoods of households, articulation with other sectoral development
programmes in a coordinated rural development strategy could lead to synergies
and greater overall impact. Complementary measures to maximize the positive
spillover effects of the income multiplier generated by the cash transfer programme
should be targeted not only at cash transfer beneficiary households, but also at ineli-
gible households that provide many of the goods and services in the local economy.
However, the potential productive impact of the cash transfer is sensitive to imple-
mentation, and delays and irregularities in payment can reduce its effectiveness in
terms of helping households invest and manage risk.

Existing social protection programmes rarely takes into account climate risk in
their design and implementation. Being poverty reduction instruments, social safety-
net interventions tend to target mainly economic (wealth and income) criteria.
Including environmental risks and vulnerabilities as targeting criteria could help
improve the effectiveness of safety nets as risk-coping instruments. This could be
done by developing maps of poverty and climate change vulnerability hotspots or by
ensuring effective linkage between social protection management and information
and early warning systems. Public works programmes, including productive safety
nets, can be designed in ways that simultaneously contribute to increasing household
incomes, engaging communities in climate-smart agriculture and generating ‘green
jobs’ in areas such as waste management, reforestation and soil conservation.
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Input Subsidy Programs and Climate Smart
Agriculture: Current Realities and Future
Potential

Tom S. Jayne, Nicholas J. Sitko, Nicole M. Mason, and David Skole

Abstract The achievement of Climate Smart Agriculture (CSA) goals in Africa
will require widespread farmer adoption of practices and technologies that promote
resilience and system-wide collective action to promote ex ante climate risk man-
agement activities and ex post coping strategies. Leveraging public sector resources
is critical to achieve goals at scale. This study examines the scope for input subsidy
programs (ISPs) to contribute to achieving CSA objectives in Africa. Available evi-
dence to date suggests that in most cases ISPs have had either no effect on or have
reduced SSA smallholders’ use of potentially CSA practices. However, recent inno-
vations in ISPs may promote some climate smart objectives by contributing to
system-level ex-ante risk management. In particular, restricted voucher systems for
improved seed types that utilize private sector distribution supply chains may prove
capable of promoting CSA goals. Generally, moving from systems that prescribe a
fixed input packet to a flexible system with a range of input choices holds promise,
but fixed systems still hold some benefits. Conditional ISPs would require improved
monitoring and compliance as well as defining practices with clearly measurable
productivity benefits vis-a-vis CSA goals. The potential of ISPs to achieve wide-
spread CSA benefits must address these challenges and be evaluated against bene-
fits of investments in irrigation, physical infrastructure, and public agricultural
research and extension, which may generate higher comprehensive social benefits.
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1 Introduction

There is growing global recognition of the urgent need to identify and implement
strategies that make food systems more resilient in the face of increasing climate
variability. Nowhere is this more evident than in Sub-Saharan Africa.! Because the
majority of Africans’ livelihoods and agrifood systems rely on rainfed farming,
Africa is one of the world’s regions most vulnerable to climate change. The
Intergovernmental Panel on Climate Change concluded that “climate change is
expected to have widespread impacts on African society and Africans’ interaction
with the natural environment” (IPCC 2014, p. 812).

Climate smart agriculture (CSA) has emerged as an approach to enhance the
resilience of farm systems to the effects of climate change. CSA is defined by three
principle objectives (FAO 2013):

1. sustainably increasing agricultural productivity and incomes;
2. adapting and building resilience to climate change, and;
3. reducing and/or removing greenhouse gases emissions, where possible.

In Africa and other predominantly agrarian regions, there is particular interest in
identifying strategies to encourage farmers to adopt practices and technologies that
enable more resilient, sustainable and productive farms, while at the same time
identifying system-wide collective action to promote a wide range of ex ante risk
management activities and ex post coping strategies. Given the scope and scale of
these requirements, leveraging public sector resources is critical.

Input subsidy programs (ISPs) provide a potentially useful means to encourage
system-wide coordination and farmer behaviours that raise agricultural productivity
and contribute to resilience objectives in Africa, while potentially mitigating the
agricultural sector’s contribution to GHG emissions. ISPs vary in their distribution
modalities and targeting requirements, but generally share the common attributes of
providing inorganic fertilizer, and in some countries, improved seeds, to farmers at
below-market prices. Many African governments currently devote a large share of
their agricultural sector and national budgets to ISPs. The region spends just over
US$1.0 billion each year on ISPs (Jayne and Rashid 2013; Jayne et al. forthcom-
ing). A major challenge to enabling ISPs to promote CSA outcomes stems from the
major opportunity costs they entail in terms of foregone public spending on other
core CSA investments such as irrigation, agricultural R&D, and extension services
that could potentially promote CSA practices more effectively per dollar invested
than ISPs. However, there is clearly scope for market-smart ISPs to improve small-
holder farmers’ access to climate smart technologies and overall resilience. This
paper assesses the feasibility of leveraging public investments in ISPs to promote
adoption of CSA practices and technologies by African farmers.

The paper is organized as follows. Section 2 begins by defining CSA in the con-
text of African smallholder farming systems. Section 3 briefly examines the range

"Hereafter “Africa”.
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Impact pathway
Household-level System-wide level
Ex ante risk management:
promoting resilience and reducing Section 4 Section 5

vulnerability

Ex post coping strategies:
relieving impacts of climate Section 6 Section 7
shocks after they have occurred

Type of strategy

Fig. 1 Various dimensions of how input subsidy programs might contribute to climate smart
agriculture

of ISP implementation modalities and approaches in Africa. In Sects. 4, 5, 6, and 7,
we adopt the 2x2 matrix framework of Lipper and Zilberman (forthcoming) to con-
sider how ISPs may promote resilience of farming systems in the face of climate
shocks through ex ante risk management strategies, and how ISPs might be designed
to mitigate the effects of climate shocks through ex post coping strategies. These
impact pathways are evaluated across household/farm level and responses at the
system-wide/government level (Fig. 1). Section 4 focuses on household-level ex
ante risk management strategies. Section 5 focuses on system-wide ex ante risk
management strategies. Section 6 examines the ability of ISPs to support household-
level ex post responses to climate shocks. Section 7 examines system-wide ex post
strategies. Section 8 summarizes our findings and discusses potential implications
for ISP policies and programs.

2 Defining Climate Smart Agriculture

Although not clearly defined in the academic literature, the term “climate smart
agriculture” (CSA) has gained prominence as an emergent agricultural development
paradigm (Engel and Muller 2016). The UN Food and Agricultural Organization
(FAO), the principle architect of CSA, defines it as an approach that “sustainably
increases productivity and resilience (adaptation), reduces/removes GHGs (mitiga-
tion), and enhances achievement of national food security and development goals”
(FAO 2010, p. ii; FAO 2013). CSA is therefore largely defined by its intended out-
comes rather than by a set of specific practices or approaches (Kaczan et al. 2013).

CSA shares many objectives and guiding principles with green economy and
sustainable development approaches, including a prioritization of food security and
a desire to preserve natural resources. It is also closely linked to the concept of sus-
tainable intensification (SI) (FAO 2013; Campbell et al. 2014). In many cases, SI
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constitutes a subset of practices that are potentially climate smart under certain cur-
rent and future climatic conditions. As the FAO Sourcebook on CSA (2013) states,
CSA extends these concepts through “a more forward looking dimension, more
concern about future potential changes and the need to be prepared for them”
(p- 30). Thus, CSA is not a set of new agricultural practices or a new agricultural
system. Instead, it is understood as a new approach to guide necessary changes to
agricultural systems in order to jointly address challenges of food security and cli-
mate change (Lipper et al. 2014; Branca et al. 2011; FAO 2013; Grainger-Jones
2011).

Proponents of CSA emphasize several hallmarks of its approach. First, CSA
focuses on risks throughout the food system, with a particular emphasis placed on
ex ante risks to smallholders resulting from the interaction of changing climate with
existing livelihood vulnerabilities (McCarthy et al. 2011; Meinzen-Dick et al. 2013;
Grainger-Jones 2011; World Bank 2011). Second, elevating the visibility of emer-
gent risks that smallholders face offers opportunities to focus strategically on prac-
tices and technologies that offer multiple benefits in the areas of climate change
adaptation, mitigation, and food security. Finally, by linking climate change adapta-
tion and mitigation to smallholder production practices, CSA creates opportunities
to link smallholders to previously unavailable sources of support, including climate
finance (Meinzen-Dick et al. 2013; Grainger-Jones 2011).

There are a number of SI practices that are often linked to CSA objectives. These
include: minimum soil disturbance (zero or minimum tillage); crop rotation and
intercropping, particularly with legumes; mulching; crop residue retention; cover
cropping; agro-forestry; water management, including irrigation and drainage; inte-
grated soil nutrient management, including efficient use of mineral fertilizer in
combination with organic sources; and use of high quality, well-adapted seed variet-
ies. In many cases, these are not new practices, but adoption rates in Africa remain
low or sub-optimal (Branca et al. 2011). For the purpose of this paper we will refer
to these practices collectively as SI practices, recognizing that they are also closely
linked to CSA objectives.

3 ISP Implementation Modalities and CSA in Africa

Following the implementation of structural adjustment programs, spending on ISPs
in Africa declined substantially. Yet, in the wake of the global food price spike of
2007/2008 and based on the apparent success of Malawi’s subsidy program, Africa
has seen a resurgence of ISPs. According to Jayne and Rashid (2013), by 2011 ten
African countries spent over $1.05 billion on ISPs, or roughly 28.6% of these coun-
tries’ total public agricultural expenditures.

The majority of new ISPs in Africa focus on subsidizing improved seed and
inorganic fertilizers for staple cereal production by smallholder farmers. A few also
provide subsidies for small grains and legumes. Variations in ISP design are most
notable in terms of: (i) the extent to which the private sector is utilized to distribute



Input Subsidy Programs and Climate Smart Agriculture... 255

inputs, (ii) the range of inputs available to farmers, and (iii) the socio-economic
characteristics of the target beneficiaries.

The distribution system and flexibility of input choices for farmers have impor-
tant implications for their climate smartness. Most ISPs utilize closed voucher sys-
tems, where farmers redeem coupons for a prescribed input packet from
government-run or designated outlets, or direct delivery systems, where govern-
ment or contractors deliver prescribed input packets. These types of systems tend to
limit farmers’ choice of inputs, are rarely attentive to agro-ecological and livelihood
variations across space, crowd out private sector participation, and are frequently
characterized by elite capture of inputs (Ricker-Gilbert et al. 2011; Mason and
Ricker-Gilbert 2013; Pan and Christiaensen 2012; Mason et al. 2013; Lunduka et al.
2013). Such systems, like those in Zambia and Malawi, tend to undermine the
development of private sector market channels, encourage mono-cropping and
incentivize the production of crops in regions where they are poorly suited (Mason
etal. 2013; Lunduka et al. 2013; Levine 2015). These outcomes are clearly contrary
to the goals of CSA.

Recently, however, countries have begun to take tentative steps toward imple-
menting more flexible, open voucher systems for ISPs in order to address some of
these shortcomings. In Zambia for example, an electronic voucher system was
piloted on a limited scale in 2015/2016, where farmers redeem vouchers with regis-
tered private sector dealers for a wide range of inputs. These systems can lower ISPs
fiscal cost to government, encourage private investments in input supply systems
and extension, and allow farmers to choose appropriate inputs (Sitko et al. 2012).
These outcomes are decidedly more climate smart than the dominant model.

However, trade-offs exist between the relative flexibility of an ISP and the pro-
motion of particular technologies or farm practices that may be climate smart. For
example, open voucher systems may be less effective for promoting the adoption of
seed varieties that are drought, heat, or flood tolerant, as there is no way to ensure
that farmers will choose these seed types with a completely open voucher. More
closed voucher systems may be more appropriate for encouraging the use of par-
ticular technologies. Similarly, closed voucher programs may help private seed
firms to forecast demand for seed types, such as legume seeds, which is notoriously
difficult to predict from year to year. By providing clarity on the effective demand
for particular inputs, closed vouchers systems may prove useful to help overcome
input supply constraints that hinder the adoption of certain potential SI and CSA
practices, such as legume intercropping and rotations.

4 Can ISPs Promote Household-Level Ex Ante Risk
Management?

Having reviewed in general terms how ISPs are implemented and potential linkages
to SI and CSA practices, we now examine specific strategies that may foster more
climate resilient and productive smallholder farm systems. The sorts of ST and CSA
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management practices we examine include tillage method, intercropping and rota-
tions, the use of manures and residue retention, and agro-forestry, inter alia. More
broadly, we explore the potential relationship between ISPs and practices that can
potentially improve soil characteristics and stabilize yields in the context of climate
variability.

4.1 Review of Evidence to Date

The evidence base remains thin but the weight of the available evidence suggests
that ISPs have had either no effect on or have reduced African smallholders’ use
of CSA practices. Empirical evidence across many case studies shows mixed results
for many CSA practices considered. In addition, studies show the difficulties posed
by delivery mechanisms that provide inputs too late for effective and efficient use
by farmers. Finally, the absence of robust agricultural extension services in many
African countries makes the diffusion and implementation of CSA practices even
more challenging.

More specifically, evidence suggests that ISPs did not affect Ghanaian farmers’
investment in soil and water conservation, broadly defined (Vondolia et al. 2012),
nor did they affect Malawian or Zambian smallholders’ use of manure (Holden and
Lunduka 2010, 2012; Levine 2015). And while Malawi’s ISP had no statistically
significant effect on intercropping (Holden and Lunduka 2010), Zambia’s ISP has
reduced intercropping in general, but not intercropping involving legumes (Levine
2015). Moreover, Zambia’s ISP has negatively affected crop rotation and fallowing
(ibid; Mason et al. 2013). The program has contributed to continuous cultivation of
mono-cropped maize over time and within seasons, which leave smallholders more
vulnerable to climate shocks — the antithesis of CSA. ISPs may increase maize
yields in the short run except during extreme weather conditions (see Holden and
Lunduka 2010; Mason et al. 2013; Chibwana et al. 2014; Mason et al. 2015; among
many others). However, if results similar to Zambia are obtained elsewhere, these
yield gains could be coming at the cost of lower soil organic matter and higher soil
acidity, both of which will result in lower yields and fertilizer use efficiency in the
medium to long run (Marenya and Barrett 2009; Burke 2012).

Empirical evidence on the effects of ISPs on crop diversification is mixed. For
example, while Chibwana et al. (2012) and Mason et al. (2013) find that ISPs in
Malawi and Zambia, respectively, incentivize households to devote a greater share
of their cropped area to maize, other studies from Malawi suggest the opposite
(Holden and Lunduka 2010; Karamba 2013) or that ISPs have no statistically sig-
nificant effect on crop diversification (Karamba 2013). Most likely, the effects of
ISPs depend on the range of inputs provided. ISPs that focus less on a specific crop
and support a broader range of alternative crops, in particular legumes that add bio-
mass and moisture retention to soil, may generate better outcomes with respect to
crop diversification and soil fertility, responsiveness of crops to inorganic fertilizer
and other benefits (Snapp et al. 2010).
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While ISPs may contribute to sustainable productivity growth by maximizing
fertilizer to crop output efficiency, their track record has been disappointing. Jayne
et al. (forthcoming) conclude that most African governments to date have focused
more on increasing African farmers’ use of fertilizer than on providing support for
its efficient use.

Another feature of many ISPs that is decidedly not climate smart is perennial late
delivery of subsidized fertilizer and seeds to beneficiary farmers (Xu et al. 2009;
Lunduka et al. 2013; Mason et al. 2013; Namonje-Kapembwa et al. 2015). Late deliv-
ery is particularly common when ISP inputs are disseminated through dedicated ISP
distribution systems that largely sideline existing input distribution networks. This is
how fertilizer for Malawi’s ISP and both fertilizer and seed for Zambia’s ISP were
distributed until 2014/15 and 2015/16, respectively, when each country started pilot-
ing agrodealer-based voucher redemption systems (Logistics Unit 2015; ZMAL
2015a; b). Late delivery of ISP inputs results in late planting and/or late fertilizer
application, reducing yields and leaving beneficiary households more vulnerable to
climate shocks (Xu et al. 2009; Namonje-Kapembwa et al. 2015; Arslan et al. 2015).

Most public agricultural extension systems are seriously under-provisioned to
perform their multiple mandates of providing new management advice to farmers,
learning from their efforts and difficulties of implementation and liaising with adap-
tive research systems to generate and disseminate new productive and sustainable
practices, including SI practices. Some African public extensions are virtually
defunct. Therefore, it should not be surprising that despite heavy spending on ISPs,
their impacts on crop yields have been smaller than anticipated (ibid). In Zambia
and Malawi, for example, a one-kilogram increase in subsidized fertilizer raises
smallholder households’ maize output by an average of only 1.88 kg and 1.65 kg,
respectively (Mason et al. 2013; Ricker-Gilbert et al. 2011). This low crop yield
response to fertilizer is a major reason for the relatively low benefit-cost ratios of the
ISPs in Malawi (1.08) and Zambia (0.92) (Jayne et al. 2017).

In response to some of these limitations, many ISPs are currently transforming to
more flexible, private-sector, inclusive systems. This creates possibilities for ISPs to
be restructured in ways that incentivize farmers to adopt particular SI practices and
also bring about system-wide changes that promote resilience. The remainder of
this section examines this potential of ISPs, however the discussion is largely con-
jectural given the limited evidence that ISPs as implemented to date have achieved
such benefits.

4.2 Looking Forward: Can ISPs Contribute to Climate Smart
Farm Management Practices?

A handful of ex ante analyses have explored how ISPs might compare to other pro-
grams to promote farmers’ use of practices that may be climate smart. For example,
Marenya et al. (2012) use 30-year crop simulation models for maize, rice, and sor-
ghum calibrated for several districts in Kenya, Malawi, and Uganda to compare
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changes in the net present value (NPV) of adopting various soil fertility manage-
ment (SFM) strategies under two sets of policy regimes: a 50% fertilizer subsidy
and carbon credits priced at $4, $8, or $12 per metric ton of carbon sequestered in
the soil. The SFM strategies considered include various combinations of inorganic
(N) fertilizer, animal manure, and crop residue retention — practices that may be
‘climate smart’ in some contexts. Their results suggest that carbon credits, espe-
cially when priced at $8 or $12/mt, produce larger NPV increases than the 50%
fertilizer subsidy. While carbon markets are virtually non-existent in Africa, this
analysis suggests monetary incentives play an important role in stimulating adop-
tion of climate smart practices. This leaves room for ISPs to deliver monetary incen-
tives to such ends. Yet, this in turn requires that extension systems are capable of
delivering appropriate management information and that adoption is effectively
monitored, which seems very challenging.

In later work, Marenya et al. (2014) use choice experiments to measure Malawian
smallholder farmers’ preferences for various hypothetical policy incentives to adopt
soil conservation practices, namely minimum tillage with legume intercropping:
cash payments, two different types of index-based crop insurance contracts, and
fertilizer subsidies.? Results suggest that most farmers preferred fertilizer subsidies
to cash payments or crop insurance. In addition, farmers generally preferred cash
payments to crop insurance, even when the expected payout from the crop insurance
was higher than the cash payment. We must be careful, however, in generalizing
these results, as they are specific to the choice sets used in the experiments. For
example, the expressed preference of fertilizer subsidy over cash payments is likely
driven by the fact that cash payment options (ranging from MK 800 to MK 2000)
were lower compared to fertilizer subsidy (MK 2000) because of the expected yield
gains with fertilizer. Even still, both cases suggest that under the right conditions
some combination of conditional subsidy or conditional cash payment can incentiv-
ize adoption of farm management practices. Whether or not this leads to a perma-
nent behavioral change, or whether public entities are capable of monitoring
adherence to the conditions, remains an open question.

Finally, there is the question about whether raising crop productivity through
inorganic fertilizer use might reduce the rate at which forests are converted into
farmland and therefore reduce the agricultural sector’s contribution to GHG
emissions. Recent evidence has begun to question the logic that agricultural produc-
tivity growth can arrest rapid farm area expansion and thus conserve the world’s
forests and grasslands (Hertel 2011; Robertson and Swinton 2005; Byerlee et al.
2014). Instead, a generally positive area response to improved profit incentives is
likely to create new pressures for further area expansion and conversion of forest
and grasslands to farmland. Policy incentives could play a potential role here. In
theory, ISPs could be structured in such a way as to oblige beneficiaries to reduce or
maintain the amount of area under cultivation. However, it is not clear whether such

*Farmers also had the option to decline the soil conservation incentives in favor of continuing
‘traditional” practices, which in the context of the choice experiments were defined as not using
chemical fertilizer or the soil conservation practices.
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rules would impose unreasonable demands on food insecure rural households or
whether they could be adequately monitored or enforced.

In summary, while ISPs can be theoretically structured in ways that promote
farm-level management changes, the oversight, enforcement, and extension costs
needed to make this work are high, and may increase the already substantial oppor-
tunity costs of large public expenditures on ISPs.

4.3 How Confident Are We That We Know Which Farming
Practices Contribute to CSA and SI?

As the development community understandably pushes hard to make progress in
helping African farmers, there are major risks of overgeneralization about what
kinds of farming practices really contribute to ex ante risk management and ex post
coping strategies. Africa is heterogeneous with respect to its climate conditions, soil
types, market access conditions, and factor price ratios. Some parts of Africa are
still land abundant; labor and capital may be binding constraints in such areas. Other
agricultural areas of Africa are densely populated, facing land pressures and rising
land prices. In some of these areas, labor is relatively abundant and hence labor-
intensive CSA practices may hold some potential to be scaled-up and incentivized
through ISPs. However, in areas with good market access conditions and proximity
to urban areas, economic transformation processes are bidding up labor wages and
making it difficult for farmers to adopt labor-intensive CSA practices unless they
also provide high returns to labor. The heterogeneous conditions of farming systems
in Africa warrant great caution against overgeneralization in promoting technolo-
gies through ISPs or on their own based on blanket recommendations across wide
domains.

As an example, minimizing soil disturbance through no or minimum tillage
(MT)? strategies are frequently promoted in Africa as a means to mitigate soil ero-
sion, increase soil water retention capacity, and to slow the rate of soil organic car-
bon (SOC) decomposition, and thus achieve yield growth and stability (Branca et al.
2011; Chivenge et al. 2007). However, yield and soil quality effects of MT practices
vary substantially depending on soil type and association of MT with other land
management practices, namely crop residue retention and incorporation. Several
studies have shown that MT practices lead to an accumulation of SOC in the surface
layers of soil (0-10 cm), rather than in the root zone (Sisti et al. 2004; Chivenge
et al. 2007; Carter and Rennie 1982; Hernanz et al. 2002; Doran 1980). Carter and
Rennie (1982) find that microbial biomass and potential mineralizable carbon and
nitrogen are high in surface soils where MT is practiced. Conversely, these soil
properties are higher in lower soil depths when conventional tillage (CT) is applied.
The magnitude and location of the SOC pool are important for yield growth and

3In this section we present evidence on both zero and minimum tillage methods, which we will
refer to broadly as minimum tillage (MT).
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stabilization. As Lal (2006) shows, every 1 mt/ha increase in the SOC pool in the
root zone is associated with a 30-300 kg/ha increase in maize yields and a 10-50 kg/
ha increase in rice yields. Improving SOC pool in the root zone can simultaneously
enhance soil’s water retention capacity (Mbagwu 1991; Fernandez-Ugalde et al.
2009), increase its cation exchange capacity, and thus nutrient retention (Carter
et al. 1992), and improve soil aggregation and susceptibility to erosion (Lal 2006;
Paul et al. 2013). Thus, further development of MT technologies may be needed to
achieve its potential benefits.

Another potential limitation of MT is that without associated investments in crop
residue retention and/or crop rotation, fields tilled using MT frequently experience
no yield improvement (Hernanz et al. 2002) or in some cases a dramatic drop in
yield relative to CT (Rusinamhodzi et al. 2011; Raimbault and Vyn 1991; Paul et al.
2013). When MT practices are applied in conjunction with crop residue retention,
legume rotation, and/or nitrogen fertilizer application, the yield effects of MT tend
to be higher than those achieved through CT, but again this is highly dependent on
prevailing agro-ecological conditions (Raimbault and Vyn 1991; Govaerts et al.
2005; Dalal et al. 1991; Triplett et al. 1968).

As discussed in Section 3, ISPs in the region are not designed to cope with the
high level of regional and farm level heterogeneity in input needs and management
requirements. Significant region-specific modifications in the composition of ISP
inputsm coupled with region-specific farm management promotion strategies will
be required for ISPs to contribute meaningfully to CSA goals, which in turn implies
significant modification in the logistical design, implementation and cost of ISPs.

A more obvious way in which ISPs can influence overall productivity is through
the injection of greater levels of nitrogen (N) into African soils, where nitrogen is
often the limiting nutrient factor (Snapp et al. 2010). Rusinamhodzi et al. (2011) in
their summary of evidence on conservation agriculture shows that in 73% of the
field studies, high levels of nitrogen fertilizer were required to achieve improved
yields under these practices. However, recent advances in soil science and agron-
omy research show that massive nitrogen (N) injections may not be economically
feasible for farmers or be social welfare raising without farmer adoption of comple-
mentary soil management practices that allow N to be efficiently utilized by plants
(Snyder et al. 2009). Thus, the challenge for large-scale programs, such as ISPs, is
promoting carbon management practices together with nitrogen to achieve high
nitrogen efficiency (Tittonell and Giller 2013). Paul et al. (2013) demonstrate that
without sufficient biomass production (often stimulated by inorganic fertilizer
application) SI practices of MT and residue retention do not have an effect on yield
stability or SOC. Thus, an ongoing challenge is maintaining a large enough N pool
in soils containing little organic carbon, which increases N leaching and gaseous
loss pathways, adversely affecting CSA goals (Drinkwater and Snapp 2007).
Unfortunately, large-scale efforts to promote SI practices that build up soil organic
carbon are largely absent from government programs, are largely untested over the
wide range of soil types and agro-ecologies found in the region, and are sometimes
discounted by some as not being viable from the standpoint of low-resource
farmers.



Input Subsidy Programs and Climate Smart Agriculture... 261

These several examples underscore the lack of consensus within the crop science
community about what viable CSA and SI packages appropriate for heterogeneous
smallholder agricultural systems should look like. In addition, there is a great deal
of uncertainty over how climate will change in the region over the coming decades
(Powlson et al. 2016). For these reasons, we conclude that African governments and
the development community need an improved empirical evidence base that estab-
lishes the practices that actually promote CSA and SI objectives under the wide
range of diverse and uncertain farming conditions found in the region. A precondi-
tion for making progress on this front is much greater public expenditure on agricul-
tural R&D and adaptive research across the various economic/biophysical
micro-climates. While necessary, increased public funding to agricultural R&D is
not sufficient. But without a better evidence base on how practices perform under
various conditions, the risk is that ISPs may be misguided in choosing which prac-
tices to promote.

5 Can ISPs Promote System-Wide Ex Ante Risk
Management?

This section examines the potential of ISPs to encourage system-wide changes in
agricultural value chains that promote resilience to risks associated with climate
variability. Due to their scale, ISPs may have capacity to influence the broader sys-
tems within which farmers operate and thereby influence farmer behavior both
directly as well as indirectly through system-wide changes. We identify three poten-
tial areas where these system-wide effects are most evident.

5.1 Potential Opportunities

First, as mentioned earlier, by expanding and stabilizing the demand for specified
input types and quantities, ISPs can potentially help to overcome some of the per-
sistent risks to commercial legume seed multiplication in the region. Ensuring ade-
quate supplies of these seeds on the market is critical to achieving crop diversification,
organic nitrogen fixation, and rotations. However, this potential benefit is mitigated
by the trend, among donors and governments, to move toward more open voucher
systems. Thus, in many ways there are important trade-offs to consider when pro-
moting particular ISP distribution modalities. While open vouchers are desirable
from a farmer choice perspective, restricted-choice vouchers for particular inputs,
such as legume seeds, may be necessary to support system-wide improvements in
legume seed supply chains. Restricted-choice vouchers may be justified in some
instances where there are major beneficial externalities associated with promoting
certain inputs and where the social benefits of doing so may greatly outweigh the
short-term financial benefits from the perspective of individual farmers. The two
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approaches may be combined; for example, farmers could be provided an open
voucher in addition to a restricted-choice voucher for legume seed. Similar system-
wide benefits may accrue by using ISPs to create farmer demand for specific
drought-tolerant seed varieties or soil amendments such as lime or inoculants,
which are currently not widely used by farmers.

A second way in which ISPs may promote system-wide CSA resilience is
through promoting “market-smart” private investments, which could increase pri-
vate investments in input supply chains and extension services. By encouraging
private sector input supply chain development, market-friendly ISPs can foster
improved input access conditions for farmers, thus over time making them less
dependent on public input supply systems. Private input systems are potentially less
prone than public systems to delivery challenges associated with logistical and
financial constraints (Jayne and Rashid 2013). There is clear potential for ISPs to
promote system-wide investments that are both climate-smart and market-smart and
synergistic in their promotion of community resilience to climate variability.

Finally, the move toward digital platforms for delivering ISPs, such as electronic
vouchers (‘e-vouchers’), create opportunities to use ISPs as delivery mechanisms
for other sorts of products, such as weather indexed insurance. This requires that
ISP farmer registries collect a wide range of information on beneficiaries, including
geographic location and bank information. With this sort of information, ISPs can
defray the screening costs of identifying farmers and managing insurance pay-outs
when necessary.

5.2 Potential Challenges

Unfortunately, some aspects of ISPs may work against climate change mitigation
even as they promote resilience objectives. ISPs increase the quantities of fertilizer
manufactured and used in the agricultural production process (holding all other fac-
tors constant) and therefore ISP proposals that include increased fertilizer use must
account for the additional GHG emissions. Inorganic fertilizer use contributes to
GHG emissions both through the soil chemical and biological processes and through
the production of synthetic fertilizer. According to a recent estimate, 56% of global
non-carbon dioxide GHG emissions occur from agricultural production, and roughly
12% of agricultural GHG emissions occur from fertilizer use (IPCC 2014). The addi-
tional contribution to GHG emissions caused by the manufacturing of synthetic fertil-
izer is also significant (see Appendix 1). Thus, the net impact of ISPs on GHG
emissions will depend on the effectiveness with which ISPs can be used to promote
adoption of CSA practices that raise soil organic carbon, sequester carbon and depress
the rate of forest conversion to farmland and offset the adverse effects of increased
fertilizer use on GHG emissions. The empirical evidence on these issues is weak and
more detailed research is needed. Appendix 1 provides some empirical estimates of
the increased GHG emissions caused from additional use of synthetic fertilizers.
Moreover, there is the issue of opportunity costs. Nationwide ISPs tend to be
expensive, and they can bid away scarce public funds that could otherwise be used to
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buffer communities from the effects of climate variability (e.g., irrigation, agricultural
research and extension systems, weather insurance, etc.) or to support ex post coping
responses (e.g., disaster relief programs). In Africa, where irrigation only accounts for
4% of arable land (You et al. 2012) and where there is huge unmet potential for irriga-
tion expansion, ISPs would seemingly compete against public investment in water
control and other ex ante risk management strategies. Future research is again needed
to determine whether smart ISPs may be structured in ways that leverage private sec-
tor investments in CSA inputs and services and produce benefits that outweight those
generated from other proven types of public investments in agriculture.

6 Can ISPs Promote Household-Level Ex Post Coping
Mechanisms?

There may be limited potential for ISPs’ ability to improve the ex post capacity of
farm households to cope with shocks. Expenditures on ISPs occur before growing
season weather outcomes are known. The greatest productivity boost from ISPs
occurs in favorable weather years, and vulnerability to climate shocks is quite low
during these periods. Vulnerability is of course greatest in extreme weather years.
Unfortunately, fertilizer application typically contributes little to crop production
growth during such years, and does nothing to stabilize crop yields in the face of
extreme weather conditions. This inverse temporal correlation between years of
great vulnerability to climate shocks and the payoffs from fertilizer application sug-
gest that ISPs may have limited potential as ex post coping mechanisms at least for
the period of time until the next harvest, generally 6-9 months later.

However, ISPs are frequently scaled-up in the year following a severe weather
event as part of drought-recovery strategies. In such cases, ISPs act as tools to sup-
port smallholder households to acquire improved inputs and reengage in production
following a severe contraction in farm income, and to potentially re-stock depleted
resources that were expended during the crisis to smooth consumption. ISPs can
also theoretically be used to help farmers replant crops that failed to survive due to
late or false onset rains. Yet, in both cases this would require considerable budgetary
flexibility and rapid implementation capacity on the part of governments. In addi-
tion, because of the annual crop production cycle characterizing most of the region,
it may take time at least 6-9 months after a harvest failure before ISPs could con-
tribute benefits to recipients in the form expanded crop output in the next season.

7 Can ISPs Promote System-Wide Ex Post Coping Potential?

In their current form, ISPs tend to be costly and therefore compete directly for
scarce public sector resources with other CSA risk coping and response strategies,
such as disaster risk management plans, rapid repair of damaged infrastructure,
emergency feeding, etc. However, ISPs that increase access to weather insurance
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may help farmers avoid some forms of asset and resource depletion common after a
weather shock. In addition, well-targeted ISPs may enable farmers to recover more
quickly following extreme weather events. In these ways, ISPs do offer some poten-
tial avenues for timely response mechanisms following adverse weather shocks.

8 Summary and Implications for ISPs

In almost all countries where they have been implemented, ISPs have clearly pro-
moted national grain production, at least in the years they were implemented. ISPs
have a more checkered track record in terms of their impact on farm-level produc-
tivity, commercial input market development, and farm management behaviors that
promote SI. Longstanding efforts to encourage policy makers to use “market smart”
criteria have been disappointing, which has impeded the benefit-cost ratios of ISPs
(Jayne and Rashid 2013; Jayne et al. 2017). It may be unrealistic at least in the near
future to expect that political economy issues that have impeded efforts to make
ISPs more effective can be easily overcome. But given that ISPs are likely to con-
tinue, and often account for a large share of public expenditures to agriculture, it
may be worth the effort to encourage ISP reforms in ways that contribute to SI
practices and CSA objectives.

This study has considered potential avenues of ISP impact on CSA objectives in
terms of a time dimension — ex ante risk management strategies vs. ex post coping
strategies — and at different levels of intervention — household-level behavioral
change vs. system-wide changes. Using this conceptual lens we find that ISPs hold
some potential to influence farmer behavior with respect to ex ante risk manage-
ment strategies, such as the adoption of sustainable land management techniques,
private investment in small-scale irrigation, use of drought-, heat-, and saline-
resistant crop varieties, use of hardier livestock breeds, and diversifying land and
labor activities. Achieving these ends through ISPs is highly dependent on the exis-
tence of coordinated investments in both public extension services and research and
development, along with monitoring systems. However, the cost of each component
will require much greater public budgets devoted to agriculture to achieve the com-
plementary approach needed.

Where ISPs may provide even greater opportunities to promote CSA objectives is
through supporting ex ante risk management strategies at the system-wide level. Well-
designed ISPs may improve seed system performance for legumes and other improved
varieties, as well as serving to link farmers to insurance systems. However, trade-offs
exist between market development objectives of new ISPs and some of the system-
wide constraints to CSA, such as legume seed supply constraints. For ISPs to improve
legume seed supplies or access to particular climate improved seed varieties they may
need to promote these through restricted-choice vouchers, in addition to or instead of
the flexible vouchers being widely promoted in the region. Managing these trade-offs
is important for achieving greater system wide benefits through ISPs.
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ISP’s ability to improve household-level ex post coping mechanisms will likely
be through support of post-disaster asset accumulation and reengagement with pro-
ductive agriculture. Yet these outcomes, again, depend on effective public sector
performance, particularly in terms of targeting the most affected households and
regions.

In summary, ISPs may serve several catalytic functions at a system-level, which
can support CSA objectives. However, ISPs can achieve little without the sorts of
coordinated public and private investments in areas such as site specific adaptive
research and extension, which are necessary to turn potential CSA practices into
profitable and adoptable farm management strategies. Indeed, it is currently not
possible to point to many, if any, new practices appropriate for smallholder African
systems that are tried, tested, and can be confidently promoted as practices that
promote CSA, are profitable, and feasible for farmers to adopt. Promoting certain
technologies prematurely will lead to high levels of dis-adoption, disillusionment,
and difficulties in getting farmers to participate in future programs.

Based on this analysis we propose the following as potential focal areas for
improving the climate “smartness” of ISPs in Africa:

e Support greater concentration of ISPs on legume and climate improved cereal
crops: Many ISPs currently focus primarily on staple cereal crops and inorganic
fertilizers. For ISPs to have a more system-wide effect on cropping systems and
management practices, seed system constraints for other crops must be addressed.
ISPs can serve a catalytic role in this respect.

* Develop detailed farm registries for ISP beneficiaries: Detailed registries, that
include geo-spatial information, are necessary to delivery support services such
as weather insurance to farmers and to track adherence to targeting criteria.

e Explore the potential for using ISPs to overcome CSA farm management adop-
tion constraints, bearing in mind that:

There is limited consensus on what practices are most effective for heteroge-
neous smallholder systems, and;
Extension advice and monitoring capacity remains very thin in most of Africa.

e Support systems to improve timing of input distribution through ISPs: 1SPs
chronically deliver fertilizer late (Xu et al. 2009; Namonje et al. 2015; Snapp
et al. 2014). Late delivery reduces yields and crop response to fertilizer. This
unfavorably affects the ratio of crop output to GHG emissions.

» Improve targeting capacity of ISPs: ISPs must more effectively target farmers
who can use fertilizer profitably but are not already using it (or using it well
below levels considered to be profit-maximizing). This will reduce crowding out
of commercial demand and contribute to increased fertilizer use. In addition,
effective targeting following a disaster can help support ISPs to support ex post
household recovery efforts.

o Use extension systems and information and communications technologies (ICTs)
to show farmers how the use of fertilizer from ISPs and/or commercially obtained
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fertilizer can become more profitable when complementary SI/CSA practices are
adopted.

e Promote more secure land tenure/property rights (e.g., through registration or
land certification): land tenure security is important for encouraging the adop-
tion of SI/CSA practices that improve productivity, sustainable land manage-
ment, and increased use of commercially purchased fertilizer (Lawry et al. 2014;
Sitko et al. 2014). Efforts to promote secure land tenure rights are a complement,
not necessarily a substitute, for ISPs in promoting CSA, but the cost-effectiveness
of both may be different and justify different levels of budget support.

8.1 Unresolved Issues for Future Research

Key knowledge gaps include understanding why farmers are not adopting CSA
practices or are subsequently dis-adopting them (which could then point to potential
interventions to overcome these constraints); determining which practices are prof-
itable for whom and under what conditions; understanding the interactions between
CSA practices and ISP inputs (e.g., do selected CSA practices increase fertilizer use
efficiency?); identifying cost-effective, enforceable, and scalable ways to imple-
ment a potential CSA precondition requirement for ISPs; and comparing the cost-
effectiveness of such a requirement to that of other approaches to promote CSA.
Given the very mixed results of ISPs, the rampant elite capture and diversion of
inputs intended for the programs, and the high price tag and opportunity cost of ISPs
in general and in relation to other programs and investments to develop and stimu-
late uptake of CSA technologies (see Jayne and Rashid 2013; Lunduka et al. 2013;
Mason et al. 2013; among many others), linking CSA promotion to ISPs may be a
risky proposition.

8.2 Concluding Remarks

There are three overarching challenges to be addressed for ISPs to effectively
contribute to CSA objectives. First is the limited understanding of workable
approaches for internalizing the externalities associated with GHG-emitting land
management decisions of millions of resource-poor farmers in developing coun-
tries. This is a problem for social scientists to resolve by developing ways for
carbon markets to be linked to smallholders in Africa and that can provide farmers
monetary incentives for the adoption of particular GHG mitigating practices, may
be a viable strategy for achieving widespread farm management change, but much
remains to be worked out before viable programs could be implemented in most
of sub-Saharan Africa.

The second challenge is the currently limited on-shelf technologies and manage-
ment know-how to improve smallholder yield stability and growth in the face of
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increasing climate variability. Most on-shelf technologies and practices being pro-
moted as being “climate smart” appear to help at the margin, but cannot be relied
upon to meaningfully stabilize harvests in the face of major droughts or floods or to
arrest the degree of distress migration often associated with it. More effective water
and soil fertility management techniques appropriate for the situation of low-
resource farmers are needed, and this will requires significantly increased invest-
ment in localized, adaptive research for the wide range of smallholder farming
systems in sub-Saharan Africa. This is a challenge both for the scientific research
community and for policy makers to make the necessary long-term funding com-
mitments to adaptive agricultural research and development programs.

The third challenge is the near absence of effective bi-directional learning and
extension systems to help farmers profitably adopt and adapt proven farm manage-
ment practices. This again presents challenges for policy makers to make the neces-
sary long-term funding commitments and to social scientists to design extension
systems that effectively link scientists and farmers disaggregated by particular agro-
ecologies and degrees of resource constraints.

Addressing these three challenges is a tall order. For this reason, we believe that
much greater progress is needed in each of these three areas before it could be prac-
tical or effective to try to use ISPs as a vehicle to make agriculture more climate-
smart. This conclusion is not meant to stifle progress where progress can be made,
but is rather to point out the scope of the challenges before us. It will take time for
the proposals made here to generate meaningful impacts. This is why there is no
time to waste in getting started.

Appendix 1: Estimating the Contribution of Increased
Fertilizer Use to Greenhouse Gas Emissions

African countries contribute to climate change through emissions of greenhouse
gases from agriculture, forestry and land use (AFoLU). As much as one third of all
emissions globally are from AFoLU, but in many African countries these emission
sources constitute the major components of their national GHG inventories, rather
than the industrial or energy sectors. For instance, in Malawi 80% of national GHG
emissions are from forestry and agriculture, although the absolute contribution to
global greenhouse gas emissions is tiny. As a result of the Paris Agreements of the
United Nations Framework Convention on Climate Change (UNFCCC) African
countries are developing means and measures to mitigate these emissions through
actions in the AFoLU sectors, including reducing emissions from deforestation and
forest degradation, conservation of carbon stocks in forests and agricultural soils,
improved management of agricultural waste and other interventions. In spite of
actions to reduce emissions, agriculture and forestry will surely be impacted by
climate change. As such, many African countries are taking a broad view and are
also implementing adaptation strategies.



268 T.S. Jayne et al.

National climate action strategies are being developed by all African Countries
through the process of the Nationally Determined Contributions, or NDC, which is
the main reporting instrument that is the focal point for each country’s international
commitments. Climate Smart Agriculture (CSA) is being viewed as one model for
adaptation. This model focuses on developing interventions in traditional practices
that can increase resilience of agricultural systems to adverse effects of climate
change and which can be promulgated at the national level and applied locally at
farm scale. One compelling intervention under the CSA model is the national sub-
sidy programs for inorganic fertilizers. Increasing the availability and application of
chemical fertilizers is seen as a means to increase crop productivity and provide
enhanced fertility to nutrient-poor soils, and buffer adverse effects of drought and
other climate impacts.

However, at the same time that these measures provide apparent benefits from an
adaptation point of view, the use of inorganic fertilizers also increases GHG emis-
sions in agricultural soils, particularly for non-carbon GHGs such as nitrous oxide
(N,0). Using estimation methods defined by the Intergovernmental Panel on Climate
Change (IPCC 2006), the FAO (FAO 2014) has published estimates of national
emissions from agricultural inputs for many African countries. GHG emissions
from the application of synthetic fertilizers has increased 25% between 2000 and
2014, from 16,000 GgCO2e to 20,000 GgCO2e, representing about 3% of the total
emissions from all agricultural practices, including land clearing. However there is
considerable variation across Africa, with a trend toward higher proportional emis-
sions from fertilizers in poorer countries. For instance, in Nigeria where other inputs
and energy contributed more to agriculture than in most countries, only about 1.2%
of the total emissions from agriculture are attributed to fertilizer applications on
soils in 2012, while in Malawi as much as 18% of total agricultural emissions are
attributed to fertilizer applications in 2012. In Zambia the proportion is 4%, while
in Kenya it is 2% for 2012.

For the most part these are relatively low emissions compared to other compo-
nents of the agriculture production system; however subsidy programs are expected
to raise fertilizer use, particularly for poorer countries such as Malawi. These emis-
sions of GHG, especially non-carbon GHG such as N0, represent the negative
impacts of measures involving increased use of fertilizer to improve resilience of
agricultural soils and plant productivity. Thus, interventions that may have positive
influence on adaptation may have outcomes that negatively offset gains in mitiga-
tion efforts. For instance, annual emission rates of GHG from fertilizer use in agri-
culture in Malawi is approximately equivalent to protecting 500 hectares of Miombo
woodland from deforestation. The exact magnitude of the offset depends on a com-
plex array of factors that are not being studied, including the type of fertilizer used,
fertilizer application rates and timing, influence of episodic events that may be
changing with climate changes such as severe rain events, soil conditions and land
management.

Most studies, and the IPCC (2006), estimate N emission factors for N,0 to be
between 1% and 3% of the nitrogen nutrient in fertilizers. Thus, we can estimate the
approximate GHG emissions associated with the application of fertilizer under sub-
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sidy programs. We assume an application of 300,000 metric tons of fertilizer, of
which half is in the form of urea with 50% N and half in the form of inorganic NPK
with 30% N. This would equate to roughly 45,000 metric tons of N from NPK fertil-
izer and 75,000 metric tons of N from urea. Using IPCC emission factors for N,0
emissions this would result in 1200-3600 metric tons of N,0 per ton of N, which
when converted to units of nitrous oxide (multiplied by 44/28) and then to carbon
dioxide equivalents using a greenhouse warming potential (GWP) of 300 would be
565,714-1,697,143 metric tons of CO, equivalent (CO,e) greenhouse gas emission.
Using IPCC emission factors for urea, we estimate an additional 30,000 metric tons
of CO2e. Thus, the total emissions from the application of 300,000 tons of fertilizer
of the type we used to make our estimate would be 595,714—1,727,143 metric tons
CO,e per year.

The contributions of inorganic fertilizer to adaption and agricultural resilience would
come at a cost to efforts to mitigate emissions from deforestation and degradation; the
additional emissions from fertilizer applications would be a significant new emission
source and would counter efforts to mitigate emissions in the AFoLLU sector.

These estimates are for field applications of inorganic fertilizers. The demand for
fertilizer would stimulate production of fertilizers and this production system also
produces GHGs, mostly from the large use of energy which are typically from fossil
fuels. Although most carbon GHG accounting methods do not attribute production
emissions to the end-use emissions, and keep these accounts separate, for the sake
of illustration we estimate the additional contribution of producing and transporting
300,000 t of inorganic fertilizer. Several studies suggest an emission factor for fertil-
izer production to be 2.5-5.67 metric tons of CO,e per metric ton of fertilizer pro-
duced (Kool et al. 2012). Thus, a basic estimate of the magnitude of the emissions
associated with the 300,000 additional tons of fertilizer production would be
750,000-1,701,000 metric tons of CO,e.

Combining both agricultural field emissions with emissions associated with pro-
duction, we estimate that 300,000 tons of additional fertilizer manufacture and use
would result in GHG emissions of between 1,345,714 and 3,428,143 metric tons of
CO, equivalent. Approximately 55% of these emissions are attributed to the indus-
trial production of fertilizers (which we believe are conservative estimates). These
estimates would represent an increase in fertilizer emission of approximately 10%,
and would represent an emission that counter offsets approximately 120,000 to
300,000 hectares of reforestation in mitigation projects.
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Robust Decision Making for a Climate-
Resilient Development of the Agricultural
Sector in Nigeria

Valentina Mereu, Monia Santini, Raffaello Cervigni, Benedicte Augeard,
Francesco Bosello, E. Scoccimarro, Donatella Spano, and Riccardo Valentini

Abstract Adaptation options that work reasonably well across an entire range of
potential outcomes are shown to be preferable in a context of deep uncertainty.
This is because robust practices that are expected to perform satisfactorily across
the full range of possible future conditions, are preferable to those that are the
best ones, but just in one specific scenario. Thus, using a Robust Decision Making
Approach in Nigerian agriculture may increase resilience to climate change. To
illustrate, the expansion of irrigation might be considered as a complementary
strategy to conservation techniques and a shift in sowing/planting dates to
enhance resilience of agriculture. However, given large capital expenditures, irri-
gation must consider climate trends and variability. Using historical climate
records is insufficient to size capacity and can result in “regrets” when the invest-
ment is undersized/oversized, if the climate turns out to be drier/wetter than
expected. Rather utilizing multiple climate outcomes to make decisions will
decrease “regrets.” This chapter summarizes the main results from a study titled
“Toward climate-resilient development in Nigeria” funded by the Word Bank
(See Cervigni et al. 2013).
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1 Introduction

The agricultural sector plays a strategic role for the Nigerian economy, as it contrib-
utes to more than 40% of the GDP and accounts for about 65-70% of employment
(Yakubu and Akanegbu 2015). Cereals such as maize, sorghum, millet and rice, and
tubers as cassava and yam, account for 70% of the production of the agricultural
sector in 2013 (FAOSTAT; FAO 2015). Cassava and Yam, with a production of
about 53 and 40 million tons respectively (FAO 2015), are the leader crops for the
Nigerian economy. Cassava, especially, plays an essential role for food security due
to its efficiency in producing carbohydrates, its high flexibility with respect to the
timing of planting and harvesting, and its tolerance to drought and to poor soils.
Maize and Sorghum are currently the most important cereal food crops in Nigeria
either in terms of production or in terms of harvested area (FAO 2015). Other impor-
tant cereals are Millet, mainly cultivated in the north of the country, and Rice, which
is cultivated in all of the Agro-Ecological Zones (AEZs) of Nigeria. Rice production
has emerged as the fastest growing sub-sector and the most required commodity in
the Nigerian food basket.

Rainfed lowland rice is the predominant production system, accounting for
nearly 50% of total rice growing area in Nigeria. Overall, 30% of the production is
rainfed upland rice, while just 16% is high yielding irrigated rice. Other production
systems make up the remaining 4% (from USAID MARKETS 2009a). Cultivated
lands in Nigeria occupied about 44.7% of land area in 2011, with 37.3% and 7.4%
consisting of arable lands and permanent crops, respectively (FAO 2015). About
two-thirds of the cropped areas are located in the north, with the rest about equally
distributed between the center (Middle Belt) and the south. With irrigation account-
ing for less than 1% of cultivated area (FAO 2015), the rainfall regime highly affects
the national crop production. Cultivation calendars and cropping patterns are differ-
ent in the north and south, largely reflecting differences in precipitation regimes
across the country.

Farming systems are mainly (80-90%) smallholder-based, with limited access to
pesticides, fertilizers, hybrid seeds, irrigation, and other productive resources. Its
farming production systems are inefficient, causing a regular shortfall in national
domestic production and a need to import food that accounts for about 10% of over-
all national imports. Moreover, recent climate patterns (e.g. NIMET’s 100-year
database or Lebel and Ali 2009) adversely affected national crop production, caus-
ing serious implications for food security, public health and the economy of the
country. Existing studies on Nigeria (Adejuwon 2005; Odekunle 2004) show that,
in general, frequent crop failures and decreases in agricultural productivity are
observed as a consequence of climate variability. Nigeria is listed by FAO
(AQUASTAT-FAO 2005) among the nations that are technically unable to meet
their food needs from rainfed production at a low level of inputs.

In this context, high priority is being posed by Government policies to increase
agricultural productivity in order to reduce poverty, increase food security and
diversify economy away from oil (NPC 2004; NSSP 2010). One of the options to
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sustain this goal is represented by irrigation development. Given the limited size of
effectively irrigated areas, the contribution of irrigated agriculture to total crop pro-
duction is quite small at 0.9% and 2.3% of the total national agricultural production
of grains — rice and wheat — and vegetables, respectively. According to the
International Commission Irrigation and Drainage (ICID') three main types of irri-
gation schemes are developed in Nigeria: (i) public irrigation schemes, which are
under government control; (ii) the farmer-owned and operated irrigation schemes
that receive assistance from government in the form of subsidies and training; and
(iii) residual flood plains, where no government aid is supplied, that are based on
traditional irrigation practices.

Nigeria is considered one of the African countries with the largest potential for
irrigation expansion (World Bank 2010). However, as precipitation highly differs
across the AEZs, the potential to improve yields by irrigation is highly variable, and
a strategic balance between rainfed and irrigated production has to be achieved to
ensure effective management of water resources.

The Nigerian government is pursuing several policies that encourage a viable
structure of public and private irrigation with a balanced set of small-, medium- and
large-scale irrigated production. In addition to rehabilitation and expansion of exist-
ing public schemes, the Master Plan for Irrigation and Dam Development proposes
the construction of new dams and irrigation schemes to improve the overall infra-
structure of the irrigated sub-sector. About 156 km? of water is exploitable per year
from superficial and groundwater resources; currently, only 5% (8 km?) is effec-
tively withdrawn (FAO 2016). According to projections made in the National Water
Resources Master Plan (NWRMP) produced by the Japan International Cooperation
Agency (JICA 1995), incremental water storage of 2 km?® per year will be required
between 2012 and 2020 to meet the increasing water demand from the three com-
peting sectors: agriculture (69%), energy (10%), and domestic use (21%).

Since the vulnerability of the agricultural sector to current climate shocks and
resource availability is likely to be exacerbated under future environmental change,
achieving food, energy and water security in Nigeria will become more and more
challenging. Previous works have addressed the analysis of climate change impacts
in Sub-Saharan Africa, highlighting high differences in yield projections across dif-
ferent AEZs (Lobell et al. 2008; Seo et al. 2008a; Thornton et al. 2009; Roudier
et al. 2011; Webber et al. 2014), due to differences in climate data, emission sce-
narios and the modelling approach in simulating crop yield (Roudier et al. 2011).
The majority of studies are based on a statistical modelling approach (Parry et al.
2004; Lobell et al. 2008; Seo et al. 2008a; Schlenker and Lobell 2010), which how-
ever assume stability of the relation between crop and weather. Accordingly, this
methodology has a rather limited explanatory power, and is unsuitable for extrapo-
lation outside the range of observed conditions within which it was developed
(Challinor et al. 2009; Miiller et al. 2011; Rosenzweig et al. 2013).

A minority of studies were conversely based on dynamical simulation of climate
change impacts by applying more complex mechanistic process-based crop models.

Thttp://www.icid.org/cp_nigeria.html.


http://www.icid.org/cp_nigeria.html

280 V. Mereu et al.

These are able to consider both linear and nonlinear crop response to weather varia-
tion (Semenov and Porter 1995). According to the available studies, climate change
impacts are highly differentiated across specific crops and cropping systems (Mereu
et al. 2015; Webber et al. 2014; Roudier et al. 2011), which are characterized by
different capacities to adapt to modified climatic conditions and by different strate-
gies implemented to cope with these threats. According to the IPCC AR5 (2014)
adaptation strategies for African agriculture can be technological (e.g., stress-
tolerant crop varieties, irrigation, enhanced observation/monitoring systems) and
agronomic adaptation responses (e.g., agroforestry, conservation agriculture). Seo
et al. (2008b, c) point out the need for a careful selection of these measures given
the specificity of AEZs and the uncertainty related to climate scenarios.

Conservation agriculture and other land, water and crop management practices
are “soft” candidates to reduce climate change impacts on crops and improve the
sustainability of agricultural systems. Expansion of irrigation is considered as a
complementary strategy. Even so, as irrigation entails large costs and upfront invest-
ment, it is crucial to size it adequately by selecting the investment strategies that
minimize the risk of misjudgments across multiple climate outcomes and reduce
regrets.

This chapter proposes a Robust Decision Making Approach (RDMA) to increase
the resilience of Nigerian agricultural sector to climate change and variability. It
starts from the analysis of the short- to mid-term risks (2020-2050) posed by cli-
mate change to the agricultural sector and it is applied to help in reducing the risks
of maladaptation (Daron 2015). In other words, it helps decision makers in identify-
ing and choosing the most suitable adaptation options in a context of deep uncer-
tainty, by favoring those options that will work reasonably well across that entire
range of potential outcomes. An important point to consider is that the strategies
which are robust, i.e. those are expected to perform satisfactorily across the full
range of possible future conditions, are preferable to those that are the best ones, but
just in one specific scenario, remain highly sensitive to changes, and may perform
very poorly under an alternative, but equally probable, scenario (Lempert et al.
2004, 2006; Wilby and Dessai 2010).

Thus, applying RDMA is one way to cope with uncertainty in future outlooks.
Other approaches are adaptive management (i.e. selecting a strategy that can be
modified to achieve better performance as one learns more about the issues and how
the future is unfolding) and scenario planning (comparing how well alternative pol-
icy decisions perform under different plausible future conditions). We chose RMDA
building based on the comparative work of Lempert and Collins (2007) concluding
that it is preferable to adaptive management when, as in the present case, the deci-
sion time scales are such that immediate incremental adaptation would not possible
when new information becomes available since investments have already been
implemented and infrastructure realized.
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2 Methodological Approach

Before applying RDMA to support adaptation decisions in irrigation, climate
change impacts were quantified using different well-established process based mod-
els. Specifically, the analysis includes the following steps and can be represented by
the flowchart in Fig. 1:

1. the establishment of a reference development scenario (baseline) that, assuming
no-climate change, is the basis for assessing climate change impacts;

2. the definition of a range of possible future climate outcomes to explore the
uncertainties related to climate models;

3. the evaluation of climate impacts at the Agro-Ecological Zones (AEZ), water-
sheds and country-policy level, according to the specific impact investigated;

4. the testing of adaptation strategies and the application of a RDMA to support
adaptation decisions in irrigation development.

More details on methods and tools applied are reported in the published report
“Toward climate-resilient development in Nigeria” (Cervigni et al. 2013).

2.1 Climate Projections and Their Uncertainty

The high resolution Regional Climate Model (RCM) COSMO-CLM at about 8 km?
of resolution (Rockel et al. 2008) was applied to simulate climate trends from 1971
to 2065 under A1B emission scenario and using the boundary conditions of the
General Circulation Model (GCM) CMCC-MED (about 80 km of horizontal resolu-
tion, Scoccimarro et al. 2011). According to the validation with observed climate
along the historical period, the RCM was bias-corrected for the whole simulated
period (Cervigni et al. 2013 — Chap. 4 and Appendix B).

To take into account the uncertainty on future climate outcomes nine GCMs
simulations taking part of the CMIP3 experiment plus those from the CMCC-MED
GCM, were used to “perturb” the RCM results along the period 2006-2065 and
maintain high resolution. The GCMs chosen for the simulations were thus: HadCM3,
CGCM_2.3.2, CNRM_CM3, CSIRO_MKk3.5, CCSM3, MIROC3.2, GFDL_cm?2.1,
ECHAMS, FGOALS, and CMCC-MED. The approach to perturb RCM outputs
using the variability of global simulations (Buishand and Lenderink 2004) was
applied to temperature and precipitation fields (Cervigni et al. 2013 — Chap. 4 and
Appendix B).

Such climate simulation ensemble was used to drive the impact assessment
described herein comparing impact model outcomes in the short and medium term
periods (2006-2035 and 2036-2065, respectively), with the historical baseline
(1976-2005). According to the multiple components of the analysis, and their
dependence on climate variables suffering from different uncertainty degree in the
future (e.g. higher for precipitations than for temperature), the full range of models
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Fig. 1 Flowchart of the conducted assessment, and spatial levels (coverage, aggregation) of
analysis

(the RCM and the 10 perturbations) or their member suggesting the most extreme
impacts were used to well represent the uncertainty range of possible climate
outcomes.

2.2 Crop Modeling: Impacts on Yields

The software DSSAT-CSM, Decision Support System for Agrotechnology
Transfer — Cropping System Model (http://dssat.net/; Jones et al. 2003; Hoogenboom
etal. 2012) was applied to analyze the impacts of climate change and possible adap-
tation strategies for the most important staple food crops in Nigeria: sorghum, mil-
let, maize, rice, cassava and yam. The DSSAT-CSM simulates growth, development
and yield of a crop growing on a uniform area of land under prescribed or simulated
management as well as the modifications in soil, water, carbon, and nitrogen
exchanges that take place under the cropping system over time.

Multiple combinations of soil and climate conditions were considered for the
different AEZs of Nigeria (Fig. 2), in which specific crop management options, as
growing periods and/or crop varieties cultivated (long or medium growing season)
were set according to literature (USAID MARKETS 2009b and 2010; ICS-Nigeria
reports). The methodology addresses individual crops, considering crop varieties
and management systems representative for each AEZ.

For impact analysis on crop yields, simulation results using a sub-ensemble con-
sisting of RCM simulation and its five most extremes and significant
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Fig. 2 Map of Agro-Ecological Zones of Nigeria, considered in this study (From Cervigni et al.
2013)

GCM-perturbations, in terms of climate change projections, were used. Simulations
were performed assuming both constant CO, concentration (380 ppm) and transient
CO, concentration (consistent with the A1B emission scenario). Yield was simu-
lated in both rainfed and irrigated conditions.

The climate impact assessment was made by comparing the yields obtained with
the weather data for the reference period 1976-2005 (baseline) and those obtainable
under future modified climate conditions in the short- and medium-term periods
(Cervigni et al. 2013; Chap. 5 and Appendix C).

2.3 Hydrological Modeling: Impacts on Water Availability

An analysis on the spatiotemporal availability of water resources for each of the
eight Hydrological Areas (HAs) in Nigeria was also conducted in order to estimate
irrigation potential at both existing and planned locations (small and large infra-
structures) in selected watersheds.

The GIS version of the SWAT model (ArcSWAT)? was applied to evaluate cli-
mate risk on water resources. SWAT is a well assessed tool and literature offers
good support to its calibration and validation also for the area of interest (Schuol
and Abbaspour 2006; Schuol et al. 2008). After modeling the river network through

2http://swatmodel.tamu.edu/software/arcswat.
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the Digital Elevation Model, 893 basins were extracted for the physical-based semi-
distributed hydrological analysis. Further, layers of 234 soil types, 16 land covers,
and 5 slope classes were combined to extract Hydrological Response Units (HRUs),
assumed to have similar hydrological response.

Hydrological simulations for each of the 893 basins were made using the full
ensemble of climate projections as input. In each site, the RCM simulated inflow
during the historical period (baseline 1976-2005) was bias-corrected based on
available historical record for the same period. The same set of coefficients was
used to correct all the simulated inflows (RCM and its GCM-based perturbations) in
the future period of 2006-2065. Outputs were aggregated at 30-year intervals. The
short- and medium-term periods were compared with the baseline (Cervigni et al.
2013, Chap. 5 and Appendix F).

2.4 Macro-economic Analysis

The effects of climate-induced yield changes on macroeconomic outcomes (e.g.
volume and composition of GDP, imports/exports, etc.) were evaluated by inputting
into a Computable General Equilibrium model (ICES) the climate change impacts
on agricultural production derived from crop yield analysis. A preliminary step was
the construction of a future reference scenario, capturing plausible economic devel-
opment in Nigeria up to the year of 2050 (Table 1).

This reference scenario is the counterfactual “no climate change”, on top of
which the impacts of climate change on crop productivity were imposed, and against
which the consequent GDP and sectoral performance of the economic system were
evaluated.

Assumptions for irrigation, consistent with the Master Plan for Irrigation and
Dam Development (but delayed by 5 years), are that in 2025 roughly 5% of Nigerian
agriculture (2.1 million hectares) will be irrigated, to reach 25% of total agricultural
land in 2050 (11 million hectares). The assumption made here is that future yields
will be, in relative terms, as vulnerable as current ones to climate shocks, so that the
deviations from current yields obtained from crop modeling can be applied to future
yields as well. The rationale is that yield increases in the reference “no climate
change” scenario will be achieved largely through irrigation expansion and through
management practices that are suited for current climate, but not necessarily to the
warmer and more erratic climate of the future. In particular, it is assumed that the
uptake of sustainable land management options will be minimal.

Because of the structure of the Social Accounting Matrix (SAM) used in the
ICES model, the disaggregation used for crops and zones is as follows. Rice, cas-
sava and yam are modeled individually; millet, sorghum and maize are modeled as
a single aggregated crop class, labeled “other cereal crops”. Spatially, six global
agro-ecological zones were used for the analysis, finding a correspondence with the
ones used for the crop modeling.
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Table 1 Macroeconomic assumptions for the “no climate change” reference scenario

Period Average GDP growth rate (%)
2010-2020 9.0
2021-2030 8.4
2031-2040 6.0
2041-2050 43
2010-2025* 9.0
2025-2050° 5.7
Vision 20:2020 Model simulation
A. Sector shares in total value added in 2025
Agriculture 21% 23%
Manufacturing 18% 17%
Mining 15% 21%
Services 46% 39%
B. Agricultural productivity growth
2010-18 3-fold 2.5-fold
2010-25 6-fold 5.3-fold
2010-50 NA 19-fold

Source: Cervigni et al. (2013)
“These rates have been calculated assuming that Nigerian Vision 20:2020 objectives (http://www.
nationalplanning.gov.ng/index.php/national-plans/nv20-2020) are achieved with 5-year periods

The exercise was performed under different climate simulations, representing
the variability of yield changes — and correspondingly of macro-economic impacts —
across climate outcomes corresponding, on average, to the least and the most pes-
simistic scenario of yield change (Cervigni et al. 2013, Chap. 5 and Appendix I).

2.5 Adaptation Strategies in Agriculture

After the assessment of the impacts on crop yield, a set of select farming practices
was tested to analyze their potential to offset, across the different AEZs, time hori-
zons (2020 and 2050) and crops, the negative impacts of climate change on yields
(Cervigni et al. 2013, Chap. 6 and Appendix C). These adaptation strategies were
selected among the most common and suitable farming practices. For rainfed areas,
the shift of the sowing/planting dates, conservation/organic agriculture practices
and use of inorganic fertilizers were included in the analysis. For irrigated crops, the
analysis focused on yield improvements that could be achieved by modifying plant-
ing/sowing dates.
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In the case of the shift in planting date, for each crop, the simulations were con-
ducted adjusting the sowing/planting period 1 month earlier and 1 month later with
respect to the traditional cultivation calendar. In terms of conservation agriculture,
the analysis focused on nutrient management, and evaluated the use of manure and
residues (manure 1 and residues 1) to complement current nutrient provision; or
replace them (manure 2). Finally, additional use of inorganic fertilizers was investi-
gated, at a lower (fertilizer 1) and medium intensity (fertilizer 2).

To address climate model uncertainty, climate data from RCM model and two
extreme perturbations (NCAR_CCSM3 and GFDL_cm?2.1) were considered. The
results were analyzed at AEZ and country level. For each crop, only the AEZs
where the crops are mostly diffused are considered in the aggregation at Country
level.

The approach selected for undertaking the evaluation of the different adaptation
strategies is the “regrets” analysis. The “regrets” of adopting each option were
expressed as the percent gap in yield improvement between the option being exam-
ined and the best performing option under each of the three climate projections;
next, the maximum regret was calculated for each option, across the three climate
models; and finally, the “mini-max” adaptation option was identified, i.e., for each
combination of crop and AEZ, as the one that minimizes the maximum regrets
across climate models.

Successively, an evolution (in 2020 and 2050) of cropping patterns at the level of
AEZs was defined using information from the macro-economic model. Moreover,
the land area to which the “mini-max” adaptation options should be applied to elim-
inate as much as possible of the “production gap” between the reference and three
climate change scenarios were evaluated.

2.6 Costs of Adaptation Options

As an additional experiment, the aggregate costs and benefits of the adaptation
strategies identified were explored to investigate if they could be worthwhile in
economic terms (Cervigni et al. 2013; Chap. 6). Costs include the direct outlays
associated to expanding irrigation and promoting improved farming practices in
rainfed areas. In addition to direct outlays, there are also opportunity costs of
diverting productive capital, which in the absence of climate change would have
been allocated to other development priorities. The benefits are given by the value
of the additional output that can be produced once the adaptation measures are in
place.

To evaluate the net effect, the macro-economic model was run without negative
climate change impacts on yields, as these effects are fully offset by adaptation.
At the same time, the model run included a decrease in the annual capital stock,
in an amount given by the extra expenditure on adaptation. The metric used to
assess the net effect is the terminal value of GDP in 2050, with adaptation, and
without.
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2.7 RDMA for Irrigation Infrastructures

When moving attention to the adaptation strategies for irrigation, it is crucial to
consider that uncertainty in future precipitation makes it difficult to project how
much water will be available in the future for storage. In case of a changing cli-
mate, a given storage design based on historical data can receive less/more water
than expected and produce less/more benefit than projected. Climate change
impact must therefore be considered in the design of new projects of water stor-
ages and irrigation infrastructure development, in order to minimize under- or
over-design.

RDMA guiding the selection and design of future irrigation schemes can allow a
decision maker to:

1. prioritize the schemes where the area of overdesign risk is smaller than the area
of missed opportunity;

2. extend the irrigation area design if the risk of missed opportunity is large;
and

3. design the storage facilities conservatively or favor crops that are less sensitive
to failures of water supply if the area of overdesign risk is large. Adapting the
design to a future climate change has a certain adaptation cost, which is the extra
capital cost of building storage or irrigated area; the cost becomes negative if less
storage or area is built compared to the historical climate. The benefit is the extra
revenue obtained from selling more irrigated crops.

To evaluate what investment decisions on irrigation development are robust
under a wide range of climatic outcomes, hydrological modeling results have been
used to illustrate the practicability of RDMA for planning irrigation development
(Cervigni et al. 2013; Chap. 6 and Appendix J).

The study focused on 18 planned dam sites to identify design options that could
minimizes the regrets over a range of possible future climate outlooks. The regrets
are defined as the difference in economic return between the chosen option (‘“no
foresight”) and the best possible option calculated for each scenario (“perfect fore-
sight”). The Net Present Value (NPV) is the metric used to estimate the value of the
different investment decisions.

Monthly data inflows from the hydrological analysis at dam level allowed calcu-
lating storage-yield curves (SYCs) for the respective upstream basin, indicating the
firm basin yield produced from a given level of storage or, alternatively, storage
capacity needed to provide a given basin yield. SYCs were built according to the
Sequent Peak Algorithm (SPA; Thomas and Burden 1963) designed for studying
reservoir capacity.

The analysis was based on a comparison between SYC referring to the baseline
(1976-2005), and 30-year future periods (2006-2035 and 2036-2065), simulated
under the whole ensemble of climate projections. Changes in the SYCs for the
future simulated flows show the combined effect of predicted changes in flow mag-
nitude and inter-annual variability.
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The optimization was carried out with respect to two decision variables: the
amount of stored water and the irrigated area. Then, if the purpose of the dam is to
irrigate a targeted area, the decision should be made on the amount of storage. If the
dam is already built or there are constraints on the storage size, the decision should
be made with regard to the irrigated area.

Eleven “perfect foresight” storages were calculated to generate enough yield to
provide water to the irrigated area under each climate scenario. Then, the storage of
the “no-foresight” case (under current climate) is used to estimate the area for irri-
gation under each scenario. The difference in storage cost and irrigation revenues
between the “perfect foresight” case and the “no-foresight” case corresponds to the
regrets. The robust storage option is obtained by adjusting the storage of the “no-
foresight” storage in order to minimize the average and the maximum regrets under
all climate scenarios. Robust decision making on irrigated area can be estimated
following a similar method, but the storage is assumed to be fixed, while the irri-
gated area is optimized to minimize regrets.

The case study sites were selected in accordance to Government plans to develop
irrigation, as reflected in the Master Plan for Irrigation and Dam Development
(2009-2020); and using the following criteria: (i) the main basins where new irriga-
tion development is planned should be represented; (ii) the number of sites in each
HA should be proportional to the area planned for irrigation development in the HA;
(iii) catchment size should be larger than 100 km? (so that sub-basins are representa-
tive of the whole catchment behavior); (iv) lack of dam upstream; and (v) dry and
wet future climates should be represented. A small-scale irrigation dam in the north-
ern dry HA was added. The analysis purports to illustrate the policy significance of
the RDM approach but should not be considered as an assessment of the technical
or financial feasibility of the design solutions investigated, which would require
more detailed investigation.

3 Results and Discussion

3.1 Climate Projections and Their Uncertainty

The simulated air surface temperature averaged over Nigeria shows a strong
increasing trend up to 1-2 °C in 2050 compared to the present average tempera-
ture, with the highest increases in the North. In the short-term future (2020), the
entire country is predicted to experience a moderate surface air temperature
increase.

The precipitation time series averaged over Nigeria for the period of 1976—
2065 shows no significant trends associated to most of GCM-based perturba-
tions; only the data perturbed through the GFDL model shows a significant
negative trend. The model results for precipitation were summarized by defining
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four classes of risk/conditions at hydrographic sub-basin level: wetting risk,
drying risk, stable, uncertain. A given sub-basin is considered “stable” if most
climate models (i.e. those falling within the range of the st to the 99th percen-
tiles of the ensemble) agree that future rainfall will not be larger (smaller) than
15% (—15%) of historical values. Sub-basins are considered exposed to “dry
risks” if the 1st percentile is less than —15% and the 99th percentile if less than
15%, to “wet risk” when the 99th percentile of changes is larger than 15% but
the Ist percentile is more than —15%; and are considered uncertain when both a
decline larger than —15% and an increase larger than 15% are considered
possible.

Cervigni et al. (2013, Chap. 4 — Map 4.2) found that around 2020, 53% of the
country’s area is expected to be under wetter conditions, 10% under lower rain
availability, 35% stable, and the remaining 2% present high uncertainty across
precipitation projections. In 2050, 41% of the country is projected to be under
wetter conditions 14% under drier conditions, 20% stable, and the area subject
to uncertainty increases to 25%. More evident clusters of drying areas in the
short- and medium-term are concentrated in the SE plateau and along the SW
littoral, the stable areas in the center and along the central and eastern coastal
zones, wetting areas in the north with evident uncertainty mainly in the medium-
term period.

3.2 Impact Analysis on Crop Yields

Climate change impacts on crop yields are expected to be considerably variable
over AEZs and crop types. The differences among crops are related to the specific
crop sensitivity to modified climatic conditions as well as to crop spatial distribution
and crop calendars. The impacts tend to increase from short- to medium-term
period. Results are aggregated across AEZs, to develop impacts at the level of indi-
vidual crops, and across crops, to produce results at the level of AEZs, using base-
year information on production shares and value added to define weights used for
aggregating. Only the results based in a fixed CO, concentration are reported here.
The full set of results, including increases in CO, atmosphere concentration, is
reported in Cervigni et al. (2013).

In terms of impacts at the level of crops, the results show medium term (2050)
yield reductions, with negative median values for all crops in 2050 (Fig. 3b).
However, yam, millet and cassava exhibit uncertainty, particularly in 2020 (Fig. 3a),
where the median across climate models indicate the possibility of moderate yield
increases (in the order of 3—6% or less). In 2050, the consensus across models is
higher, with 70% of the model pointing to a decrease in yields. Rice appears to be
the most vulnerable crop in both periods, with yield decline of 7% in 2020 and 25%
in 2050.
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2013)

Temperature change is likely to be the major driver of yield shocks, rather
than water content (this is consistent with other studies such as Lobell et al.
2008 and Lobell and Burke 2010), particularly in presence of less clear signals
of precipitation changes. Temperature increase affects crop growth by shorten-
ing the crop-growing period and reducing the amount of biomass accumulation.
This produces a decrease in crop yield, even if crops are not under water stress

conditions.
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In terms of impacts at the AEZ level, the Northern area (Fig. 3) appears more
subject to risks of large declines (close to 20% and 40% in 2020 and 2050,
respectively), but shows also larger uncertainty. Despite the significant amount of
variability across space, by 2050 the likelihood of aggregate yield decline appears
stronger in all zones, as indicated by the negative median values observed in
Fig. 4.
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Fig. 5 Distribution of classes of risk for water flows in 2020 and 2050 vs. 1990. Discretized spa-
tial units are hydrographic sub-basins, while numbered units are Hydrological Areas (From
Cervigni et al. 2013)

3.3 Water Availability Impact Analysis

The hydrological modeling tools were used to convert changes in climate vari-
ables (temperature, precipitation) into changes in water flows, and thus changes in
water potentially available for storage to sustain multiple uses. Using the same
risk classes defined for the analysis of rainfall changes to summarize the consen-
sus among climate models, it was found (Fig. 5) that, by 2020, 62% of the country
is expected to be under wetter conditions, 4% under dry risks, 23% stable, and the
remaining 11% are characterized by uncertainty. In 2050, there is still a signifi-
cant part of the country projected to become wetter (although decreasing from
62% to 49% of land areas); the share of areas under dry risks increases from 4%
to 10% (accounting however for 17% of historical runoff). The share of stable
sub-basins decreases to 8% of total land areas; while uncertainty increases consid-
erably to 33% of the total.

It is noteworthy that there is a high uncertainty for the arid/hyper-arid regions in
the northeast. Except for the central high plateau, the majority of the central and
northern parts of Nigeria are expected to experiences an increasing availability of
water resources, although the uncertainty for 2050 is more pronounced. The results
for central area, SE mountains, and SW littoral indicate a general drying trend in the
short and medium-term. Further, while flow is projected to increase up to 200% in
some cases, the weighted average of increases is only about 33%, because the larg-
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est increases of flow are projected to take place in relatively drier basins. It is only
for basins in the bottom 30% of the flow distribution that flow is projected to increase
by more than 30%. These changes in water flows are likely to have significant
effects on the reliability of irrigation systems, which is determined by magnitude
(average) and variability of inflow.

3.4 Macro-economic Impacts

The crop model analysis projects a decline in crop production, growing with
time and particularly significant by 2050 for the “other cereals” aggregated
class, which, unlike the other crops, is in the order of 9.6% even in the most
optimistic climate scenario. Low case scenario declines are high also for Rice
(=8%). Overall, the outcomes project: (i) an increase in domestic crop prices
(particularly severe in the case of rice) suggesting a more rigid demand, and (ii)
significant changes in food trade patterns, with net imports increasing in the
case of rice and the “cereal crops” to offset the projected decline in domestic
production.

Rice and cereals constitute the large majority of agricultural imports in Nigeria
in the baseline (35% rice and 46% cereals in 2050). Accordingly, the general equi-
librium adjustment to the overall decline in production (occurring for all crops in
2050) consists in meeting demand where possible via an increase in imports,
which is higher for crops with relatively lower import prices in the baseline (such
as rice and other cereals). The combined effect of changes in production, prices
and imports turns into an overall reduction in GDP compared to the no-climate
change reference scenario, which by 2050 varies between 3% and 4.5% (Fig. 6),
depending on the climate model. These results should probably be considered as
a conservative, lower bound estimate of macro-economic impacts of climate
change.

3.5 Adaptation Options in the Agriculture and Water Sectors

It is likely that an efficient adaptation strategy for the agricultural sector in Nigeria
requires a combination of expansion in irrigated areas and improved management
practices for rainfed crops, allocated accorded to the considerations discussed in
this paper. Several factors will contribute to determining the ultimate outcome,
including relative costs, resource availability, the institutional context, etc. This sec-
tion presents analyses of options that can be deployed in rainfed areas and to what
extent they could counter the overall impact of climate change on production, and
at what cost.
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Fig. 6 Deviation of GDP from the no-climate change reference scenario (From Cervigni et al.
2013)

3.5.1 Adaptation Through Sustainable Land Management Practices

The adaptation options tested (Table 2) appear to perform well, both in the short-
term (2020) and medium-term (2050), improving yields (compared to a no-
adaptation case) from 20% (e.g. changes in sowing/planting dates) to 90% (e.g.
residues and other nutrient management options) of the cases, depending on crop,
time horizon, climate model and AEZ considered (Figs. 7 and 8).

The use of residues and “manure 17, at worst, performs slightly less than the no-
adaptation case; in the best cases, they deliver yields 30% higher. Change in plant-
ing dates can produce significant improvements (in excess of 20%), but in some
crops and zones they can actually result in a further yield decline. The wide range
of variability in the performance of the options points to the need of further evaluat-
ing the suitability of different adaptation options to different crops and AEZs under
conditions of climate uncertainty.

Results of the regret analysis (Fig. 9) shows that “Manure 2”, “Manure 1” and
“Residues” are the best performing options, accounting for 75% of total mini-max
options. It is important to note that besides increasing nutrient availability, these
options increase soil fertility in a broader sense: through improvement of soil char-
acteristics, of soil water retention and thus availability; and through reducing nutri-
ent losses by runoff and leaching.

The optimal mix of adaptation options is highly crop- and location-specific
(Fig. 10): e.g., the mini-max strategy for Cassava is “Manure 2" in 90% and “Manure
17 in 10% of the AEZs; while in the case of Rice, the strategy is to adopt “Manure
1 in 75%, “Fertilizer 2” in 17%, and ‘“Residues” in 8% of the AEZs.



295

Robust Decision Making for a Climate-Resilient Development...

(€£107) Te 10 1S1AI) WO

"SQJIAIOS
KIOSIAPE PI[[I[S 0) SSA00E puk
SuruTEI) QAISUQIXO POU SIOULIE,]

‘porrad Surmois ur
JJIYS oY) pue uoneILUI usamiaq A31ouks aanisod
SI 919U PUB ‘SWEA PUB BABSSED J0J 9SBAIOUI SP[IL

-oonoeid uonesL 0y

uonIppe ul ‘Jep [euoniper Ay
I9)Je YJUOW | PUB 910JOq [juow
1 91ep Sunueld/3urmos oyl PYIys

uones LI
pue porrad Surmoid
ur JIys SuruIquio)

SDaUD paIVSLLI]
*(Z 2anuewr)
'SonpIsal QINUEBWL YIIM UOTIRZI[1)I)
pue amuew jo uonesrjdde 1o Sruegiour Jo uonmsqns
aseyoand oy 10 1500 JuoIj-dn 9jo1dwos uowogeuew
431y A[oAne[aI © 9q ABW Q1Y juaLIINu AUIAseq Juawa[dwod
*SOOIAIAS "BABSSEO 0) (enpisar) uononpoid anpIsoy
KIOSTAPE POI[DYS 0} $$2008 pue pue azrew 10 95,()G 03 dn pue @d11 10J 9,G¢ 03 dn doxo wouiy sanpisar 1o (] T QINUBIA QIm)noLge
Sururer) 9AISU)X PIU SIOWLIR] | “J[[IW puk WNYSIOs 10J 95,6 0) dn 9SeaIOUl SP[AIX | dInuew) dnuew jo uonedrddy | QInuey UOIBAIOSUOD)
JUIUIUOIIAUD
oy uo Joedwir ue oq Aewr 1Y, “JUNOWe UORZI[II)
*SQIIAIAS AIOSIAPE PI[[IS O} ATeurpio oy} 1940 (7)
SSQOJB PIU SIOULIRJ $SIOZI[1)ID) "BABSSED 10J 9 ()f 01 dn pue ‘swek 19ZI[119)) %09 Aq pue (]) 7 Ioz1nIg uonezI[IId)
J0 1500 Y31y A[oAne[oy pUE S[BAID 10J 95()¢—(0 70} dn 9seaIOUl SP[AIL 19ZINIRY) 950 AqQ aseaIou] | | IOZIIo] sruegiouy
7SAV pue doxd uo Furpuadap ‘9,06—07
“TRAD[NO PaseaIour aAey Sp[AIL ¢(S[eA120) sdoId owios 10)

ay) pue doxo ay) uo Jurpuadop

pue (SZSHV) seuozqns [Bd130[099-0I3. JWIOS U]

J[qerreA A[YSIy oIe s)[nsay -aanisod “arep quow
"SQITAIIS a1e sypnsar oy J1 ‘ooeyd ur ind Ajerpawur Sunued/Surmos Areurpio ay) 1 snury
KIOSTADE PO[[IYS 0 $$9008 pue 9q uBd pue SIoWLIR) J0J 1500 A[dWI Jou S0P I | I9)Je YIUOW | Puk d10Joq YIuow quow sojep Suimos
Sururen oAISU)Xa padu s1oulre,] | sporrad AIp Jo/pue joy AIoa Surproae mojfe Aew Jy | | 2ep Sunued/3urmos ay) YIys 1snid| /3unuepd ur a3uey)
SDaUD paf-uyy
SJUIRNSUO)) sjgoug uonduosaq uondo dnoin
uoneydepy

paisay suondo uoneidepy g 3[qel,



296 V. Mereu et al.

Percent

0 10 20 30 40 50 60 70 80 90 100

Il 1 1 1 1 1 I 1 1 1 |

Irrigation

-1 month

Irrigated

+1 month

Residues

Fertilizer 2

Fertilizer 1

Manure 1

Rain-fed

Manure 2
-1 month

+1 month

Fig. 7 Safety ratio of the adaptation options 2020 (From Cervigni et al. 2013)

1.60

1.40 [t

AU U0

0.80 +

Yield change ratio

0.60 4

0.40

0.20 -

0 T T T T T T
Manure 1 Residues Fertilizer2 Fertilizer1 -1month +1month Manure 2

1
B Minimum improvement 4 Maximum improvement

Fig. 8 Adaptation options: maximum and minimum yield improvement (From Cervigni et al.
2013)



Robust Decision Making for a Climate-Resilient Development... 297

+1 month, .
Residues, 9% Fertg:;m 1
13%
-1 month,
7%

Fertilizer 2,
9%

Manure 2,
37%

Manure 1,
25%

Fig. 9 Mini-max adaptation options for rainfed areas (From Cervigni et al. 2013)

Cassava Maize Millet Sorghum Rice
= Fertilizer1 m +1 month w Fertilizer2 = -1 month = Residues = Manure 1 = Manure 2

100% -

90% -
80% -
70% -
60%

50%
40% -

30%
20%

10%

0%

Fig. 10 Composition of mini-max adaptation strategies across rainfed crops (From Cervigni et al.
2013)



298 V. Mereu et al.

Similarly, at the level of AEZ (Fig. 11), the mini-max adaptation strategy in AEZ
10 entails the adoption of a single option, namely “manure 17, whereas in the case
of AEZ 11, the strategy includes five options, namely “—1 month”, “+ 1 month”,
“Fertilizer 2”7, “Residues”, and “Manure 2”. These findings highlight the impor-
tance of stepping up research, development and extension services, to enable the
identification and deployment of crop- and location-specific adaptation options.

Our analysis (Table 3) finds that by 2020 adaptation should be applied to a total of
0.6 to 1.1 million hectares (depending on the climate model considered); by 2050, due
to more severe climate impacts, the area should increase to 14—18 million hectares.
While in 2020 the mini-max adaptation options succeed (with the exception of millet
in one climate model) in fully offsetting climate impacts, a residual gap remains in
2050, ranging from 1% to 22%, depending on crops and climate models (Table 4).
Taking into account the yield differential over time between rainfed and irrigated
conditions, the remaining production gap could be filled by expanding irrigation in the
medium term (2050) to between 1.5 and 1.7 million hectares (Table 5).

3.5.2 Costs of Adaptation

Our results (Table 6) also indicate that adaptation is effective at reducing the net
GDP loss, provided that unit costs can be kept in check.

In the “low unit cost” case, the terminal year loss in GDP is always lower with
adaptation than without; the benefit-cost ratio of adaptation ranges between 1.2 to
almost 2. However, under the high unit cost case, the proposed adaptation strategy

100%-
90%
80%
70%
60%
50%
40%
30%
20%

10%
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1 2 3 4 5 8 9 10 1112 13 14 15
Agro-ecological zones

H Fertilizer 1 M + 1 month W Fertilizer2 ® -1 month B Residues & Manure 1 & Manure 2

Fig. 11 Composition of mini-max adaptation strategies across agro-ecological zones (From
Cervigni et al. 2013)
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Table 3 Applying mini-max rainfed adaptation options by year and climate model
2020 2050
Crops NCAR GFDL RCM NCAR GFDL RCM
Cassava 0.00 0.00 0.22 0.00 0.23 2.06
Maize 0.07 0.33 0.18 3.84 4.05 4.05
Millet 0.00 0.00 0.27 3.01 3.16 3.16
Rice 0.17 0.10 0.13 2.29 2.63 2.63
Sorghum 0.36 0.34 0.29 4.01 4.42 4.42
Yams 0.00 0.00 0.02 0.00 1.66 1.66
Total 0.59 0.77 1.11 13.15 16.15 17.98
Source: Cervigni et al. (2013)
In hectares and millions
Table 4 Production gap eliminated by mini-max rainfed options, by year and climate model
2020 2050
Crops NCAR GFDL RCM NCAR GFDL RCM
Cassava n.a. n.a. 100 n.a. 100 92.2
Maize 100 100 100 100 99.9 99.1
Millet n.a. n.a. 95.1 100 82.6 78.3
Rice 100 100 100 100 89.2 89.0
Sorghum 100 100 100 100 94.0 93.9
Yams n.a. n.a. 100 n.a. 97.4 92.3
Source: Cervigni et al. (2013)
In percent
Table 5 Area of adaptation application by climate model
2020 2050
Areas NCAR | GFDL |RCM | NCAR |GFDL |RCM
Farm practices in rain-fed areas 0.59 0.77 1.11 14.26 16.15 | 17.98
Additional irrigation 0.00 0.00 0.02 0.00 1.49 1.67
Total 0.59 0.77 1.13 14.26 17.65 | 19.65
Source: Cervigni et al. (2013)
In hectares and millions
Table 6 Aggregate costs and benefits of adaptation
Variables NCAR | GDFL RCM
GDP loss induced by climate change in 2050 2.9% 3.6% 4.5%
GDP loss induced by adaptation in 2050:
Low unit cost case 2.3% 2.6% 2.3%
High unit cost case 15.5% 14.3% 12.7%
Benefit cost ratio:
Low unit cost case 1.26 1.38 1.96
High unit cost case 0.19 0.25 0.35

Source: Cervigni et al. (2013)
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is no longer attractive, with the opportunity cost of capital diverted to adaptation far
exceeding the benefit in terms of recovered production. The benefit-cost ratio is
consistently less than 1 under all climate scenarios. These findings underscore the
importance of supporting adaptation with measures to control the unit costs of
investments in irrigation and sustainable land management practices, which appear
to be consistently quite higher in Nigeria than in comparator countries in Africa.

3.5.3 Robust Decision Making Approach for Irrigation Infrastructure

The impact of adapting the design of reservoir or irrigation area to a wetter or dryer
climate is quantified by calculating the avoided regrets. The regrets of using histori-
cal climate as a basis for planning and design of irrigation are typically between
10% (storage optimization, minimum average regrets) and 40% (irrigated area opti-
mization, minimum maximum regrets) of the investment cost. Results of the analy-
sis show that these regrets can be greatly reduced by optimizing the design of
irrigation schemes. On average, the regrets decrease 30-50% depending on the type
of optimization. Moreover, the results vary greatly among case studies, with up to
90% of the regrets that can be avoided in some locations.

Different classes of avoided regrets were defined based on their value compared
to the investment cost. Optimizing the design has a high (low) impact if the avoided
regrets exceed 20% (are less than 5%) of the investment cost, while the impact is
moderate if the avoided regrets are between 5% and 20% of the investment cost.
Results show that, in about half of the case studies, taking into account climate
change in the design has a moderate to high impact, whichever optimization method
is considered. Results obtained by optimizing the storage and the irrigated area
optimization are illustrated on maps in Figs. 12 and 13.

The reduction in regrets exceeded 50% of the investment cost in two case studies
in the northern part of the country. In these areas, the climate is projected to be much
wetter than the historical scenario for all the perturbed models, as shown by the
mean annual runoff and the storage-yield curves. Therefore, there is a strong incen-
tive to build smaller dams to irrigate a given area (or larger irrigated area for a given
storage). Nevertheless, these results should be taken with caution because of the
significant uncertainties in climate models and the hydrological model, and should
be completed with additional ensemble members (e.g. emission scenarios, climate
models, hydrological model parameterization).

4 Conclusions and Recommendations

The results of this analysis indicate that in Nigeria the significance of climate shifts
will increase in the medium term (2036-2065) compared to the short term (2006—
2035). On average, temperatures in Nigeria will rise from 1 to 2 °C, with the north
more affected than the south. Projected changes in the amount and seasonal
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Fig. 12 Regrets avoided by optimizing the storage (From Cervigni et al. 2013). Note: Low impact:
decrease in regrets is less than 5% of the investment cost; moderate impact: between 5% and 20%;
high impact: more than 20%

Regrets avoided by optimizing the irrigated area
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Fig. 13 Regrets avoided by optimizing the irrigated area (From Cervigni et al. 2013). Note: Low
impact: decrease in regrets is less than 5% of the investment cost; moderate impact: between 5%
and 20%; high impact: more than 20%
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distribution of rainfall are quite uncertain, with no clear agreement among climate
models on whether rainfall would rise or fall.

The combination of changes in temperature and precipitation shows biophysical
impacts that can have significant consequences for the agriculture and related water
sector. The likely negative impacts of climate change on rainfed agriculture and the
increased uncertainty about water resources available in the future make it essential
to consider climate change into agricultural sector planning.

Indeed agriculture will mainly be affected by loss of yields for the main crops
(cassava, millet, yam, maize, sorghum, and rice), even if precipitation increases in
several parts of the country. The effects are fairly clear in the longer term but some-
how more ambiguous in the shorter term (2020) when, according to more than half
of the climate models, cassava, and perhaps other crops, might actually experience
an increase in productivity.

The projected decline in rainfed yields along with projected rises in temperature
might ultimately reduce food security. It is projected that half of Nigeria’s agro-
ecological zones will be food insecure by 2020 and 75% by 2050 unless their dimin-
ishing local food production is complemented by improved in-country trade or
more imports.

Impacts on water resources are more uncertain, but it looks very likely that avail-
ability of water for storage and use will be different from the past. In particular, our
analysis suggests that, by 2050, in only 23% of the country the hydrological regime
will remain stable. In the rest of the country, the hydrology of the future will be very
different than today, with 50% of the country expected to have higher runoff than
the historical average, 10% of the country projected to be exposed to drier condi-
tions, and 33% of total land area will be uncertain as climate models disagree so
much that is difficult to define where runoff will increase or decrease.

The decline in crop yields will have significant consequences also for the national
economy, by 2050 reducing GDP (compared to the no-climate change scenario) by
up to 4.5%. Climate change is also projected to increase net import of various crops,
particularly rice and other cereals.

The major policy implication of our analysis is that ignoring the effects of cli-
mate change in the design of agriculture policies, programs and projects would have
dire consequences on the sector’s development prospects, and indeed on the coun-
try’s overall growth. At the same time, because of large uncertainties on the magni-
tude, speed and, in the case of precipitation, even direction of change, there is no
silver bullet to consider in the design of climate change adaptation interventions. In
fact, selecting the wrong adaptation response to climate change may have costs as
large as not adapting at all. In the case of the rainfed agriculture, the adoption of
certain adaptation technologies (e.g. the shift in sowing date) may turn out be ill-
suited for some crops or agro-ecological regions, and result in a net decline in
yields, rather than reducing climate change impacts. Similarly, development of irri-
gation schemes may lead to wrong-sizing of the amount of storage or irrigated area,
both if climate change is ignored, and if a single scenario of climate change is
arbitrarily selected (instead of considering the full range of possible outcomes).
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Admittedly, addressing head-on the challenge of uncertainty in designing adap-
tation responses to climate change requires investments in developing the human
and institutional capacity required to assess the full spectrum of development out-
comes of any given project. In that sense, there is a trade-off between rapidity (and
political expediency) of adaptation response, and their longer term effectiveness and
ability to minimize risks and regrets. It is easier to come up with a package of inter-
ventions that might only look at one end, rather than the full spectrum of possible
climate rather outcomes; and it may put the country in a favorable position to gain
access to bilateral and multilateral sources of climate finance. However, our analysis
suggests that there may be considerable risks at stake, both for the country (which
will not achieve the intended development benefits); and for the international donor
community, which may not get the expected adaptation value for taxpayer money.

Our analysis suggests there is a wide range of land and water management prac-
tices that can offset or even reverse the effects of climate change on crops, and can
do so in a robust way, i.e. improving yields, compared to the no-adaptation case,
over a wide range of future climate scenarios. These practices include elements of
conservation agriculture (e.g., integrated soil fertility management, water harvest-
ing, and agroforestry). Other options are shifts in sowing/planting dates, crop rota-
tion, minimum or no tillage, and restoration of degraded pasture.

A combination of robust sustainable land management practices for 14—18 mil-
lion hectares (ha) of rainfed areas and 1.5—1.7 million additional irrigated ha might
fully offset medium-term climate change impacts on agriculture. At low unit costs,
this adaptation package has a benefit-cost ratio exceeding 1 in all climate scenarios
considered.

Similarly, on irrigation, application of a robust decision making approach can
assist in building climate resilience into investments. Testing the use of the approach
on to 18 planned irrigation schemes, this work finds that the regrets for not includ-
ing climate change in the design can be as high as 40% of investment costs; and that
by selecting the investment strategy that minimizes regrets across multiple climate
outcomes, they can be reduced by 30-50% on average, and up to 90% in some
locations.

Finally, an important challenge for policy is that action on adaptation may be
perceived as having benefits too differed in time (i.e. too far past the time of action).
Nevertheless, there are at least three reasons why the Government may act now to
deal with climate change. First, many actions that will strengthen longer-term
climate resilience will also help reduce the vulnerability to current climate swings.
Second, investment decisions that will be taken in the near future on long-lived
infrastructure, such as irrigation schemes, will determine how resilient these invest-
ments will be to the harsher climate of the future. To avoid locking the sector in a
state of future climate vulnerability, it is essential to carefully evaluate the implica-
tions of alternative planning and design options overs a wide range of future climate
scenarios. Third, building the knowledge, capacity, institutions and policies needed
to deal with the climate of the future takes time. The longer Nigeria delays action,
the less time it will have to get ready, and the more it will have to resort to reactive
practices rather than prevention.
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The actions that Nigeria could consider to enhance its overall ability to plan and
implement climate-resilient development could be organized around the three areas:

1. consolidate and harmonize policies and legislation to effectively integrate cli-
mate change considerations into sector planning and development;

2. develop practical knowledge on climate resilience practices and technologies to
define and prioritize, across space and crops, opportunities for adopting “triple-
win” agricultural options (higher yields, higher climate resilience, reduced car-
bon emissions) and solutions on the ground that farmers can adopt;

3. promote investments and resource mobilization.

Enhancing the climate resilience of the economy is likely to be a major undertak-
ing that no individual institution can accomplish on its own. Considering that States
and LGAs control a large share of public spending in many of the highly climate
vulnerable sectors, the Federal Government may want to establish strategic partner-
ships with the States to optimize the planning and implementation of adaptation
efforts across levels of government and budgetary lines.
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and Adaptive Capacity for Climate Smart
Agricultural Systems
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Abstract The predicted effects of climate change call for a multi-dimensional
method to assess the performance of various agricultural systems across economic,
environmental and social dimensions. Climate smart agriculture (CSA) recognizes
that the three goals of climate adaptation, mitigation and resilience must be inte-
grated into the framework of a sustainable agricultural system. However, current
methods to determine a systems’ ability to achieve CSA goals are lacking. This
paper presents a new simulation-based method based on the Regional Integrated
Assessment (RIA) methods developed by the Agricultural Model Inter-comparison
and Improvement Project (AgMIP) for climate impact assessment. This method
combines available data, field- and stakeholder-based surveys, biophysical and eco-
nomic models, and future climate and socio-economic scenarios. It features an inte-
grated farm and household approach and accounts for heterogeneity across
biophysical and socioeconomic variables as well as temporal variability of climate
indicators. This method allows for assessment of the technologies and practices of
an agricultural system to achieve the three goals of CSA. The case study of a mixed
crop livestock system in western Zimbabwe is highlighted as a typical smallholder
agricultural systems in Africa.
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1 Introduction

One of the most important challenges for agricultural researchers is to evaluate the
potential adoption and impact of agricultural technologies. Early research focused
on economic impacts, but the search for more sustainable systems has shown the
need for multi-dimensional assessments that consider agricultural system perfor-
mance in economic, environmental and social dimensions and the inevitable trad-
eoffs among those dimensions (Antle 2011; Antle et al. 2014). The emerging reality
of climate change means that the search for sustainable systems must also consider
vulnerability to climate change, which may include increasing frequency and mag-
nitude of climate extremes. The recent calls for “climate smart” agriculture recog-
nize that climate adaptation, mitigation and resilience must be integrated into the
broader agenda of developing sustainable agricultural systems.

As Lipper et al. (2014) emphasize, climate-smart agriculture (CSA) is an
approach for transforming and reorienting agricultural systems to support food
security under climate change. Part of that process of re-orientation is to evaluate
the performance of existing farming systems, and possible modifications of those
systems, under a changing climate as well as with other changes (e.g., policy and
technology) that may affect agricultural system performance and farm household
well-being. Various elements of climate-smart agricultural systems have been iden-
tified, and a number of metrics can be utilized to evaluate systems for climate-smart
attributes (Rosenzweig et al. 2015 and Rosenzweig et al. 2016).

Evaluating technologies for their performance in the multiple dimensions of sus-
tainability poses major conceptual, analytical and data challenges: evaluating the
farming system and farm household as an integrated unit, rather than individual
production activities; linking the farming system to the other environmental and
social outcomes that it may impact, including greenhouse gas emissions and carbon
sequestration; and evaluating performance in more extreme and possibly variable
climate conditions. Furthermore, there is a need to assess the usefulness of prospec-
tive changes in production systems that are not yet in widespread use, as well as the
use of existing or new technologies under future climate and socio-economic condi-
tions (Antle et al. 2015a).

The goal of this article is to describe and demonstrate the use of new simulation-
based methods to evaluate the potential for currently available or prospective agri-
cultural systems to achieve the goals of CSA. The motivation for this approach is the
fact that conventional field experiments and ex post assessments are not appropriate
tools to evaluate agricultural system performance in changing and uncertain cli-
matic conditions and future socio-economic conditions. The approach presented
here combines the available data, including observational data from field experi-
ments and from surveys of actual farming system performance, with biophysical
and economic models and future climate and socio-economic scenarios. These
models become the “laboratory” in which simulation experiments are conducted to
explore the performance of agricultural systems under the range of conditions con-
sidered relevant by stakeholders and scientists. An important feature and strength of
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this method is that it relies on input from stakeholders and thus provides a process
to effectively engage stakeholders in the development and evaluation of technologi-
cal options (Valdivia et al. 2015).

The approach we present is based on the Regional Integrated Assessment (RIA)
methods developed by the Agricultural Model Inter-comparison and Improvement
Project (AgMIP) for climate impact assessment (Antle et al. 2015b; AgMIP 2015).
In this chapter, we first describe some of the key features of smallholder farming
systems typical in many parts of Africa as well as other parts of the world, focusing
in particular on the smallholder systems that involve rainfed crops and livestock and
that are particularly vulnerable to climate and other changes and also have limited
capacity to adapt to such changes. Next we provide an overview of the AgMIP
methods for technology impact assessment, and discuss how they can be used for
CSA assessments of vulnerability, resilience and adaptive capacity. We illustrate the
application of these methods with a case study of crop-livestock systems in
Zimbabwe. We conclude with a discussion of the strengths and limitations of these
methods, and how they could be improved to be more useful for CSA.

2 Key Features of Crop-Livestock Systems: Implications
for Modeling

To motivate the discussion of methods to follow, we first describe key features of
typical smallholder agricultural systems in Africa, using the example of mixed crop
livestock systems found in the Nkayi district of western Zimbabwe. Crop produc-
tion is rainfed, and average annual rainfall ranges from 450 to 650 mm, making the
system vulnerable to erratic rainfall with a drought frequency of one in every 5
years. Long-term average maximum and minimum temperatures are 26.9 and
13.4 °C, respectively. The soils vary from inherently infertile deep Kalahari sands,
which are mainly nitrogen- and phosphorus-deficient, to clay and clay loams that
are also nutrient-deficient due to continuous cropping without soil replenishment.
Farmers use mainly a mono-cereal cropping system with addition of low amounts
of inorganic and organic soil amendments. Natural pasture provides the main feed
for livestock, and biomass availability is seasonal. During the wet season feed quan-
tity and quality is appreciable, while during the dry season there is low biomass of
poor quality. The natural pastures are mainly composed of savannah woodlands,
with various grass species (Homann et al. 2007; Masikati et al. 2015).

As in many parts of Africa, mixed crop-livestock production systems are domi-
nant in Nkayi. These farming systems are mainly based on maize, with smaller
portions of sorghum, groundnuts, and cowpeas as staple crops, combined with the
use of communal range lands, fallow land, and crop residues for livestock produc-
tion (Fig. 1). Household livestock holdings vary from a few to 40 head per house-
hold of cattle, donkeys, and goats. Livestock offer opportunities for risk spreading,
farm diversification, and intensification, and provide significant livelihood benefits
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Fig.1 Mixed crop livestock farming systems, provider of food and livelihoods, and most common
form of land use, affected by climate change in semi-arid Zimbabwe (Figure 2 of Masikati et al.
2015)

(Bossio 2009; Williams et al. 2002). Animals complement cropping activities
through the provision of manure for soil fertility maintenance, draft power for cul-
tivation, transport, cash, and food, while crop residues are used as adjuncts to dry-
season feed. These systems evolve in response to various interrelated drivers, such
as increased demographic pressure along with higher incomes earned by the urban
populations, which results in a growing demand for crop and livestock products
with the development of local and urban markets (Homann-KeeTui et al. 2013).
This increased demand for crop and livestock products could benefit small-scale
farmers as they gain access to markets, if they are able to intensify and diversify
production in a sustainable way. These diverse income sources could reduce risk
and increase resilience of farmers.

Another key characteristic of crop-livestock systems in many regions of Africa is
low productivity due to a combination of factors that include unfavorable climatic
conditions, poor and depleted soils, environmental degradation, and low level of
capital endowment that leads to limited uptake of improved technologies, as well as
adverse policies (Kandji et al. 2006; Morton 2007; World Bank Report 2009).
Climate variability and change stressors, superimposed on the many structural prob-
lems in smallholders farming systems where there is not much support nor adequate
adaptation strategies, can exacerbate food insecurity and increase vulnerability
(Kandji et al. 2006; Morton 2007).
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These characteristics of smallholder farming systems suggest that assessment
models need the following features and capabilities.

Integrated farm and household approach A whole-farm approach is needed to
represent all possible adaptation and mitigation options, including crop-livestock
interactions and nutrient cycling, effects of specialization and diversification, and
scale effects. In addition, a whole farm and household approach is needed to repre-
sent all components of the household’s income, including both on-farm and off-
farm income sources and employment opportunities. The household approach is
also needed to represent economic vulnerability and resilience, for example, off-
farm income may be impacted differently than farm income by climate change.

Bio-physical and socio-economic heterogeneity Analysis must account for the
heterogeneity that is often high in farm household populations, in terms of soil con-
ditions and climate, as well as differences in farm and herd size, behavioral differ-
ences due to the farm decision makers’ knowledge and experience, the age, gender
and health of the farm household members, and location and access to markets,
capital and information.

Temporal variation and system dynamics Temporal variation in inputs and out-
puts of these systems has important effects on system performance and human well-
being. For example, a key element of food security is the stability of food availability
over the annual cycle. Adaptation, mitigation and resilience all involve change over
time that can be thought of as investment or dis-investment in natural capital (e.g.,
soil fertility), physical capital (tools, machinery and structures, as well as livestock),
human capital (farm family members’ health, education and knowledge), and social
capital (social networks and relationships). Resilience involves the capacity of a
system to withstand a shock or disruption and naturally involves an understanding
of system dynamics.

3 AgMIP Regional Integrated Assessment Methods

AgMIP has developed a methodology for RIA of climate change impact, adapta-
tion, mitigation and vulnerability, and thus provides a framework for CSA assess-
ment. The approach is designed to quantify indicators of system performance
deemed to be relevant by both stakeholders and scientists, and then conduct simula-
tion experiments to evaluate how system performance responds to climate and other
changes, including system changes for climate adaptation and mitigation. These
methods can be used in various ways to support technology development, e.g., to
facilitate the targeting of agricultural interventions to farm types, for design and
impact assessment of context specific safety-net, food security or market oriented
intervention packages.
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Based on discussions with stakeholders and the research assessment literature, a
number of key indicators were identified to assess impact, vulnerability, mitigation
and adaptation. These indicators are also relevant to the evaluation of CSA.

e Physical quantities and value of principal agricultural products, at the farm
household level and aggregated to the regional or population level.

e Net value of single agricultural commodities as well as entire farms

* Average household per-capita income or wealth.

* The headcount poverty rate in the population (i.e., the proportion of households
below the poverty line) and other poverty measures such as the poverty gap (i.e.,
the degree to which individuals are below the poverty line).

» Food security indicators, including capability to buy an adequate diet, per-capita
food consumption, calories and other nutrient intake, dietary diversity indicators,
and impacts on children such as stunting or mortality.

* Environmental indicators, including soil fertility, soil erosion, and indicators of
greenhouse gas emissions and mitigation.

e Vulnerability, defined as the proportion of households that may be adversely
affected by climate change. Losses can be measured in economic terms or in
other dimensions of well-being such as health.

» Resilience, defined as the capability of a system to minimize the magnitude of
adverse impacts or enhance positive effects towards greater adaptive capacity.

The foundation of the AgMIP RIA approach is the design of the simulation
experiments that are used to evaluate climate impacts and the effects of system
adaptations. There are many possible simulation experiments that can be carried
out. Working with various stakeholders, AgMIP has identified four “core” research
questions for regional integrated assessments. Figure 2 illustrates these Core
Questions described below. Note that climate change can have either negative (left
figure) or positive (right figure) effects without adaptation, and in a given population
of farm households some may experience negative effects and some may experience
positive. Effective climate adaptations will reduce negative effects or enhance posi-
tive effects. Another key element of Fig. 2 is that the climate assessment is carried
out in the context of a plausible future state of the world (i.e., the non-climate bio-
physical and socio-economic future conditions) embodied in a “representative agri-
cultural pathway” or RAP. As we discuss further below, the AgMIP RIA method
includes the development of RAPs with inputs from scientists as well as
stakeholders.

The four core questions are defined as follows:

Core Question 1: What is the sensitivity of current agricultural production
systems to climate change? This question addresses the isolated impacts of a
change in climate assuming that the production system does not change from its
current state. It is useful as a baseline for comparison with other combinations of
technology and states of the world.

Core Question 2: What are the effects of adaptation in the current state of the
world? This question is one often raised by stakeholders: what is the value of
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Fig. 2 Overview of core climate assessment questions and the production system states that are
simulated. The dashed black line represents the evolution of the production system in response to
development in the agricultural sector that would occur without climate change, or independently
of climate change, as defined by a Representative Agricultural Pathway (RAP). Arrows illustrate
effects associated with the four core questions described in the text (Source: adapted from Antle
et al. 2015b)

adapting today’s agricultural systems to climate changes that may be occurring
now and in the near future?

Core Question 3: What is the impact of climate change on future agricultural
production systems? This question evaluates the isolated role of climate impacts
on a future production system, which will differ from the current production
system due to development in the agricultural sector not directly motivated by
climate changes.

Core Question 4: What are the benefits of climate change adaptations? This
question analyzes the benefit of potential adaptation options in the production
system of the future, which may offset climate vulnerabilities or enhance posi-
tive effects identified in Core Question 3 above.

The AgMIP RIA methodology is designed to enable research teams, in collabo-
ration with stakeholders, to answer each of these core questions. Figure 3 provides
an overview of the approach. As noted in the previous section, an integrated whole-
farm and household modeling approach is needed for CSA. Accordingly, the AgMIP
approach to RIA is built on the concept of the farm household and the farming
system that it uses. The foundation of the AgMIP approach is the characterization of
the existing farming system, typically by developing “cartoons” or system diagrams
(see Fig. 1, and Fig. 3b). The research team uses this characterization of the current
systems to identify the key system components, and the corresponding data and
models that will be needed to implement the RIA analysis.
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Fig. 3 AgMIP Regional Integrated Assessment approach simulates climate change impact, vul-
nerability and adaptation through climate data, bio-physical simulation models and economic
models representing a population of heterogeneous farm household systems. (a) RAPS together
with global and national price, productivity and land use projections define the bio-physical and
socio-economic environment in which (b) complex farm household systems operate in heteroge-
neous regions (c¢). Analysis of technology adoption and impact assessment is implemented in these
heterogeneous farm household populations (d). This regional analysis may feed back to the coun-
try and global scales (e) (Source: Antle et al. 2015a)

In the AgMIP RIA methodology, the heterogeneous response to climate change
derives from the productivity impacts of climate change incorporated in the model
through crop and livestock simulation models, as well as the socio-economic
heterogeneity in the farm household system due to variations in farm size, house-
hold size, and non-farm income. As explained in detail in the AgMIP RIA Handbook
(AgMIP 2015), the AgMIP method uses crop and livestock model simulations to
project the effects of climate change on the productivity of a system. In this method
ayield under a changed climate is approximated as y° =r° -y° where y° is an observed
yield and r° is a simulated relative yield calculated as 1° = y*/y*, where y* is the
simulated yield under the changed condition, and y* is the simulated yield under the
observed condition. This procedure is used rather than directly using y* as an esti-
mate of y© to account for the fact that simulated yields do not incorporate all the
factors affecting observed yields and thus tend to be biased. If this bias is (approxi-
mately) proportional and equal for both y* and y* then it will cancel out. In cases
where process-based models are not available for a crop or livestock species,
assumptions for yield impacts are included in scenarios based on expert judgment
and other available data such as behavior of similar species or studies of analog
climates.
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For analysis of adaptations, a similar method is used to assess how the existing
system could be changed. These changes can range from management of the exist-
ing production activities, changes in the land or other resources allocated to those
activities, as well as the introduction of new activities or the elimination of activi-
ties. Also, changes in the farm household’s labor allocation between production
activities, and between agricultural and non-agricultural activities can be consid-
ered. These characterization of the existing and prospective farming systems also
helps to develop future socio-economic pathways (i.e., Representative Agricultural
Pathways, see below) by identifying the “external” or “driving” variables that define
the bio-physical and socio-economic conditions in which the analysis is conducted.
For example, if the analysis is being designed for a future period, it is likely that
prices received or paid by the farmers will be different. It is also likely that charac-
teristics of the farm household population will change, such as the farm size distri-
bution, non-agricultural income and household size.

3.1 Quantifying Vulnerability

The AgMIP RIA methods are designed to assess vulnerability of farm households
to climate change. We define a climate as a probability distribution of weather
events that occur at a specific place and during a defined period of time. A change
in climate is a change in the probability distribution of weather events. These
changes are often described in terms of the mean temperature over a period of time
such as a day, month or year, but can also be changes in temperature extremes, the
variability of weather events, and other aspects such as rainfall amount and intensity
and wind velocity.

Impacts of climate change are quantified as gains and losses in economic well-
being (e.g., farm income or per capita income) or other metrics of well-being (e.g.,
changes in health or environmental quality). In this framework, some or all indi-
viduals may gain or lose from a change, and we say the losers are vulnerable to loss
Jfrom climate change. The AgMIP RIA methodology is designed to quantify the
proportion of the population that are losers, as well as the magnitude of loss. It is
important to note, however, that in a heterogeneous population there are typically
some gainers and some losers, and thus the net impact may be positive or negative.

The AgMIP RIA method is designed to quantify climate vulnerability by model-
ing a heterogeneous population of farm households rather than modeling a “repre-
sentative” or average or typical farm. This approach begins with the representation
of impacts on the farm household using the concept of economic gains and losses
(other metrics of impact can be also be used depending on available data, e.g., the
impact on health of household members). As Fig. 3 shows, the AgMIP RIA approach
uses a statistical representation of the farming system in a heterogeneous region or
population to quantify the distribution of gains and losses, e.g., due to climate
change. Figure 4 illustrates this idea with two loss distributions. The area under the
distribution on the positive side of zero is the proportion of losers and is the measure
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Fig. 4 Vulnerability Assessment Using the Distribution of Losses Associated with Climate
Change. The area under the distribution on the positive side of zero is the proportion of losers and
a measure of vulnerability. Here the solid distribution represents a system for which the average
loss is positive and there are more losers than gainers. The dashed distribution represents a system
with more gainers than losers. The goal of climate adaptation is to shift the distribution leftward

of vulnerability. The solid distribution in Fig. 4 represents a system for which the
average loss is positive and there are more losers than gainers. Note, however, that
even in this case there are some gainers.

The goal of analysis for CSA is to improve the performance of farming systems.
In the context of vulnerability analysis, this means reducing the number of losers
(the vulnerable) and increasing the gainers from any perturbation of the system, be
it climate change or any other change. The dashed distribution in Fig. 4 represents a
system that is less vulnerable to climate change, and has more gainers than losers.
Note that in this case, even though gainers outnumber losers, there are still some
losers. It is also important to note that both the mean and the dispersion of the dis-
tribution of gains and losses matters to the measurement of vulnerability. Indeed,
the dispersion (i.e., variance) of the distribution of losses represents the heterogene-
ity of the impacts of climate change on the population. In the AgMIP RIA method-
ology, this heterogeneous response to climate change derives from the productivity
impacts of climate change incorporated in the model through crop and livestock
simulation models (see discussion below), as well as the socio-economic heteroge-
neity in the farm household system due to variations in farm size, household size,
and non-farm income. The areas under the distributions on the positive side in Fig. 4
represent the proportion of vulnerable farm households. The AgMIP RIA methodol-
ogy also provides the capability to simulate the magnitude of impacts on the vulner-
able members of the population, as well as the impact on those that gain, and the net
or aggregate impact in the population.
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3.2 Quantifying Resilience

Resilience has been defined in a number of ways in the scientific literature. In ecol-
ogy, resilience is defined as the capacity of a system to maintain its form and func-
tion in response to a shock or disruption (Folke 2006; Nelson et al. 2007). In
economic terms, resilience can be defined as the capacity to restore or maintain
economic values, such as farm income (Antle et al. 2006; Antle and Capalbo 2010),
or to minimize the loss from an adverse disruption or “disaster” over the time it
takes for a system to return to its “normal” state (Hallegate 2014). Resilience to
climate change can also be defined more broadly as the capacity to cope with change
and minimize losses from change and enhance possible benefits of change, and thus
can incorporate longer-term responses through adaptation (Malone 2009).

The definition of resilience as the capacity to withstand disruptions refers to the
properties of a given system’s performance, and is most relevant to analysis of rela-
tively short-term events such as a storm or drought where it can be expected that the
system will return to its normal state. In contrast, the capability to adapt or respond
by making purposeful changes in a system seems most relevant to longer-term per-
manent changes in climate, and can include adaptations that are designed to improve
the capability to withstand shocks or disruptions. Clearly, both concepts of resil-
ience — the ability to minimize the effects of temporary shocks and disruptions, as
well as the capacity to cope with the long-term shifts in weather patterns associated
with climate change — are relevant to analysis of agricultural system performance.

The AgMIP RIA framework illustrated in Figs. 2 and 3 can be used to quantify
resilience using the various indicators identified above. As noted above, vulnerabil-
ity is measured as the proportion of farm households that experience a loss over a
specified period of time. Loss can be measured in economic terms as reduced
income or loss of the capitalized value of income plus assets, and also in non-
economic terms such as reduced health or degraded environmental conditions. To
see how resilience can be quantified, define the minimum possible loss for a given
system as Loss,,;, and define the realized loss as Loss. This minimum loss can be
measured in various ways depending on the context. For example, it could be the
loss that would be incurred if the best coping actions are undertaken as soon as pos-
sible and as effectively as possible. A resilience indicator can be calculated as 100
(Loss,i, | Loss), similar to what Hallegate (2014) defines as “microeconomic resil-
ience”. Thus, if a system can achieve the minimum possible loss its resilience is
100%, and otherwise its resilience is less than 100%.

This measure of resilience fits the situation where there is a loss, whereas with
climate change and other types of change there can be net aggregate gains in some
cases, and even when there are losers, there are also likely to be some gainers. To
accommodate both gains and losses, we adopt the convention that resilience is
100% for gainers. Letting v be the percent of vulnerable population, the resilience
indicator for the population of gainers and losers is then calculated as 100 (1 —v) +v
Loss,,, | Loss.
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Fig. 5 Analysis of Resilience to Temporary Disruptions and Long-term Change. See the text for
explanation

This definition of resilience makes sense for a temporary change or disruption
that a system can fully recover from, such as a seasonal drought followed by normal
weather. However, if there are long-term changes, such as climate change, then the
minimum loss would grow over time and the ratio Loss,,, / Loss would be unde-
fined. A solution to this problem is to measure the losses over a finite time period
relevant to decision making for making technology investment decisions, so that the
minimum loss and actual loss are both bounded.

Figure 5 provides a stylized graphical representation of how resilience can be
quantified for a temporary disruption as well as for a permanent change, over a
specified time horizon from time t, to time t,. In the analysis of a temporary disrup-
tion, the system provides a value V, before the disruption occurs at t;. The disrup-
tion lowers the system performance to V,, and the system then recovers along some
path from V, back to V, (the path is shown as linear in Fig. 5, but more generally
may be nonlinear). Suppose we are comparing two different systems, one more
resilient than the other. The heavy dashed line in Fig. 5 indicates the system with the
most rapid recovery possible, and thus Loss,,;,, equals area (A + D) and its resilience
is 100% The less resilient system recovers along the path indicated by the lighter
dashed line, so the loss is area (A + B + D + E), and the system resilience is calcu-
lated as 100 (A + D)/ (A+B + D + E) < 100%.

The analysis of resilience to a long-term change in climate is somewhat different
than the case of a temporary disturbance in several respects. In response to long-
term changes we expect systems to be adapted to climate change to some degree.
There are three types of adaptations that can be expected to occur and can overlap
at different scales. First, there are the kinds of changes in management that farmers
can undertake within the existing system, such as changes in planting dates and
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reallocation of land and other resources among existing crops and livestock activi-
ties, or reallocation of their time among farm and non-farm activities. These types
of adaptations have been called “autonomous or incremental adaptations.” Second,
there are adaptations that require investments external to the farm, such as invest-
ments in research and development of new technologies, such as improved crop
varieties, or diversification and risk management options, sometimes referred to as
“planned or systems adaptations.” Third, transformational adaptation requires more
fundamental changes in production systems, institutional arrangements, priorities
for investment, and norms and behaviour (Kates et al. 2012). Zimbabwe is among
the countries where transformational adaptation is recommended, to shift the sys-
tems towards more livestock-oriented and diversified systems with drought-tolerant
food and feed crops, and development of the associated value chains (Rippke et al.
2016; Rickards and Howden 2012).

As illustrated in Fig. 2, the system currently in use would follow a path over
time from the value indicated by the white triangle to the blue circle, whereas a
system better adapted to the future climate would achieve a higher level of perfor-
mance indicated by the green square. However, it is not clear from this diagram at
what point in time along this path adaptations take place. One might assume that
autonomous adaptations occur more-or-less continuously as farmers learn about
climate changes and how to adapt management, whereas planned adaptations
could occur in more discrete steps, e.g., as new crop varieties are developed and
released.

The complexity of the progression of adaptation over time creates a major chal-
lenge for the analysis of adaptation. Given the difficulty analysts face in knowing
how adaptations would evolve over time, the approach we adopt here is to treat each
adapted system as if it were to become available at a discrete point in time, and that
its effectiveness increases over time up to its maximum, depending on the charac-
teristics of the technology and the capacity of farmers to acquire and use it
successfully.

Following this approach, in Fig. 5 we can interpret V, as the performance of the
current system in the future period without climate change (i.e., as the value repre-
sented by the white circle in Fig. 2). V, represents the value the same system would
achieve with climate change (i.e., the blue circle in Fig. 2), and V; represents the
value that an adapted system can achieve (i.e., the green square in Fig. 2). We can
now interpret the heavy dashed line as a more rapid adoption pathway for the
adapted technology, and the lighter dashed line as a less-rapid adoption pathway.
Thus, under the rapid adaptation scenario, the loss due to climate change from t; to
t, would be equal to area (A + B + C + D) which we could interpret as Loss,,;, and
corresponding to a resilience measure of 100%. Under the slower adaptation path-
way, the loss would be (A + B + C + D + E), implying a resilience of 100
(A+B+C+D)(A+B+C+D+E)< 100%. The resilience of the unadapted
system would be lower, and equal to 100 (A+B+C+D)/ (A+B+C+D+E+F).
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3.3 Representing Future Socio-economic Conditions

In a climate change analysis, it is necessary to distinguish between three basic fac-
tors affecting the expected value of a production system: the production methods
used (i.e., the system technology); the physical environment in which the system is
operated, including soils and climate; and the economic and social environment in
which the system is operated, i.e., the socio-economic setting. In the AgMIP RIA
methodology, the non-climate bio-physical conditions and socio-economic condi-
tions are embodied in a Representative Agricultural Pathway, or RAP (Valdivia
etal. 2015). RAPs are qualitative storylines that can be translated into model param-
eters such as farm and household size, prices and costs of production, and policy.
Following the four core climate impact assessment questions discussed above, the
model can be set up with appropriate combinations of parameters to represent the
corresponding technologies, climates, and socio-economic conditions.

As indicated in Fig. 2, the analysis of Core Questions 3 and 4 is carried out under
plausible future conditions defined by Representative Agricultural Pathways. To
project the average level of productivity into the future that would occur with ongo-
ing technological advancements (not associated with climate change or adaptation),
the AgMIP methodology utilizes the technology trend and price projections devel-
oped for global economic models (e.g., see Nelson et al. 2013), together with the
assessment of technology trends made by research teams in the development of
regional RAPs.

3.4 Defining and Quantifying Adaptation

The goal of adaptation analysis is to improve the performance of farming systems,
e.g., to reduce vulnerability as illustrated in Fig. 4. The relative yield concept dis-
cussed above for modeling climate productivity impacts can also be applied to
quantify the effects of an adaptation on a crop yield. Let a yield for an adapted
system (say, a change in planting date) be y* = r* -y° where y° is an observed yield
and r* is a simulated relative yield calculated as 1* = y*/y*°, where y* is the simulated
yield under the adapted management, and y*° is the simulated yield under the non-
adapted (observed) management. This method can be applied under any climate
conditions. Thus, for projecting yield with climate change and adapted manage-
ment, we have y* =r* -y* =r*- 1° -y°.

As we discussed above, the analysis of climate impact and adaptation must be
carried out under future socio-economic conditions defined by a RAP. By definition,
the RAP represents changes in socio-economic conditions that would occur without
climate change. Therefore, any changes in crop or livestock systems and productiv-
ity described in a RAP cannot be a climate adaptation. Changes defined as a climate
adaptation must, by definition, be changes that would occur in response to changes
in climate, given any other changes that would have occurred regardless of climate
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change. The “simulation experiments” carried out for a climate adaptation analysis
are designed to show the effect of climate adaptation holding all else constant,
including any changes in productivity that would have occurred without climate
change.

4 Assessing Crop-Livestock System Adaptations
in Zimbabwe for CSA

In this section we summarize results from a recent study of the crop-livestock sys-
tems described in Fig. 1 and Section 1 that used the AgMIP integrated assessment
approach to evaluate the climate vulnerability and benefits of adaptation strategies
in these systems for multiple climate change scenarios (Masikati et al. 2015). Data
from climate projections and RAPs were combined with soils and weather data and
farm survey data to parameterize crop, livestock and economic simulation models
to simulate the performance of systems under future socio-economic conditions
with climate change. Next these models were used to simulate the performance of
the systems with three adaptations that could improve crop and livestock productiv-
ity: applying higher levels of N fertilizer with micro-dosing; producing maize with
recommended N fertilizer application rates; and with maize being grown in a rota-
tion with mucuna.

To illustrate the use of the AgMIP RIA methods, here we report crop and live-
stock modeling results using averages over projections from five mid-century cli-
mate models that were run with a high emissions scenario (referred to by climate
modelers as Representative Concentration Pathway 8.5), together with a business as
usual Representative Agricultural Pathway for mid-century. We evaluate the eco-
nomic impacts of the driest climate scenario on the crop-livestock system of Nkayi,
Zimbabwe without adaptation, and with the following package of adaptations
designed for resource-limited households.

e Adoption of long duration maize varieties instead of short duration varieties,
with grain yield increases between 8% and 18%, and residue increases between
5% and 11%.

e Converting 1/3 of the maize land to maize-mucuna rotation, 30% of the mucuna
biomass left on the fields as inorganic fertilizer for subsequent maize. 70% fed to
cattle or available for sale.

e Application of micro-dosing (17 kg N/ha) on 1/3 of the maize field, second year
after the maize mucuna rotation.

It is important to emphasize that the results reported here are for a single scenario
to illustrate how the AgMIP methods can be used for CSA analysis. Each of the
components of the analysis is uncertain, and to represent that uncertainty a more
complete analysis would utilize multiple climate projections and multiple socio-
economic scenarios and model components. Also, we emphasize that by interpreting
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these changes as climate adaptations, it is assumed that these changes would not
have been adopted in order to achieve the productivity gains already embodied in
the Representative Agricultural Pathway.

4.1 Climate Projections

For the climate scenario used, temperatures are projected to increase across the
whole region of southern Africa. Changes range from large increases inland (above
3 °C in southwestern Botswana and surrounding areas) to smaller increases in
coastal areas. Rainfall projections are less certain; rainy seasons are likely to start
later and there are indications that rainfall will decrease over most of southern
Africa, particularly over the western and central regions. Here we present results
using one model that shows a mean temperature increase of about 3 °C and a mean
rainfall decrease of about 0.6 mm/day over October—March, compared to the cur-
rent average of about 3.4 mm/day.

4.2 Crop Models

The Agricultural Production Systems Simulator (APSIM) (Keating et al. 2003) was
used to assess the impacts of climate change on crop production. The model was
calibrated for maize and the forage legume, mucuna (mucuna pruriens) using on-
farm experimental data obtained from the ICRISAT research work under different
projects in Nkayi district (Masikati 2011; Homann-KeeTui et al. 2013). APSIM
Results were judged satisfactory with observed mean maize grain yield of 1115 kg/
ha and simulated of 1185 kg/ha. However, the model had a tendency to over-predict
maize biomass with mean observed yield of 2460 kg/ha and simulated of 3385 kg/
ha. For mucuna biomass results were satisfactory with mean observed yields of
4263 kg/ha and simulated of 4224 kg/ha.

The model was also evaluated for its ability to simulate maize grain yield vari-
ability across farming households. The model showed capacity to simulate the mid-
dle yield range from the farming households but did not perform so well for the
lower and higher yields (Masikati et al. 2015). To offset the models’ effects on
projected future yields, the simulated yields were bias corrected before doing the
economic analyses; the biomass yields were also adjusted before they were used for
livestock simulations.
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4.3 Livestock Model

Household-level livestock production was modeled with LIVSIM (LIVestock
SIMulator, Rufino et al. 2009). The LIVSIM model was earlier calibrated for
Zimbabwean conditions and the Mashona breed, for which it is also used here
(Rufino et al. 2008; Rufino et al. 2011). LIVSIM simulates production with a
monthly time step, based on breed-specific genetic potential and feed intake, taking
into account specific rules for herd management. The impact of climate change and
the various adaptation strategies on livestock production was predicted based solely
on simulated changes in on-farm feed production resulting from the crop model
runs. Livestock rely on community rangelands during the whole year and in the dry
season, crop residues constitute an important feedbase component (Masikati 2011).
However, the feed quality of the crop residues and of the dried grasses in the range-
land is low and also the risk of low crop production during dry years is relatively
high. Therefore, feed gaps in the dry season are common, leading to important inef-
ficiencies in the livestock component of the system. Hence grass and on-farm feed
production and composition change with climate, and the effects of these changes
on livestock were simulated with LIVSIM for climate change under current prac-
tices and for the adaptation strategies. The effects of increased crop residue avail-
ability in the fertilizer adaptation strategies and of higher-quality feed in the mucuna
strategy were investigated. However, potential changes in rangeland productivity
and direct effects of temperature on animal performance were not taken into account
in this study.

4.4 Economic Model

AgMIP is using the Tradeoff Analysis model for Multi-Dimensional impact assess-
ment (TOA-MD) to implement the economic analysis component of the RIA meth-
odology. The TOA-MD model is a parsimonious, generic model for analysis of
technology adoption and impact assessment, and ecosystem services analysis.
Further details on the impact assessment aspects of the model are provided in Antle
(2011) and Antle et al. (2014). The model software and the data used in various
studies are available to researchers with documentation and self-guided learning
modules at http://tradeoffs.oregonstate.edu.

There are several features of this model that make it appropriate for assessment
of technologies for climate impact assessment as well as analysis of technologies
for CSA. First, TOA-MD represents the whole farm production system which can
be composed of (as appropriate) a crop sub-system containing multiple crops, a
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livestock subsystem with multiple livestock species, an aquaculture sub-system
with multiple species, and the farm household (characterized by the number of fam-
ily members and the amount of off-farm income). Second, TOA-MD is a model of
afarm population, nota model of an individual or “representative” farm. Accordingly,
the TOA-MD model is designed to quantify vulnerability and resilience using gains
and losses as discussed above. With suitable bio-physical and economic data, these
statistical parameters can be estimated for an observable production system. Using
the methods described in the AgMIP Regional Integrated Assessment Handbook
(AgMIP 2015), model parameters under climate change, without or with adapta-
tion, can be calculated, and the model can be used to evaluate the four Core
Questions identified in Fig. 2.

The TOA-MD model was parameterized using household surveys conducted in
2011 with 160 farmers interviewed in 8 villages that provided data on farm, herd
and household size, off-farm income, revenues from crops and livestock, and the
costs of production. In addition, 8 focus group discussions, one per each village
surveyed, assessed agricultural output and input prices, perceived as normal prices
during the observation year, not peak prices (Homann-KeeTui et al. 2013, 2015).
For the calculation of net returns, monetary values of the crop (grain and residues)
and livestock (sale, draft power, manure, milk) outputs were estimated with observed
values or at opportunity cost, with internally used crop and livestock outputs fac-
tored in as costs under the respective activities, taking into account the local user
practices. For the analysis presented here, the farm households were stratified into
three groups according to livestock ownership as the locally most important wealth
criterion (none; 1-8 cattle, or more than 8 cattle).

A Representative Agricultural Pathway (RAP) was developed with stakeholder
collaboration to project the current systems into the future. In this analysis, the opti-
mistic assumption was made that Zimbabwe will move out of 15 years of economic
crisis towards positive economic development. Acknowledging the challenges and
time required for institutional change, pro-active governance and investments, con-
servative projections were made for future productivity trends and prices. The path-
way used was based on growth through market-oriented crop and livestock
production, as government seeks to promote agricultural production and restore
investor confidence. Severe liquidity constraints however restrict public and private
investments. Limited employment opportunities in urban areas reduce rural-urban
migration. An exogenous yield increase of 40% was assumed for maize as the pre-
dominant crop, and 35% increase for small grains and legumes. Fodder crops were
only recently introduced and no market exists, and no increase was assumed.
Productivity increases of 35% for cattle and 25% for small stock offtake was
assumed, made possible by reducing mortality and improving livestock quality, and
also modest 10% increases milk, manure and draft power production were assumed.

It was also assumed that international product prices are not fully transmitted to
the national and local markets. Price increases for grain and live animal sales was
assumed to be 10% from 2005 to 2050, and a 5% increase for the other products that
are usually not traded. Input prices tend to remain high with 10% price growth.
Input subsidies are assumed to be limited to vulnerable households during recovery
and rehabilitation.
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4.5 Impact of Climate Impact and Adaptation on Crop
and Livestock Productivity

The mean of the crop model simulations showed projected crop yield losses under the
current farming practices were modest, in the range of 7-9%, although some climate
model projections were much higher or lower (Fig. 6). Crop systems in Nkayi are low
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Fig. 6 Boxplots showing average percent maize grain and stover yield change in Nkayi district,
Zimbabwe, under current farmer practice (no-adapt) and different adaptation strategies
(Adapt-N17 = microdosing at 17 kg N/ha and Adapt-Rot = maize-mucuna rotation system. The
percent change under adapted scenarios is calculated with respect to the non-adapted scenario
under climate change while for the non adapted scenario yield change is relative to current practice
under current climate
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input systems where average yields are around 500-700 kg/ha. Temperature thresh-
olds for maize in the APSIM model are greater than 30 °C (Hatfield et al. 2011;
Hatfield and Prueger 2015), and current average maximum temperature during the
growing season is about 27 °C, so higher average temperatures of 2-3 °C do not sub-
stantially affect crop production unless there are more extreme events in a particular
growing season. The simulations show average impacts on yields are small but some
larger positive and negative outcomes can also be expected (Fig. 6).

Because the average reductions predicted by the crop models are relatively small,
the use of soil amendments as adaptation strategies can more than offset the nega-
tive impact of climate change, with mean yield gains ranging between 20% and
80% (Fig. 6). The use of organic amendments such as legume residues and low
inorganic fertilizer application show higher yield variability as compared to the no-
adaptation scenario, however average yields under adapted management are greater
than 2 t/ha. The subsequent maize crop after mucuna would benefit from biological
nitrogen fixation and also from the crop residues that are applied. Such adaptation
strategies would benefit resource-poor farmers to improve main staple crop yields
with minimal external inputs. Again, we emphasize that the analysis assumes that
these changes in management would not be made as part of the ongoing improve-
ment in practices that is represented in the RAP.

Impacts of climate change and adaptation packages on livestock productivity
were assessed through changes in feed quantity and quality. Reduced grass growth
due to climate change lowered feed intake from the rangelands by 10% and 50% in
the rainy season and dry season respectively. Climate change reduced on-farm
maize stover yield by on average 15%, further aggravating the dry season feed gaps
that are characteristic for the mixed crop-livestock systems in semi-arid areas. The
adaptation package helped offsetting the adverse effects of climate change on fod-
der availability by increasing the fodder quantity through fertilizer input and
rotations with legume crops. The diversification with legume grain and fodder crops
also improved the fodder quality, primarily through higher protein content.

Climate change resulted in a 35-39% and 30-35% reduction of annual milk produc-
tion for households with small and large herds respectively (Fig. 7). Offtake was roughly
halved by climate change (Fig. 7) and with lower feed availability resulting in underfed
animals, mortality rates rose by 8% and 14% for households with small and large herds
respectively. With the adaptation package, on-farm feed quantity and quality was
improved, resulting in milk production at roughly the same level that was obtained with-
out climate change. The offtake was brought back to about 80% and 90% of the offtake
in the current climate for households with small and large herds respectively.

4.6 Economic Analysis: Climate Impact, Adaptation,
Vulnerability and Resilience

Table 2 summarizes the results of the economic analysis of climate change impact
for the farm population in Nkayi stratified by cattle ownership. We compare climate
change impact without adaptation and with the adaptation package (comprised of
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Fig. 7 Annual milk production and offtake per farm in the current and future climate without
adaptation package and with the adaptation package (long duration maize varieties, allocation of
land to a maize-mucuna rotation, mucuna biomass left on the fields as inorganic fertilizer for sub-
sequent maize, and use of micro-dosing of N on maize) for households with small and large herds

the elements identified above: long duration maize varieties, allocation of land to a
maize-mucuna rotation, mucuna biomass left on the fields as inorganic fertilizer for
subsequent maize, and use of micro-dosing of N on maize in the maize-mucuna
rotation). We emphasize that these results are based on a single scenario comprised
of one climate model projection, one crop model and livestock model, and one
socio-economic scenario, to illustrate the type of analysis that can be done. More
generally, it is important to consider the uncertainties in each component by utiliz-
ing a range of scenarios and model assumptions.

Without adaptation, Table 2 shows that vulnerability to loss from climate change
ranges from 45% of the farm households without cattle, to 61% and 71% of house-
holds with small and large herds. The households with cattle are more vulnerable
because, as discussed above, the main adverse impact shown by the crop and live-
stock model simulations is on livestock feed availability and livestock productivity.
These losses range from 25% to 57% of mean farm net returns before climate
change, and thus represent a substantial loss for the vulnerable households, and cor-
respond to losses of 11-16% of per capita income. However, some farms gain, and
these gains range from 28% to 34% of mean returns before climate change. These
gains are attributed to the heterogeneity in the bio-physical and economic condi-
tions that exist. For example, in any given year, rainfall varies across the landscape
with some areas drier and some wetter, with corresponding variation in crop and
forage productivity. The net impacts aggregated across all farms are small for farms
without livestock (about +3%), but much larger and negative for farms with large
herds (=23%). It is important to recognize that even though the losses are a larger
percent of farm income for the farms with cattle, the farms without cattle are much
poorer. Thus, with climate change the negatively impacted farms without cattle will
be in an even worse condition than before climate change and much poorer than the
farms with cattle.

Table 2 shows that farms without cattle are very likely to adopt the adaptations
being considered, with adoption rates about 96% in the rapid adaptation scenario
and over 75% in the scenario of a transitional adaptation in which the benefits are
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Table 1 Base system characteristics of 160 mixed farms used for the analysis, by farm type, in
Nkayi district

Variables Units Ocattle | 1-8 cattle | >8 cattle | Total

Mean Mean Mean Mean | Std. Dev.
Proportion in % 42.5 38.1 19.4 n.a. n.a.
community
Household members people 5.9 6.9 7.4 6.6 2.5
Proportion of female %o 27.9 31.1 22.6 28.1 n.a.
headed households
Net returns maize US$/farm 60 162 63 100 121
Net returns other crops US$/farm 31 62 35 44 53
Net returns cattle US$/farm 0 472 1347 443 58