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Introduction: The objective of this study was to analyze how innovations in 
Climate-smart agriculture (CSA) contribute to improving the food and nutrition 
security of smallholder households, thereby promoting sustainable food systems.

Methods: A cross-sectional household survey was conducted among a 
multi-stage sample of 424 smallholder farmers drawn from five different 
agroecosystems. To examine households’ food and nutrition security, we 
used food consumption score (FCS) and modified household dietary diversity 
score (HDDS) in propensity score matching (PSM) and endogenous switching 
regression (ESR) estimation models.

Results: PSM results showed that crop residue management, compost, and 
agroforestry have a significant effect on improving households’ food and nutrition 
security by 21.3, 13.6, and 16.6%, respectively, whereas Soil and water conservation 
(SWC) has reduced adopters’ food security by 12.9%. However, the conditional 
average treatment effect, or ESR result, reveals that households’ food and nutrition 
security has improved as a result of the adoption of crop residue management, 
compost, SWC, and agroforestry.

Discussion: Although the impact of crop residue management, compost, and 
agroforestry is positive, the effect of SWC on household food security has been 
inconclusive. Hence, it is important to upscale the adoption of multiple CSA 
innovations to improve smallholder household’s food security in the face of 
climate change.
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1 Introduction

Despite Africa contributing the least to greenhouse gas emissions on a global scale, the 
continent has experienced significant loss and damage in key development sectors as a result 
of anthropogenic climate change (Ayugi et al., 2022). Climate projections show that the 
drought changes over East Africa follow a “dry get drier and wet gets wetter” trend (Haile 
et  al., 2020). Climate change is damaging Africa’s agriculture, forestry, fisheries, and 
aquaculture (Trisos et al., 2022). Anthropogenic climate change has a significant impact on 
the livelihoods of smallholder farmers, primarily due to various interconnected factors that 
include reductions in crop yields, changes in market dynamics, increases in food prices, and 
the destruction of supply chain infrastructure due to extreme warming, changing precipitation 
patterns, and the increased frequency of extreme events such as drought and floods (Kotir, 
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2011; Murray et  al., 2016; Harvey et  al., 2018; IPCC, 2019). It 
threatens the food systems of sub-Saharan Africa by affecting all 
components of food security: food availability, food accessibility, food 
utilization, and food stability, exacerbating poverty reduction, food 
security, and achieving the Sustainable Development Goals (SDGs) 
(Kotir, 2011; Makate, 2019). These adverse effects disrupt agricultural 
production, making it more challenging for smallholder farmers to 
sustain their livelihoods exacerbating food insecurity and making 
food security a major agricultural development concern in 
Sub-Saharan Africa (FAO, 2020).

Thus, food insecurity has been a major issue in Ethiopia for 
decades due to a series of production failures that resulted in chronic 
food insecurity since the 1970s. Since 1950, twelve major drought-
induced food security crises have occurred (FDRE, 2019). Due to 
climate change hazards such as flooding, infrastructures such as 
roads have been washed away or closed, hindering market access and 
exacerbating a shortage of available food consumption in the summer 
lean season (Bewekt, 2012; Melak, 2014). Even in the most productive 
areas, poorer farmers purchase some of their food, and households 
depend heavily on markets and in-kind contributions during the 
agricultural lean seasons (WFP, 2014). Hence, not only food 
availability but also food access components are critical for food 
security in Ethiopia.

The adoption of climate-smart agriculture (CSA) is one 
important step toward improving the well-being of smallholder 
farming communities in developing countries dealing with climate 
change and limited land for agricultural expansion (Makate et al., 
2019; Mujeyi et  al., 2021; Sardar et  al., 2021). According to the 
literature, increased agricultural productivity can improve 
household welfare by increasing income and improving food 
security by allowing them to produce their food (Mujeyi et al., 2021; 
Tesfaye et  al., 2021). Hence, farmers decide to adopt CSA 
innovations depending on several benefits associated with the 
technologies they adopt, and among these, food security is the most 
important one (Mujeyi et al., 2021; Teklu et al., 2023b). Adoption 
of CSA innovations directly affects crop-livestock productivity, 
non-food agricultural production such as fuel wood lot, and 
off-farm activities. The agricultural food stack is used for household 
food consumption, while sales of agricultural products and fuel 
wood lots, help to access food from the market and pay for health 
and water sanitation (Teklu et  al., 2022). The feedback due to 
climate change will affect the decision to adopt CSA innovations. 
Moreover, the increase in food security of the household will 
increase the welfare of the household and encourage the adoption 
of CSA innovations that enhance food security (Teklu et al., 2023a). 
Thus, improving agricultural productivity is a means of enhancing 
the availability of food, rural income, and other livelihood assets for 
farm households.

Literature exists on climate change adaptation strategies (Deressa 
et al., 2011; Tesfaye and Seifu, 2016; Asrat and Simane, 2018; Asmare 
et  al., 2019), yet there is limited literature on the impact of CSA 
innovations on food security. Although there are few studies, 
particularly in the Upper Blue Nile Highlands of Ethiopia (Teklewold 
et  al., 2017, 2019), they lack findings on the impact of CSA 
innovations on food security by taking standard food security 
measurements. Therefore, the primary goal of this paper is to 
investigate the impact of CSA innovation adoption on household 
food and nutrition security.

2 Materials and methods

2.1 Study area

The Choke Mountain watershed is located in Ethiopia’s Blue 
Nile Highlands. It is located between 9° 38′ 00″ and 10°55′ 24″ 
North and 37° 07′ 00″ and 38° 17′ 00″ East. The Choke Mountain 
watershed is part of the Blue Nile highlands which are known to 
be surplus-producing regions and the water tower of the Blue Nile 
(Simane et al., 2016). Agriculture is the main economic activity and 
source of livelihood. The farming system is characterized by a 
wheat-maize-teff-dominated mixed crop and livestock 
production system.

2.2 Data source and sampling design

The study employed quantitative data. The quantitative data was 
generated from household surveys. Household and plot-level survey 
data gathered consists of information on socio-demographic and 
economic characteristics; climate-smart agricultural practices and 
preferences; crop production; livelihood assets; climate change risk 
and exposure; food consumed and frequency; and climate resilience. 
In addition, secondary data were also collected from Woreda1 
agricultural offices through a desk review that includes information 
on the agroecosystems, precipitation, temperature, land use, crop 
production, livestock, population, and other data related to the study 
objectives. The sample size determination was calculated based on 
finite population sample size calculation (Cochran, 1977). The sample 
size is 424 smallholder households. A multi-stage sampling technique 
was used to randomly select 424 households from the five woredas. 
Following the selection of households, quantitative data was gathered 
using a structured household survey questionnaire focused on 
household and farm characteristics and was collected on a one-to-one 
interview basis by well-trained and experienced enumerators using 
Android tablets (Table 1).

2.3 Measuring food security

Several indicators are used to measure food security at the 
household level, and these commonly include The Household Dietary 
Diversity Score (HHDS), the Copying Strategy Index (CSI), and the 
Food Consumption Score (FCS). We used the food consumption score 
(FCS), which shows the quantity and quality of food consumed by a 
household in the last 7 days, to measure food security at the household 
level. FCS encompasses food security’s food availability, access, and 
utilization aspects (Maxwell et al., 2014; Wekesa et al., 2018).

In the study, a modified Household Dietary Diversity Score 
(HDDS) was computed for a household based on their consumption 
of various food items during the preceding 7-day period (FAO, 2010). 
The food items were divided into eight distinct food groups, and any 
item consumed by a household within the previous week contributed 
to the household’s score. The modified HDDS is a continuous score 
ranging from 0 to 8, representing the household’s diversity of food 

1 Woredas are districts of region.
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groups consumed. Cereals, roots and tubers, pulses, vegetables, fruits, 
meat, eggs, fish, milk and milk products, oils and fats, sugar, and 
condiments were the food groups considered in the calculation.

2.4 Data analysis

Depending on the nature of the variable and the need for 
presentation, the descriptive data analysis was conducted to obtain 
frequencies and cross-tabulations, as well as mean, standard deviation, 
and percentage. The analysis was done by STATA version 15. T-test 
and chi-square test were used to determine the statistical significance 
of variations in CSA innovation adoption on food security. The study 
examined the impact of CSA innovations on food and nutrition 
security using Propensity Score Matching (PSM) and Endogenous 
Switching Regression (ESR). Propensity score matching (PSM) and 
Endogenous Switching Regression (ESR) are the two latest impact 
evaluation, methodologies in developing countries. Besides ESR 
controls the selection bias and the unobserved factor effect of 
endogeneity in the model. The dependent variables for the ESR are the 
adoption of CSA innovations such as improved variety, crop residue 
management, crop rotation, compost, row planting, soil and water 
conservation, and agroforestry (Shiferaw et al., 2014; Abate et  al., 
2015; Teshome et al., 2016; Teklewold et al., 2017, 2019; Tesfaye et al., 
2017; Mihretie et al., 2022). The independent variables were chosen 
based on an extensive literature review on CSA innovations in 
Sub-Saharan Africa and Ethiopia, which was primarily based on 
previous empirical literature on food security determinants.

The selection of the independent variables for empirical model 
specification was based on theoretical, and conceptual frameworks, 
and past empirical adoption of agricultural technologies (Knowler and 
Bradshaw, 2007; Kassie et al., 2013; Teklewold et al., 2013, 2017, 2019; 
Agidie et al., 2014; Aryal et al., 2018; Zeng et al., 2018). They include 
socio-demographic/personal factors such as age, sex, and education 
level of the household head. Personal factors often influence 
technology adoption decisions when there are market imperfections 
and institutional failure (Long et al., 2016; Melisse, 2018). Economic 
factors such as farm size and the number of plots may influence 
farmers’ decisions to adopt agricultural technology. Institutional 
variables such as access to public extension services play a crucial role 
in enhancing adoption (Chowdhury et  al., 2014). Agricultural 
extension services on climate change and CSA practice-related topics 
such as conservation agriculture, soil and water conservation, climate 
change, and agronomic practices also influence the likelihood of the 

farmers adopting these technologies (Ntshangase et al., 2018). Access 
to markets, as well as information communication, matters for 
adoption as farmers get information from multiple sources, including 
farmer-to-farmer communication, public extension service, and 
mobile phone and radio (Mittal, 2012; Murage et al., 2012). For the 
environmental factor, we  took soil fertility and plot slope of the 
farmland as a biophysical factor (Zerihun et al., 2014).

The adoption and impact of CSA innovations on food security were 
modeled in the setting of a two-stage framework using the Endogenous 
Switching regression model (di Falco et al., 2011). In the first stage, 
we  use a selection model for CSA innovations adoption where a 
smallholder farmer chooses to implement CSA innovations if their gain 
of food security outweighs the loss incurred due to its adoption. Let G* 
be the latent variable that captures the expected food security gains from 
its adoption versus not adopting. The latent variable is specified as:

 G with G if G otherwise Gi i i i
∗ ∗= + = > =Z ui iα 1 0 0  (1)

That is, farmer i will adopt CSA innovation (Gi = 1) in response to 
different socio-demographic, economic, institutional, and 
environmental factors if G*i > 0 otherwise 0. The vector Z represents 
variables that maximize the farmer’s food security gains by adopting 
CSA innovations.

In the second stage, the model estimation assumes that farmers 
who adopted the CSA technology may have systematically different 
characteristics from the farmers who did not adopt it. Unobservable 
characteristics of farmers and their farms may affect both adoption 
decisions and their outcomes, resulting in inconsistent estimates. By 
estimating a simultaneous equations model of the adoption of CSA 
innovation and its impact on food security with an endogenous 
switching regression (ESR) model of the full information maximum 
likelihood (FIML) estimation method, the study thus simultaneously 
controls the effect of factors on adoption decisions and their outcomes 
(Adego et al., 2019; Table 2).

3 Results and discussion

3.1 Food security and adoption of CSA 
innovations

The study found that less than one-third, specifically 33%, was 
classified as food secure based on having an acceptable food 

TABLE 1 Sample woredas/districts and kebeles.

Sample woreda Kebeles Number of house 
holds

Sample size Agroecosystem zone 
(AESZ)

Dejen Gelgele 7,475 77 AESZ1: Lowland agroecosystem

Awabel Enebi 5,416 55 AESZ2: Midland with black soil

Basoliben Limichim 10,147 104 AESZ3: Midland with brown soil

Machakel Debre Kelemu 6,207 63 AESZ4: Midland with sloping land

Sinan Yeted 9,533
125

AESZ5: The hilly and mountainous 

highland

Total 38,779 424

Source: Survey 2018.
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consumption score. Whereas, more than two-thirds of the households, 
specifically 46% were categorized as food insecure as they have a 
borderline food consumption score, indicating a precarious food 
security situation, while 21% had a poor food consumption score, 
indicating significant food insecurity. These findings highlight the 
high prevalence of food insecurity among the smallholder households 
surveyed, underscoring the need for interventions to improve their 
food and nutrition security status (Figure 1).

According to Table 3, the adoption of Climate-smart agriculture 
(CSA) innovations by smallholder farmers has a significant 
relationship with their food security status. Specifically, the adoption 
of crop residue management is positively associated with improved 
food security, while the adoption of soil and water conservation 
(SWC) is negatively associated with food security (p < 0.01).

The findings suggest that households that adopt SWC practices 
have poorer food consumption compared to non-adopters, indicating 
a higher prevalence of food insecurity among SWC adopters. These 
households may lack access to daily staple foods, vegetables, as well as 
oils and pulses, with consumption frequency falling below the 
recommended levels (four times a week). In contrast, households that 
adopt crop residue management exhibit more acceptable food 
consumption patterns, indicating a higher level of food security. These 
households are likely to have access to daily staple foods, vegetables, 
oils, and pulses at or above the recommended consumption frequency.

According to the findings, there are variations in the Household 
Dietary Diversity Score (HDDS) among adopters and non-adopters 
of specific Climate-smart agriculture (CSA) innovations. Adopters of 
agroforestry have the highest HDDS (4.43), indicating a greater 
diversity in their diets. On the other hand, adopters of SWC have the 
lowest HDDS (3.83), suggesting a lower dietary diversity.

The results indicate that adopters of improved varieties, crop 
residue management, compost, row planting, and agroforestry have 
higher HDDS values compared to non-adopters, i.e., CSA adopters 
consume better-diversified diets.

improved varieties, crop residue management, compost, row 
planting, and agroforestry positively impact the food utilization 
component of food security and improve the diversity and quality of 
the food consumed. Hence, improved variety, crop residue 
management, compost, and row planting positively affect the food 
availability and access components of food security. In contrast, 
agroforestry positively affects the food utilization component. On the 
other hand, the adoption of SWC negatively affects the food 
availability component of food security (Figure 2).

According to Table 4, the effect of Climate-smart agriculture 
(CSA) adoption on the Food Consumption Score (FCS) and food 
security status of smallholder households has been analyzed. 
Adopters of improved varieties have an acceptable food security 
status, with a significantly higher FCS value compared to 
non-adopters (p < 0.01). This positive effect on food security aligns 
with previous studies that reported the enhanced food security 
achieved through the adoption of high-yield improved crop varieties 
(Shiferaw et al., 2014; Teklewold et al., 2019), which reported that 
improved varieties have significantly enhanced household food 
security through the adoption of high-yield-improved wheat 
varieties. Similarly, Adopters of row planting also have an acceptable 
food security status, with a significantly higher FCS value compared 
to non-adopters (p < 0.05). This finding corroborates the notion that 
row planting practices contribute to improved food security among 
adopters (Fentie and Beyene, 2019) who reported row planting has 
enhanced the food security of adopters. Adopters of crop residue 
management have an acceptable food security status, with a 
significantly higher FCS value compared to non-adopters (p < 0.01). 
In contrast, non-adopters of crop residue management have 
borderline food security. This indicates that crop residue 
management practices positively impact food security outcomes. 
Likewise, Adopters of soil and water conservation (SWC) practices 
have borderline food security, with a significantly lower FCS value 
compared to non-adopters who have an acceptable food security 
status (p < 0.01). This negative effect on food security aligns with the 
finding that the impact of SWC on crop yield is influenced by factors 
such as rainfall characteristics, crop type, slope, and soil conditions 
(Teklu et al., 2022). Moreover, the effect of SWC on crop yield was 
negatively correlated with rainfall for SWC, including level Fanya 
juu, graded soil bunds, stone bunds, and trash lines, which are the 
main characteristics of the Choke Mountain watershed (Kato et al., 
2011; Wolka et al., 2018).

FIGURE 1

Household food security status.

TABLE 2 Methods used during the study.

Method Purpose Data used

Desk review Includes information on the agro-ecosystems, precipitation, 

temperature, land use, crop production, livestock, population, and other 

data related to the study objectives

Secondary data

Propensity matching score (PSM) To measure the effect of CSA innovations on food and nutrition security Quantitative data from household surveys

Endogenous switching regression 

(ESR)

To assess the impact of adopting CSA innovations on food and nutrition 

security, and addressing self-selection bias

Quantitative data from household surveys
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3.2 Propensity score matching result

The study used propensity score matching, a non-parametric 
technique, to estimate the average treatment effect of CSA innovation 
on food security. To estimate the average treatment effect, the 
estimates of the propensity score for the treated (ATT), matched-
treated, and non-treated farming households were calculated using 
logistic regression. The overlap condition was imposed, and the 

balancing property was set and satisfied among adopters of CSA 
innovations. As the selection of CSA innovation discussed in another 
section here, we  only presented the average treatment effect on 
the treated.

The common support graphing shows that there is substantial 
overlap between adopters and non-adopters of crop residue 
management, soil and water conservation, and compost (Figure 3). 
The imbalance between adopters and non-adopters of these CSA 

FIGURE 2

Food security of adopters of CSA innovations.

TABLE 3 Relationship between food security and adoption of CSA innovation.

CSA innovation Adoption 
category

Food security status χ2

Poor Borderline Acceptable

Improved variety
Adopter 17.8 43.4 38.8

2.6
Non-adopter 22.1 46.9 31.0

Crop residue management
Adopter 9.7 44.1 46.2

39.4***
Non-adopter 30.3 47.4 22.4

Crop rotation
Adopter 22.6 47.1 30.3

1.1
Non-adopter 19.8 45.2 35.1

Compost
Adopter 21.9 44.4 33.7

0.83
Non-adopter 18.8 48.6 32.6

Row planting
Adopter 18.9 46.3 34.8

3.14
Non-adopter 26.7 44.6 28.7

Soil and water conservation 

(SWC)

Adopter 30.8 42.5 26.6
27.9***

Non-adopter 10.5 49.3 40.2

Agroforestry Adopters 17.2 49.4 33.3
0.97

Non-adopters 21.7 44.9 33.3

Significance level: *p < 0.1, **p < 0.05, ***p < 0.01.
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innovations was high in terms of the propensity score before matching. 
However, the bias was significantly reduced to below 5% after 
matching. Several variables show significant differences before the 
matching while after matching they are balanced. Hence, adopters and 
non-adopters of these CSA innovations have the same distribution in 
covariates after matching because of low pseudo R2, insignificant value 
of p of the likelihood ratio test, and the mean standardized bias below 
10%. This suggests that there is no systematic difference in the 
distribution of covariates between both adopters as well as 
non-adopter groups after matching.

Table 5 reports the estimates of the average adoption effects of 
CSA innovation on the food security of smallholder households 
estimated by Nearest Neighbor Matching (NNM), Radius matching 
(RM), Kernel matching (KM), and Stratification matching (SM) 
methods. The result reveals that households who adopt crop residue 
management are significantly more food secure (p < 0.01) than 
non-adopters and adopter household’s food security has increased by 
5.62, 8.46, 7.69, and 7.3 points for a matching algorithm of NNM, RM, 
KM, and SM methods compared to non-adopters. These results are 
consistent with Mupangwa et  al. (2019), who reported that crop 
residue management enhances food security and agricultural 

productivity among smallholder farmers in Zambia. On the contrary, 
households who adopt SWC are significantly less food secure than 
non-adopters (p < 0.01) as SWC adopter household’s FCS decreased 
by −6.3, −5.1, −5.44, and −5.9 points for a matching algorithm of 
NNM, RM, KM, and SM methods compared to non-adopters. 
However, this result differs from some literature that reports the 
positive effect of SWC that reported enhanced food security 
(Zougmoré et  al., 2014). It is also consistent with the research 
(Teshome et al., 2013) which reported that there is significant volatility 
of profit among adopters of the SWC. In addition, previous research 
in Ethiopia has also shown that stone bunds are more productive in 
drier areas than in wetter areas. This result concurs with our finding 
that our study area receives more than 2000 mm of precipitation 
annually and is categorized as one of the wetter areas in Ethiopia. 
Despite all these results, SWC might not be profitable from a private 
economic point of view but it may be profitable at watershed level 
(Teshome et al., 2013).

Table  6 shows that crop residue management adopters have 
increased their HDDS by 0.4, 0.276, 0.323, and 0.337 points for the 
matching algorithm of NNM, RM, KM, and SM methods compared 
to non-adopters, households who adopt crop residue management are 

TABLE 4 Comparison of food consumption score (FCS).

CSA innovations FCS HDDS

Adopter Non-adopter t-value Adopter Non-adopter t-value

Improved varieties 40.6 (1.0) 37.1 (0.6) 3.0*** 4.25 3.78 0.47***

Crop residue management 42.2 (0.7) 34.7 (0.7) 7.3*** 4.11 3.76 0.35***

Compost 38.4 (0.7) 37.8 (0.9) 0.6 4.07 3.60 0.49***

Row planting 38.9 (0.6) 36.2 (1.1) 2.1** 4.06 3.45 0.58***

SWC 35.4 (0.8) 41.0 (0.7) −5.3*** 3.83 4.01 0.18

Agroforestry 38.9 (1.1) 38.0 (0.6) 0.7 4.43 3.80 0.63***

Standard errors in parentheses. *p < 0.1, **p < 0.05, ***p < 0.01.

FIGURE 3

Common support for propensity score estimation of food security for adoption crop residue management and SWC.
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more significantly food secure than non-adopters (p < 0.01). Moreover, 
the result of HDDS reveals that households who adopt compost and 
agroforestry are more significantly food secure than non-adopters 
(p < 0.01). Compost adopter HDDS has increased by 0.462, 0.4, and 
0.392 points for the matching algorithm of RM, KM, and SM methods 
compared to non-adopters while agroforestry adopter HDDS has 
increased by 0.4, 0.404, and 0.446 points for the matching algorithm 
of RM, KM, and SM methods compared to non-adopters.

Since estimating the magnitude of selection bias with 
non-experimental data is not possible, the study addressed this 
problem through a method of Rosenbaum bounds sensitivity analysis 
(Rubin and Rosenbaum, 2006). Hence, the test showed that matching 
estimators are robust against hidden bias for crop residue 
management, soil and water conservation, compost, and agroforestry. 
For interested readers, we  will provide the Rosenbaum bounds 
sensitivity analysis tables.

3.3 Endogenous switching regression 
results

Table 7 shows the unconditional average adoption effects of CSA 
innovation on food security (FCS). It indicates that adopters of crop 

residue management are 21.3% more likely to be food secure than 
non-adopters whereas adopters of SWC are 12.9% less likely to 
be food insecure than non-adopters.

Similarly, Table 8 shows that the unconditional average effects on 
food security (HDDS) indicate that adopters of crop residue 
management, compost, and agroforestry have 9.5, 13.6, and 16.6% 
higher household dietary diversity scores than non-adopters which 
shows crop residue management, compost, and agroforestry adopter 
households consume more diverse and quality food than 
non-adopters. However, this naive comparison would drive misleading 
conclusions because the approach does not consider the difference in 
the outcome variable caused by observable and unobservable  
characteristics.

Table 9 presents the true average adoption effects (ATE) of food 
security (FCS) under actual and counterfactual conditions. In this 
table, the food consumption score variable of farm households who 
adopted the crop residue management and SWC were compared 
with the outcome variables that would have been found if the 
households had not adopted. To determine the average adoption 
effects, we  compare Columns A and B of Table  9. Column C 
presents the impacts of the adoption of CSA innovation on food 
consumption score, computed as the difference between the 
above columns.

TABLE 5 Adoption effect of crop residue management and SWC on food security of smallholder households.

Measure of food 
security

Parameters Nearest neighbor Radius (0.1) Kernela Stratification

Crop residue 

management

ATT 5.62 (1.79) 8.46 (1.4) 7.69 (2.1) 7.3 (1.67)

Treated 190 190 190 190

Untreated 80 220 220 220

t-statistics 3.15*** 7.43*** 4.73*** 4.36***

Soil and water 

conservation (SWC)

ATT −6.29 (1.82) −5.1(1.2) −5.4(1.1) −5.91 (1.2)

Treated 214 214 214 214

Untreated 90 189 189 189

t-statistics −3.46*** −4.31*** −5.02*** −5.15***

aAnalytical standard errors cannot be computed and the bootstrap option to get bootstrapped standard errors were used. Standard errors in parentheses. *p < 0.1, **p < 0.05, ***p < 0.01.

TABLE 6 Adoption effect of crop residue management, compost, and agroforestry on food security of households.

Measure of food 
security

Parameters Nearest 
neighbor

Radius (0.1) Kernela Stratification

Crop residue 

management

ATT 0.4 (0.136) 0.276(0.12) 0.323 (0.1) 0.337 (0.122)a

Treated 190 190 190 190

Untreated 162 221 221 221

t-statistics 2.96*** 2.39** 3.182*** 2.7**

Compost

ATT 0.19 (0.147) 0.462 (0.11) 0.4 (0.14) 0.392 (0.125)

Treated 279 279 279 279

Untreated 124 142 142 142

t-statistics 1.295 4.569*** 2.85*** 3.142***

Agroforestry

ATT 0.103 (0.204) 0.4 (0.166) 0.404 (0.169) 0.446 (0.17)

Treated 87 87 87 87

Untreated 65 258 258 258

t-statistics 0.506 2.406** 2.39** 2.629**

aStandard errors in parentheses. *p < 0.1, **p < 0.05, ***p < 0.01.
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Table 10 shows the true average adoption effects (ATE) of food 
security (FCS) under actual and counterfactual conditions. The actual 
adoption of crop residue management, compost, and agroforestry 
practices has increased the food security of the household.

The current study’s findings on the positive impact of crop residue 
management, compost, and agroforestry on food security align with 
existing literature in Mozambique. Similar research conducted in 
Mozambique has demonstrated that crop residue management, when 
combined with associated practices, significantly improves food 
security as measured by the food consumption score (Mango 
et al., 2017).

Regarding soil and water conservation (SWC) practices in 
Ethiopia, the literature indicates their effectiveness in reducing surface 
runoff, nutrient loss, and soil erosion (Bewekt, 2007; Teshome et al., 
2013; Simeneh, 2016; Moges and Taye, 2017). However, the impact of 
SWC practices on crop yield and economic viability is inconsistent 
and site-specific (Adimassu et al., 2017). For example, the construction 
of SWC practices like soil and stone bunds initially reduced crop 
yields, but terraced fields for crops like teff, barley, and maize showed 
increased crop yields (Kassie and Bluffstone, 2011; Adgo et al., 2013; 
Adimassu et al., 2014). Additionally, a study conducted in Eastern 
Ethiopia found that the adoption of SWC not only positively impacted 
per capita food consumption expenditure and net crop value but also 
significantly reduced the probability of farmers experiencing food 
insecurity (Sileshi et al., 2019a,b).

Based on these findings, it is evident that CSA innovations, 
including crop residue management, compost, and agroforestry, 
contribute to increased productivity, market access, and food and 
nutrition security for smallholder farmers. Therefore, policymakers 
should prioritize nutrition-sensitive CSA initiatives and support 
interventions that promote diverse and nutritious food production.

4 Conclusion

The study conducted in the Upper Blue Nile Highlands of Ethiopia 
aimed to examine the impact of Climate-smart agriculture (CSA) 
innovations on food and nutrition security among smallholder 
farmers. The researchers used a sample of 424 households from five 
selected agroecosystems in the region. The food consumption score 
(FCS) and modified household dietary diversity score (HDDS) were 
employed as dependent variables in a propensity score matching 
(PSM) and an endogenous switching regression (ESR) estimation 
model to assess household food and nutrition security.

The findings of the study indicate that 33% of the households were 
food secure, 46% were borderline food secure, and 21% were food 
insecure. The PSM analysis revealed that the adoption of crop residue 
management, compost, and agroforestry significantly improved food 
security among smallholder households. Conversely, the adoption of 
soil and water conservation (SWC) practices reduced the food security 
status of these households.

Specifically, the adoption of crop residue management, compost, 
and agroforestry increased food security among adopters by 21.3, 
13.6, and 16.6%, respectively. In contrast, the adoption of SWC 
reduced food security among adopters by 12.9%. However, the ESR 
analysis, which considers the conditional average effect, 
demonstrated that the adoption of crop residue management, 
compost, SWC, and agroforestry improved household food security. 
Hence, it is important to upscale the adoption of multiple CSA 
innovations to improve smallholder household’s food security in the 
face of climate change. Therefore Government and NGOs in a 
collaborative effort should enhance farmers’ awareness of climate 

TABLE 7 The unconditional average effect of adoption of CSA 
innovations on food security (FCS).

CSA 
innovations

Food 
consumption 
score (FCS)

Adaptation 
effect (t-

value)

Percent 
increase/
decrease

Crop residue 

management
42.2 (0.71)

7.4 (1.02)*** 21.3%

SWC 35.4 (0.75) −5.5 (1.04)*** −12.9%

Standard errors in parentheses. *p < 0.1, **p < 0.05, ***p < 0.01.

TABLE 8 The unconditional average effect of adoption of CSA 
innovations on food security (HDDS).

CSA 
innovations

Household 
dietary 

diversity 
score 

(HDDS)

Adaptation 
effect (t-

value)

Percent 
increase/
decrease

Crop residue 

management
4.1 (0.09)

0.35 (0.11)*** 9.5%

Compost 4.1 (0.07) 0.49 (0.11)*** 13.6%

Agroforestry 4.4 (0.15) 0.63 (0.13)*** 16.6%

Standard errors in parentheses. *p < 0.1, **p < 0.05, ***p < 0.01.

TABLE 9 Average expected food security (FCS) adoption effects of CSA 
innovations.

CSA 
innovations

Actual FCS 
if farm 

households 
did adopt 

(A)

Counterfactual 
FCS if farm 

households did 
not adopt (B)

Adoption 
effects 
(C)

Crop residue 

management

42.2 (0.4) 19.5 (0.5) ATT = 22.6 

(0.6)***

SWC 35.5 (0.4) 33.2 (0.4) ATT = 2.3 

(0.57)***

Standard errors in parentheses. *p < 0.1, **p < 0.05, ***p < 0.01.

TABLE 10 Average expected food security (HDDS) adoption effects of 
CSA innovations.

CSA 
innovations

Actual 
HDDS if 

farm 
households 
did adopt 

(A)

Counterfactual 
HDDS if farm 

households did 
not adopt (B)

Adoption 
effects 
(C)

Crop residue 

management

4.1 (0.065) 1.9 (0.03) ATT = 22.6 

(0.6)***

Compost 4.1 (0.04) 3.8 (0.03) ATT = 0.28 

(0.05)***

Agroforestry 4.4 (0.07) 2.3 (0.06) ATT = 2.12 

(0.1)***

Standard errors in parentheses. *p < 0.1, **p < 0.05, ***p < 0.01.
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change and climate-smart agriculture innovations through FTC 
training and Farmer to farmer communication; increase the number 
of farm demonstrations on the adoption of CSA innovations; 
enhance the livelihood asset base of smallholder farmers through 
asset building programs and projects; identify and develop CSA 
innovations portfolio in terms of synergy and trade-off effect for a 
particular agroecosystem zone; encourage multiple adoptions of 
CSA innovations through CSA incentives; provide farmers with 
vegetable seed, perennials tree seed, and train them to adopt home 
garden agroforestry systems; and increase the provision of drought 
resistant and high yield maize and wheat variety.
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