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Abstract
Irrigation is often celebrated as a means of intensifying agricultural production and improving food and nutrition security. 
In the context of semi-subsistence smallholder agriculture irrigation can have a positive impact on dietary diversity through 
various pathways. However, studies on the linkages between irrigation and rural household nutrition show mixed results. This 
study argues that irrigation is not a simple agricultural input factor but is embedded in socio-technical conditions. It compares 
two different irrigation arrangements to understand how irrigation can contribute to transforming local food systems through 
different pathways. The impact of irrigation on dietary diversity and the potential impact pathways (agricultural income, pro-
duction diversity and women’s empowerment) are analyzed using a propensity score matching (PSM) approach. The analysis 
is repeated for subsets of farmer-led and public irrigation to explore how different irrigation arrangements lead to different 
outcomes. The results show that both farmer-led and public irrigation have a positive impact on agricultural income and dietary 
diversity. The positive effect on dietary diversity was stronger in farmer-led irrigation while the income effect was stronger 
in public irrigation arrangement. However, the positive impact on dietary diversity appears to be dampened by a reduction in 
production diversity, particularly in the case of public irrigation. This study highlights that irrigation development may lead 
to a more diverse diet, strengthen the income pathway but weaken the production diversity pathway with the extent of this 
effect depending on the irrigation arrangement. Therefore, policy makers should be aware of this trade-off and seek to support 
irrigation that allows increased production for urban markets without compromising the dietary intake of rural households.

Keywords  Agriculture-nutrition pathways · Irrigation institutions · Farmer-led irrigation · Propensity score matching · Sub-
Saharan Africa

1  Introduction

The world is facing a worsening food and nutrition crisis, as 
the progress made in the past two decades is being eroded 
(FAO, IFAD, UNICEF, WFP, WHO 2022). With only a few 

years left to achieve the Sustainable Development Goals 
(SDGs) that aim to end hunger and malnutrition by 2030, 
this is a serious challenge. The main causes of this crisis are 
the insufficient food production to meet the growing demand 
and aggravating factors such as climate change, the COVID-
19 pandemic, and the ongoing war in Ukraine (Kornher and 
von Braun 2023; Lin et al. 2023; Rahut et al. 2022).

Sub-Saharan Africa (SSA) is home to 33 of the 46 Least 
Developed Countries (LDCs) (UN/DESA 2021). It also 
has the highest prevalence of food insecurity in the world. 
According to the latest data, about 23.2% of the people in 
SSA were undernourished in 2021, 5.9% of the children 
under five years suffered from wasting, 32.3% from stunt-
ing in 2020, and 40.7% of the women of reproductive age 
had anemia in 2019 (FAO 2023).

Though Kenya is performing better than most of its SSA 
counterparts in terms of poverty eradication, it still faces a 
high level of food and nutrition insecurity. The three-year 
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average from 2019 to 2021 indicate that about 26.9% of the 
people in Kenya were undernourished, 4.9% of the children 
under five years suffered from wasting in 2022 (“World Bank 
Open Data” 2023), 19.4% of the children under five years 
were stunted in 2020, and 28.7% of the women of reproduc-
tive age had anemia in 2019 (FAO 2023). Therefore, it is 
crucial for the country to increase not only the quantity but 
also the quality of food that is available and accessible to 
its population.

Increasing food production is often considered a necessary 
endeavor to tackle these challenges. With a growing world 
population, erratic weather patterns and a limited amount of 
arable land, irrigation is emerging as one of the most prom-
ising solutions to enhance agricultural output. Irrigation is 
expected to not only increase yields but also bring marginal 
water-stressed lands into cultivation and protect agricultural 
production from the impact of climate change (Jägermeyr 
et al. 2017; Mueller et al. 2012; Wang et al. 2021).

Sub-Saharan Africa (SSA) has the lowest irrigation rates 
in the world. Less than six percent, or 13 million hectares, 
of the cultivated land on the African continent is irrigated 
(Xie et al. 2021; You et al. 2011). This falls short of the 
estimated potential to irrigate between of 24 and 42.5 mil-
lion hectares of land (Xie et al. 2020). By exploiting this 
potential, Africa could increase its food production by 50% 
(You et al. 2011).

In similar manner, Kenya has a large proportion of arid 
and semi-arid land, where rain-fed agriculture is not feasi-
ble. Moreover, climate change has made the rainy seasons 
unreliable and in 2021–2023, the country suffered the worst 
drought in four decades (Salm-Reifferscheidt 2023). To 
secure its agricultural future, the country needs to utilize 
the marginal dry-lands and enhance its climate resilience. 
The expansion of irrigation in the country is deemed as a 
necessary investment since only 17% of the country’s land 
mass can support rain-fed agriculture (Hornum and Bolwig 
2020). The country’s development blueprint, Kenya Vision 
2030, sets the expansion of irrigation as a key component in 
increasing agricultural production and galvanizing it against 
climatic shocks. The country’s irrigation potential presents 
an opportunity with only about 19% of its available surface 
water being exploited (National Irrigation Authority 2019). 
In addition, research shows that sustainable irrigation expan-
sion is still feasible in this region even under 3°C warmer 
climate (Rosa 2022) underpinning the potential benefit 
towards climate resilience.

Currently, most of the public irrigation development 
in Kenya is skewed towards the production of calorie-
rich grains, such as rice and other high-value crops for 
urban markets and export. This is despite the country’s 
population, just like much of sub-Saharan Africa, inad-
equate access to diets rich in micro-nutrients, minerals 
and vitamins that are found in nutrient-dense crops such 

as vegetables (Afari-Sefa et al. 2012; Keatinge et al. 2011; 
Ojiewo et al. 2015). Only a small fraction of it is used for 
vegetable production which benefits local rural food sys-
tems through home-consumption and sale at local markets 
(Hornum and Bolwig 2020; Mati 2008). As a result, the 
impact of irrigation on nutrition security in rural areas is 
not a given. Therefore, as the country strives to expand its 
irrigated agriculture, there is a need to focus on how it can 
lead to better nutritional outcomes across the population.

In the last two decades, researchers have paid consid-
erable attention to the linkages between agriculture and 
nutrition in general (Ruel et al. 2018), as well as to the spe-
cific relation between irrigation and nutrition (Domènech 
2015). Establishing a causal relationship between agri-
cultural inputs and nutritional outcomes has proven to be 
methodologically challenging due to the long and com-
plex causal chains and multiple impact pathways involved 
(McDermott et al. 2015; Webb and Kennedy 2014). Con-
ceptual frameworks have been developed to guide research 
and shed light on the causal mechanisms (Kanter et al. 
2015), but the empirical evidence on the effect of irriga-
tion on nutrition remains inconclusive. Some studies find 
a positive effect (Baye et al. 2022; A. Belete et al. 1992; 
Benson 2015; Mekonnen et al. 2022; Nkonya et al. 2022; 
Passarelli et al. 2018), while others find a neutral (Hagos 
et al. 2017; Passarelli et al. 2018) or even negative effect, 
especially when water access infrastructure leads to pol-
lution (Mettetal 2019; Saldaña-Robles et al. 2018) or the 
growth of vector-borne diseases such as malaria (Janko 
et al. 2018; Keiser et al. 2005; Ondeto et al. 2022) and 
schistosomiasis (Jones et al. 2023; Steinmann et al. 2006). 
To better understand the underlying factors, it is important 
to account for the different impact pathways in the research 
design, as Passarelli et al. (2018) suggest. However, it is 
also important to distinguish between different irrigation 
settings, as they entail different socio-technical conditions 
that determine how, when, by whom, how much and for 
what purpose irrigation water can be accessed and used 
(Kloezen and Mollinga 1992; Mollinga 2003; Narain and 
Singh 2017a, b). So far, little research has been done to 
address the question of how different socio-technical irri-
gation arrangements influence nutritional outcomes.

The aim of this study is to examine how different types 
of irrigation influence the nutritional quality of diets in 
a specific region of Kenya. The study assumes that irri-
gation influences nutrition through various intermediate 
outcomes, which depict potential impact pathways, like 
production diversity, farm income, and women’s empow-
erment. The study uses propensity score matching (PSM) 
to compare the dietary diversity and impact pathway indi-
cators of irrigating households under different irrigation 
arrangements and non-irrigating households located in the 
same agro-ecological zone.
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2 � Material and methods

2.1 � Conceptual framework

Irrigation is a key factor that can radically alter agricultural 
production. Historically, irrigation development has been polit-
ically driven in different regions of the world to strengthen 
national food security, with a focus on providing enough food 
for the growing urban population. Under these conditions, 
investments in irrigation development concentrated on pro-
ducing calorie-rich staple crops, such as rice and wheat (Katic 
et al. 2013; Mukherji et al. 2012). Later, irrigation was not only 
seen as a means to increase national food security, but also as 
a means to eradicate rural poverty (Hussain 2007; Magistro 
et al. 2007). In China, rainwater harvesting was used for small-
scale irrigation to lift people out of poverty (Zhu and Gould 
2018). In Africa, many programs promoted agricultural com-
mercialization with irrigation as a promising change-maker 
(Nakawuka et al. 2018). More recently, the objective of agri-
cultural development has been envisioned by both research-
ers and practitioners to go beyond national food security and 
smallholder income, and become nutrition-sensitive, i.e. to 
enhance producers’ nutrition security (Elisabeth Bryan et al. 
2019; Gillespie and van den Bold 2017). Nutrition security 
puts more emphasis on the food quality (micronutrient intake) 
and the health dimensions of food consumption compared to 
the classical “food security” concept. In line with this irri-
gation is not only seen as a means to eradicate hunger and 
poverty, but also to fight malnutrition, which is still highly 
prevalent in sub-Saharan Africa (Ringler et al. 2018).

Several authors have theorized how agriculture influ-
ences nutrition outcomes and developed numerous concep-
tual frameworks. In this study we adopted the framework 
by Domènech (2015) and Herforth and Harris (2014) and 
Passarelli et al. (2018). They describe the following four 
potential pathways through which irrigation may have a 
positive impact on nutrition.

1)	 Farm income: irrigation allows smallholders to inten-
sify their agricultural production and use the extra farm 
income to purchase diverse food.

2)	 Production diversity: irrigation allows smallholders to 
diversify crops produced for home-consumption.

3)	  Women’s empowerment: irrigation enables women to 
have more control over production decisions and their 
own labor allocation which they usually employ in 
favour of nutrition outcomes.

4)	 Water Sanitation and Health (WASH): irrigation water 
is accessed for multiple uses which improves the WASH 
conditions of the households.

In this study data collection limitations prevented us from 
measuring nutrition directly (i.e. through anthropometrics), 
instead we used dietary intake of smallholder producer 
households as a proxy. Since dietary intake does not fully 
reflect the health dimension of nutrition, we did not con-
sider the WASH impact pathway in our analysis. Hence, we 
focused on production diversity, women’s empowerment and 
farm income as intermediate outcomes for improved diets 
(see Fig. 1).

Fig. 1   Conceptual framework for agriculture, food, nutrition and health, Source: Adapted from Kanter et al. (2015) modification and irrigation-
nutrition pathways added by the authors’
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2.2 � Socio‑technical irrigation arrangements

Different studies on irrigation-nutrition linkages show dif-
ferent outcomes. B. Belete and Melak (2018) find a posi-
tive impact on nutrition evaluating the impact of extremely 
low-cost, self-made irrigation technologies introduced by a 
development project in Ethiopia. At the same time Hagos 
et al. (2017) find no significant effect looking at spate irriga-
tion schemes elsewhere in Ethiopia. Passarelli et al. (2018) 
again find no positive effect on dietary diversity for irri-
gators mainly relying on traditional low-cost technologies, 
like buckets and watering cans, in Tanzania, while the same 
study finds a positive effect for irrigators in Ethiopia where 
households in the study area rely more on modern technolo-
gies, like motor pumps. We hypothesize that such diverse 
irrigation settings influence the potential impact pathways 
and eventual nutrition outcomes differently. Irrigation is not 
a simple agricultural input factor. Irrigation is embedded in 
social conditions - who invests in the irrigation technology; 
what institutions are in place to manage water access; and 
technical conditions - what technology is used to tap the 
water source and what technology is used to distribute the 
water. The social and technical conditions are interdepend-
ent e.g. large-scale irrigation systems can practically only be 
financed when a state or donor intervenes; whereas simple 
water-lifting technologies can often be financed and man-
aged by individuals or small groups of farmers. Given the 
diversity of irrigation settings, irrigation can play different 
roles in smallholder farmers’ livelihood strategies (Duker 
et al. 2023). Irrigation can be used to bridge dry spells and 
secure harvests despite a changing climate; it can also be 
used to intensify production and specialize in a marketable 
crop; or it can be used to diversify agricultural production. 
As a result, irrigation influences agricultural production and 
rural development in multifaceted ways. In this study we 
refer to the socio-technical conditions in which access to 
and use of irrigation water is embedded as the irrigation 
arrangement.

We identified four major categories of irrigation arrange-
ments relevant for smallholder agriculture in SSA.

1)	 Public scheme irrigation: a large-scale irrigation scheme 
built with public funding for use by smallholders, a pub-
lic irrigation authority is involved in the operation and 
maintenance of the scheme.

2)	 Community irrigation: a small-scale irrigation scheme 
is built with public funding or through collective action 
(e.g. small earth dams), the scheme is primarily man-
aged by the community.

3)	 Farmer-led irrigation: individuals or small groups of 
smallholder farmers invest in technologies to access 
irrigation water directly from the source to the field 
(Woodhouse et al. 2017).

4)	 Out-grower irrigation: private companies invest in large-
scale farming with modern irrigation technologies, 
whereby smallholders are engaged as out-growers.

These are broad categories which constitute a combina-
tion of social conditions - characterized by the investor/ ini-
tiator of the irrigation practices; and technical conditions 
- characterized by the type of technology used to bring the 
water from the source to the field. We use these broad cat-
egories to narrow down our analysis on the impact of differ-
ent irrigation settings on irrigation-nutrition linkages.

Some experts claim that farmer-led irrigation has more 
potential to reduce poverty and enhance food and nutrition 
security among smallholder farmers than conventional irri-
gation development (Woodhouse et al. 2017). Market access 
to small motor pumps and other low-cost irrigation technolo-
gies has enabled a large number of smallholder farmers in 
SSA to practice farmer-led irrigation, which is often over-
looked and under-reported (De Fraiture and Giordano 2014; 
Mati 2023). This study looks at public scheme irrigation, 
which represents the conventional irrigation development 
approach, and farmer-led irrigation, which is flourishing but 
only starts to receive more attention by public institutions 
and researchers in Kenya (Mati 2023). In the interest of com-
parability, we selected a study area where public scheme 
irrigation and farmer-led irrigation can be found in the same 
agro-ecological zone as rain-fed agriculture.

We look at two essential differences between public and 
farmer-led irrigation to derive the potential impact on die-
tary diversity through the farm income production diversity 
and women’s empowerment pathways. First, under farmer-
led irrigation, farmers have more autonomy to make deci-
sions about the access to and use of irrigation water (Duker 
et al. 2023). Second, under farmer-led irrigation, farmers 
bear more direct investment costs in the technology to access 
the water. Based on this, a higher level of production diver-
sity is hypothesized as the higher level of autonomy in water 
use allows more flexibility on crop choice and less depend-
ence on prescriptions, technical lock-ins or other farmers’ 
water use behavior as would be the case in a public irri-
gation scheme. At the same time higher direct investment 
costs under farmer-led irrigation incentivizes farmers to 
grow high-value crops and generate higher farm incomes 
(Mati 2023). Whether or not farmer-led irrigation provides 
an opportunity for women empowerment highly depends 
on the circumstances (Bryan and Mekonnen 2023). When 
irrigation investments fall within the domain of women, 
such as home garden production, they are more likely to 
reap empowerment benefits for women. Also, women may 
benefit more from irrigation where access to water is not 
primarily defined by access to land in a patrilineal land 
inheritance system. Women may engage more in irrigation 
where access to land is opened through rental markets or 
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access to water is less dependent on the allocation of the 
plot, which in principle is more likely to be the case for 
farmer-led than for public scheme irrigation. Nevertheless, 
farmers involved in farmer-led irrigation are often character-
ized as being younger, male and better-off, due to the limited 
access to credit and labor constraints women face (Lefore 
et al. 2019). The essential differences between public and 
farmer-led irrigation bear implications for the irrigation-
nutrition impact pathways, whereby farmer-led irrigation is 
likely to enhance the pathways for improved nutrition more 
than public irrigation.

2.3 � Data

2.3.1 � Study area

This study focuses on two sub-counties in Kirinyaga County, 
Mwea East and Mwea West, located south of Mount Kenya 
and crossed by the Nyamindi and Thiba rivers. The area has 
a semi-humid to semi-arid climate with an annual rainfall 
ranging from 600 mm to 1100 mm (Mburu 2008). The area 

experiences two rainy seasons, long rains from March to 
May and short rains from October to November. Irrigation 
water is used to supplement the rainy seasons. The County 
has a population of about 600,000 inhabitants, of which 78% 
live in rural areas and 87% of their livelihood is from agri-
culture (Kenya National Bureau of Statistics 2019; MoALFC 
2021). The main town, Wanguru (or Mwea), is 100 km from 
Nairobi and has a good road connection for transporting 
agricultural products to major cities and towns in the coun-
try. With the area producing much of the rice consumed in 
the area and a vibrant production of other agricultural pro-
duce, the main towns in the area i.e. Wanguru, Kagio and 
Kutus have become vibrant sources of agricultural produce 
for the urban and even export markets. The area is character-
ized by various irrigation arrangements, including a public 
scheme, farmer-led irrigation and rain-fed farming, which 
makes it suitable for this study (Fig. 2).

The Mwea Irrigation Scheme, which draws water from 
the Nyamindi and Thiba rivers, was established in the 1950s 
by colonial prisoners who were resettled nearby and required 
to cultivate rice in the scheme (Hornby 1973). Right now, 

Fig. 2   Map of the Mwea Irrigation Scheme showing infrastructure development, Source: Narita et al. (2020)
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the irrigated area has reached about 12,000 hectares of 
which about 8,900 hectares are used for rice production and 
expanded area by about 3,400 hectares beyond the land that 
was allocated by the government for the scheme (National 
Irrigation Authority 2023). Approximately 80% Kenya’s rice 
production comes from the Mwea Irrigation Scheme (Njagi 
and Mano 2022).

After Kenya achieved independence in 1963, the land 
in the scheme became government owned, but user rights 
were allocated to the former prisoner communities, with 
each household receiving four plots of 0.4 ha (1 acre) each 
(Kabutha and Mutero 2002). At first, these user rights were 
non-transferable and farmers were told what to produce and 
where to sell by the National Irrigation Board. The land 
outside the scheme was sold as “freehold” land to individ-
ual households through a state-owned company. Farmers 
hold land titles over this land which includes the right to 
own, inherit or sell to fellow Kenyan citizens (Kabutha and 
Mutero 2002; Meijerink et al. 2007).

Since independence, the scheme has been rocked with 
conflict between the managing authority, now the defunct 
National Irrigation Board (replaced by the National Irrigation 
Authority) and the farmers. This led to unrest in the 1990’s 
(start of Kenya’s multiparty political system) and a violent 
uprising in 1997 due to long standing areas of conflict such 
as land tenure, high input costs and lack of farmer repre-
sentation on the Board, but particularly fueled by the low 
buying price of rice during a prevailing drought (Kabutha 
and Mutero 2002; Washington-Ottombre and Evans 2019).

After the upheavals, in 1998 the management of the 
irrigation scheme was reformed. The crop choice was lib-
erated and the land use rights became transferable (Wash-
ington-Ottombre and Evans 2019). The management of the 
scheme was handed over to the Mwea Water User Asso-
ciation (WUA). The national irrigation authority remained 
responsible for the maintenance of the primary and second-
ary channels, but the Mwea WUA took over the operation 
of the scheme and the maintenance of the tertiary channels. 
This change in operation and maintenance aligned with simi-
lar irrigation management reforms across SSA (Aarnoudse 
et al. 2018). Farmers with land in the scheme became WUA 
members and were supposed to pay a membership fee to 
cover the management costs. Over time the irrigated area 
expanded beyond the original perimeters of the scheme. 
Freehold land owners started to access water for irrigation, 
partly by extending the irrigation channels, partly by siphon-
ing or pumping water from the irrigation and drainage chan-
nels, or directly from the rivers. A few farmers even dug 
shallow wells to access the groundwater. Although some of 
these farmers are assimilated into the scheme – and can be 
considered public scheme irrigators, a considerable number 
of them continue rely on their own investments in technical 
solutions to access the water and are not a WUA member 

– and can thus be considered farmer-led irrigators. Currently 
land rental markets are well developed, which means that 
in principle farmers are able to move between land in and 
outside the scheme.

2.3.2 � Sample and survey design

Prior to the designing of the household survey question-
naires, several complimentary data collection techniques 
were employed in order to understand the household, farm-
ing and irrigation dynamics in the area. First, a scoping visit 
was conducted including participatory observations, visits to 
farmers and “roadside” conversations. Secondly, key inform-
ant interviews were conducted with persons well placed to 
give insights on the institutional history of farmer organiza-
tions, government institutions in the area as well as farming 
practices, irrigation and the community. Finally, focus group 
discussions with two farmer groups in each of the irrigation 
arrangements i.e. non-irrigating, public irrigation scheme 
and farmer-led irrigation arrangements were carried out. 
The insights gained from these activities were extremely 
helpful in designing the questionnaire and interpreting the 
research results.

This study used a multi-stage stratified sampling tech-
nique to select the household sample. The first stage divided 
the study area into three strata based on the distance from 
the Nyamindi River, which represented the upper, middle 
and lower catchment area. The strata aimed to obtain a bal-
anced sample of public, farmer-led and non-irrigated farm-
ing households for comparison. The second stage randomly 
selected sub-locations and villages from each stratum. For 
the final random selection of the households at the village 
level, a list of “nyumba kumi” (a grouping of ten house-
holds) was used in the absence of a list of individuals house-
holds. Per randomly selected “nyumba kumi” one household 
was interviewed for our survey. The total sample size of 384 
farm households was determined using sampling formula. 
The collection of the quantitative data was done between 
February and April 2021.

The questionnaire consisted of both closed and open-
ended questions covering the different socioeconomic 
aspects of the household members. The main interviewee 
was the household head (whether male or female) and the 
next main decision maker (ideally of the opposite sex) was 
interviewed separately on the aspects of women’s empow-
erment (this didn’t necessary refer to a spouse especially in 
single-headed households). Furthermore, dietary intake of 
both the household head and the primary decision maker of 
the opposite sex was collected. The dietary data was col-
lected on two different days using a 24-hour dietary recall 
questionnaire to allow for more robust data (Fig. 3).



499Analyzing the impact of irrigation on dietary diversity: a comparison between farmer-led and public irrigation in Kenya

2.4 � Variable construction and methodological 
specifications

2.4.1 � Household categories

The sampled households were divided in three categories of 
public scheme irrigators, farmer-led irrigators and non-irri-
gators (i.e. rain-fed farmers). The non-irrigators are included 
in the sample to serve as comparison group and depict the 
counterfactual outcome. This enabled an estimation of the 
causal effect of irrigation on dietary diversity and potential 
intermediate outcomes (farm income, production diversity 
and women empowerment).

All farmers who had at least one plot under irrigation 
were categorized as irrigators. Based on the definition of 
farmer-led irrigation development (Woodhouse et al. 2017), 
the distinction between public scheme and farmer-led irri-
gators was made based on irrigation equipment invest-
ment done by the farmer to enable the plot(s) to be irri-
gated. Therefore, farmers who have privately invested their 
resources in irrigating the plots such as water lifting pumps 
and supply pipes were categorized in the farmer-led irriga-
tion arrangement category. On the other hand, the farmers 
that used water provided by the scheme without any private 
investment in irrigation equipment were categorized in the 
public scheme irrigation arrangement.

2.4.2 � Dietary diversity

Dietary diversity is a concept used to measure the num-
ber of different food types and food groups consumed in a 
given period of time. The Minimum Dietary Diversity for 
Women (MDD-W) was chosen for this study as a proxy for 
the households’ nutritional outcome. Many studies measur-
ing the relation between agricultural inputs and nutrition 
use Household Dietary Diversity (HDD) as indicator for 
nutrition. However, it is argued that HDD mainly meas-
ures the economic access to food, whereas the MDD-W is 
a more appropriate indicator to capture undernutrition. The 
MDD-W captures the micronutrient adequacy of women of 
reproductive age. These women represent the most vulner-
able household members in terms of undernutrition due 
to their special needs during pregnancy and breastfeed-
ing (Martin-Prevel et al. 2017). The MDD-W indicator is 
designed to measure 11 nutrients, including iron, calcium, 
zinc, thiamine, riboflavin, niacin, folate, vitamin A, vitamin 
B-6, vitamin B-12 and vitamin C (FAO 2021).

The MDD-W was measured following FAO and FHI 
360 (2016) and the updated version FAO (2021). The data 
collection consisted of the count of foods taken by the indi-
vidual over the last 24 hours. This involved getting the indi-
vidual ingredients used in the foods especially since most 
foods are composite in nature. The foods were included 

Fig. 3   Administration map of 
the area and the sampled house-
holds, Map designed by Azim 
Babagyssov
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regardless of the place that it was prepared or consumed 
(in or outside the household). To make sure that the data is 
robust, this data was collected on two different days (before 
the onset of the long rains and during the long rains) during 
the data collection period, avoiding unusual days such as cel-
ebratory events. The average score was used for data analysis.

The foods consumed and their constituent ingredients 
were divided into ten different food groups and assigned a 
score of zero or one depending on whether the respondent 
did or did not consume food in a particular group. Then, a 
summation of the scores was done which resulted in a score 
ranging from 0 to 10. The higher the MDD-W score, the 
more diverse and the more nutritionally adequate a diet is 
(FAO 2021; Martin-Prével et al. 2015).

2.4.3 � Gross farm income

Income calculation and analysis is a key variable in agri-
cultural economics, and there are different viewpoints when 
it comes to defining it. This study follows the views of Hill 
(2018) and Finger and El Benni (2021), which considers 
income from the perspective of the farm-household as value 
from the factors of production such as land, capital and labor. 
To calculate the gross farm income, the gross sales of crops, 
livestock, and livestock products were considered. The use 
of the aggregated income, irrespective of farm size owner-
ship was deemed sufficient based on the information gathered 
before the fieldwork where we found small and almost similar 
size of owned land across households. The incomes were 
converted into US Dollars for comparability in subsequent 
studies using the mean of the Central Bank of Kenya’s indica-
tive exchange rates from 1st February 2020 to 28th February 
2021 which covered the data collection reference period.

2.4.4 � Production diversity

The diet of farm households in semi-subsistence farming is 
expected to depend on the diversity of food they produce on 
their farms (Berti 2015; Sibhatu et al. 2015). To examine the 
association between household production and diet in such a 
context, it is important to use the same groupings for meas-
uring production diversity and dietary diversity (Ayenew 
et al. 2018). Therefore, this study uses a production diversity 
indicator based on the same ten food groups as the MDD-W 
indicator. Through the survey, the crops, livestock, and live-
stock products produced by households over a one-year period 
were recorded. These were grouped according to the ten food 
groups and aggregated into a score ranging from 0 to 10.

2.4.5 � Women’s empowerment

This study uses the Abbreviated Women’s Empower-
ment in Agriculture Index (A-WEAI), which considers 

various aspects of empowerment at individual and house-
hold level (Alkire et al. 2013; Dimitrievski et al. 2019). 
The A-WEAI is more concise and time-efficient than its 
predecessor, the Women’s Empowerment in Agriculture 
Index (WEAI), while still accurately representing gender 
equality (Alkire et al. 2013; Malapit et al. 2017). The 
A-WEAI comprises five dimensions: agricultural produc-
tion decisions, access to and decision-making power over 
productive resources, control over income use, leadership 
roles within the community, and time allocation. Ques-
tions specific to these five dimensions were asked to the 
primary female decision maker in the household. The 
combination and weighting of these dimensions reveal 
a person’s level of empowerment. The resulting index 
ranges from 0 to 1.

2.5 � Propensity score matching (PSM) model 
specifications

This research focuses on irrigation as the key variable of 
interest. The aim is to evaluate the treatment effect of irri-
gation on production diversity, income, women’s empow-
erment and dietary diversity. The primary challenge with 
cross-sectional data is that it does not allow for a compari-
son of outcomes for the same households before and after 
irrigation. Instead, irrigating and non-irrigating households 
are compared. However, irrigation is not randomly assigned 
to the households, but likely depends on socioeconomic 
characteristics, which creates a selection bias (Wooldridge 
2002). Because the irrigating and non-irrigating groups may 
differ in other aspects than irrigation alone, the difference 
in mean outcomes cannot be directly attributed to irrigation. 
To address the selection bias, observable characteristics of 
the irrigating and non-irrigating households are controlled 
for using the propensity score matching (PSM) technique 
(Rosenbaum and Rubin 1983).

We will use this technique to calculate the Average Treat-
ment Effect on the Treated (ATT). This measures the change 
in outcome for households that irrigate by comparing them 
to one or more similar non-irrigating households. The ATT 
will be calculated as:

whereby I represents the irrigation condition or arrangement 
such that I = 0 represents the non-irrigating households and 
I = 1 represents the irrigating households in the public irriga-
tion scheme- or farmer-led irrigation- arrangements, Yh is the 
outcome variable (MDD-W, gross farm income, production 
diversity or A-WEAI), and se represents the conditional situ-
ation where socioeconomic factors are controlled for.

(1)ATT = E(Yh I=1 |se, I = 1) − E(Yh I=0 |se, I = 0)
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In order to come up with comparable non-irrigating 
households this study uses propensity scores. The pro-
pensity score is the probability of a household to engage 
in irrigation after considering the inherent socioeconomic 
characteristics of the household. This is given as:

The higher the score, the more likely the household is 
to engage in irrigation.

To operationalize the equation above, a probit equation 
is used consisting of a vector of socioeconomic character-
istics of the households regressed against irrigation (I), 
specified as:

where Ih is the irrigation status or arrangement of the 
household, � h is a constant to be estimated, � h, se is the 
parameter to be estimated of the household’s socioeco-
nomic factors that affect irrigation and irrigation arrange-
ments, Xh, se is the household’s socioeconomic factors 
and � h is a normally distributed error term. The choice 
of socioeconomic factors was based on literature showing 
that agricultural production technologies such as irriga-
tion are influenced by the learning capacity, wealth status 
and access to labour and other resources of the household. 
Young and educated farmers have been shown to be less 
risk averse and more willing to adopt new technologies 
(Wu 2022). The learning capacity of the household is cap-
tured by the following variables: age of household head 
(years), age of primary female decision maker (years), 
single adult household type, education level of household 
head (years), education level of primary female decision 
maker (years). Household size is critical to the supply 
of labor for smallholder farmers and has implications 
for production decisions (Udry et al. 1995). Therefore, 
in this study, household size and single adult household 
type were used to represent labor. Land ownership (acres) 
and tropical livestock units are indicators of smallholder 
farmers’ wealth, which influences the capacity to invest in 
new technologies (Abubakar 2021; Herrero et al. 2013). In 
addition, non-farm income (USD) and assets (USD) were 
included to represent the wealth status of the household. 
Access to credit (USD) represents access to resources. 
Access to in-kind credit was also included due to its 
importance in the region and country (Djurfeldt and Wam-
bugu 2011). In addition, household group membership 
was used to capture social capital, which has been shown 
to influence the ability to access agricultural inputs and 
information on new technologies and markets (Kibirige 
2016). The probit regression is solely done to calculate the 
propensity scores for the matching technique and thus the 
regressions results are not interpreted separately.

(2)p(se) ≡ Pr(I = 1|se) = E(I|X)

(3)Ih = ah + �h,seXh,se + �h

Finally, to measure the impact of irrigation on dietary 
diversity and the pathway indicators the average treatment 
effect on the treated is calculated as:

The nearest neighbor, radius, kernel and stratification 
methods were applied to match the irrigating household with 
comparable non-irrigating households. In the main text, the 
nearest neighbor matching method is used to present the 
results while the other different matching methods were used 
to check for robustness of the results (Becker and Ichino 
2002; Caliendo and Kopeinig 2008) and are presented in 
the Appendix.

In addition, while common support restrictions may 
improve on the quality of matches, the reduction in the 
sample size for such a small sample and the loss of possible 
high quality matches at the edge of the common support 
may actually lead to worse-off estimates (Lechner 2008) and 
thus was not favorable in this study. The matching estima-
tion graphs with no common support restrictions under the 
different matching methods are given in the Appendix to fur-
ther show the plausibility of the results (Leuven and Sianesi 
2003).

The propensity score matching was run for the four out-
come variables of interest. For each variable the match-
ing was conducted three times. Once for the full sample to 
compare irrigators with non-irrigators and again for the two 
sub-sets of the sample, comparing public scheme irrigators 
and farmer-led irrigators with non-irrigators. In this way the 
study follows the common practice of comparing irrigators 
with non-irrigators, while highlighting the effect of different 
irrigation arrangements.

3 � Results

3.1 � Descriptive statistics

Table 1 shows the descriptive statistics for the three house-
hold categories. The land ownership across the sample was 
small at an average of 1.56 acres (about) 0.63 hectares) with 
the difference in land ownership was found not to be signifi-
cant. The figures on access to land confirm that farmers in 
Mwea East and Mwea West are able to get plots with access 
to irrigation water through the land rental market. While 
only about 10% of the non-irrigators rent land, about 41% 

(4)ATE� = {E{Yh, I=1 − Yh,I=0|Ih = 1}}

(5)= E
[
E{Yh,I=1 − Yh,I=0|Ih = 1, p(seh)}

]

(6)
= E

[
E{Yh,I=1|Ih = 1, p} − E{Yh,I=0|Ih = 0, p(seh)}|Ih + 1

]
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of the public scheme and 40% of the farmer-led irrigators 
indicated to be renting in land. This means that even though 
access to water is often linked to rigid access to land, farm-
ers in the study area can potentially opt in and out of irriga-
tion. Farmers in the farmer-led irrigation used a variety of 
irrigation water sources. While the farmers in the public 
scheme homogeneously used water from canals, about 59% 
of the farmers in the farmer-led irrigation used water directly 
from rivers, 22% from canals, 10% from shallow wells, 5% 
from small dams or ponds, 4% from harvested water and 
only 1% from a borehole. However, the use of canals by 
the farmer-led irrigation farmers includes the use of drain-
age canals and involves the use of additional investments in 
inputs such as pumps and piping.

Looking at the socio-economic characteristics, the claim 
that younger, male and better-off farmers are moving into 
farmer-led irrigation, as postulated by (Lefore et al. 2019), 
is confirmed. Overall, irrigators are significantly younger 
than non-irrigators. Farmer-led irrigators are on average 
10 years younger than non-irrigators and show the greatest 
divergence from the comparison group. Also, the propor-
tion of single headed households (which are predominantly 
female-headed) among the group of farmer-led irrigators is 
only 13%, which is significantly lower than the 27% of sin-
gle headed households among the non-irrigators. A similar 
picture emerges from the wealth indicators. Total assets are 
higher for farmer-led irrigators compared to non-irrigators, 
while the difference between public scheme irrigators and 
non-irrigators is not significant. Also, farmer-led irrigators 
own the same number of livestock units as non-irrigators, 
while public scheme irrigators have accumulated less wealth 
in terms of livestock ownership. Even the access to credit 
seems to be highest for farmer-led irrigators compared to 
non-irrigators and public scheme irrigators, although this 
difference is not significant.

These data suggest that a privileged group of farmers can 
afford investing in farmer-led irrigation. However, it also 
hints at a different role of farmer-led irrigation in farmer’s 
livelihood strategy. How irrigation is embedded in farmers’ 
livelihood strategy may also explain potential differences in 
the impact of irrigation on nutrition, which will be further 
developed in the discussion of the results.

3.2 � Dietary diversity and impact pathway 
indicators

The MDD-W average of the full sample is 4.64 which is 
below the recommended threshold of at least five food 
groups for a balanced diet (FAO 2021) with farmer-led 
irrigators having the highest average score of 4.93. The 
statistical tests showed that both irrigation arrangements 
had a higher level of dietary diversity as compared to 

non-irrigating households. Remarkably, among the irrigators 
there are no observations below 3, while some of the non-
irrigator households show an MDD-W of 1 which indicates 
serious undernourishment.

When comparing the descriptive statistics of the three 
impact pathway indicators, different tendencies can be 
observed. Gross farm income is significantly higher for 
both farmer-led and public scheme irrigators compared to 
non-irrigators, with farmer-led irrigators having the high-
est mean gross farm income. However, public scheme irri-
gators have a significantly lower production diversity than 
the non-irrigators, while the difference is not significant for 
farmer-led irrigators. This is contrary to our initial hypoth-
esis, whereby we expected higher levels of production diver-
sity under irrigation. The A-WEAI is generally high with 
an average score of 0.74 on a 0–1 index. The women in the 
farmer-led irrigation arrangement have the highest level of 
empowerment. However, the difference between the groups 
is not significant.

3.3 � Matching results

The PSM model was run for four outcome indicators includ-
ing dietary diversity, gross farm income, production diver-
sity and women’s empowerment. The model was run once 
for the full sample (n = 384) comparing irrigators with non-
irrigators and again for sub-sets of the sample, comparing 
public scheme irrigators with non-irrigators (n = 287) and 
farmer-led irrigators with non-irrigators (n = 295). As a first 
step the propensity scores were calculated using a probit 
regression (Appendix Table 3).

The propensity score for the full sample had a mean of 
0.492 with a region of common support between 0.112 and 
1.000 (Appendix Table 4 and Appendix Figs. 4, 5 and 6). 
The other two models show a similar range of common sup-
port which makes the data suitable for matching.

As a second step the propensity scores of the irrigating 
households were matched with one or more non-irrigating 
households using the nearest neighbor, radius, kernel and 
stratification methods for robustness check (Becker and 
Ichino 2002; Caliendo and Kopeinig 2008). The results 
of the propensity score matching and the estimates of the 
average treatment effect on the treated (ATT) are given 
in Table 2.

3.4 � The impact of irrigation on dietary diversity

A significant positive effect of irrigation on dietary diver-
sity is observed, which is robust for all matching techniques 
(see Table 2 and Table 6 in Appendix). The results of the 
sub-sample models also show a significant positive effect, 
but differ in the magnitude with the impact of farmer-led 
irrigation on dietary diversity being more pronounced 
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than that of public scheme irrigation. Also, for the public 
scheme irrigators only two out of the four matching tech-
niques show a significant positive effect (p < 0.1), while for 
farmer-led irrigation all four estimators show a significant 
positive effect. This is in line with the descriptive statis-
tics which show a higher mean MDD-W for farmer-led 
households than for public scheme households. It also con-
firms the initial hypothesis that farmer-led irrigation has 
a stronger positive effect on dietary diversity than public 
scheme irrigation.

3.5 � The impact of irrigation on the impact pathway 
indicators

The findings on the effect of irrigation on the impact path-
way indicators (gross farm income, production diversity and 
women’s empowerment) help to theorize on how irrigation 
impacts dietary diversity and why the impact differs between 
public scheme and farmer-led irrigation.

The PSM results show a significant impact of irrigation 
on gross farm income with an estimated increase in income 
due to irrigation of around USD 1,000. The results are con-
sistent for all matching techniques. Although the impact is 
similar for both irrigation arrangement, public irrigation 
clearly has a more significant and stronger effect on gross 
farm income than farmer-led irrigation. Hence, the higher 
mean gross farm income of farmer-led irrigators, which is 
observed in the descriptive statistics, cannot be attributed to 
the irrigation arrangement.

When looking at the production diversity, the results 
show a negative effect of irrigation on production diversity. 
This is contrary to our hypothesis, but can be explained by 
observations from the field which show that irrigation often 
comes with a specialization in cash-crops under monoculture 
while rain-fed farming is characterized by inter-cropping. 
The negative effect on production diversity is no longer 
significant for the sub-sample models using the nearest 

neighbor matching method. However, when looking at the 
other matching techniques, the negative effect on produc-
tion diversity is stronger for public scheme irrigation than 
for farmer-led irrigation, as the impact appears significant 
for three out of the four matching techniques under public 
scheme irrigation and not for farmer-led irrigation. This is 
again in line with our hypothesis as we expected farmer-led 
irrigators to be more flexible in terms of crop choice than 
public scheme irrigators.

The PSM analysis did not show any impact of irrigation 
on women’s empowerment as captured by the A-WEAI 
index, neither for public scheme nor for farmer-led irriga-
tion. This was robust for all matching methods.

4 � Discussion

This research shows that in the context of the Kenyan study 
area irrigation has a positive impact on dietary diversity con-
sidering the most vulnerable person to malnutrition in the 
household. This partly resonates with other studies which 
proved a positive impact of irrigation on nutrition and food 
security (Elisabeth Bryan et al. 2019; Domenèch and Ring-
ler 2013; Mekonnen et al. 2019; Passarelli et al. 2018), but 
contradicts the outcome of other studies which show no sig-
nificant difference in food and nutrition security between 
irrigating and non-irrigating households (Hagos et al. 2017; 
Passarelli et al. 2018).

However, this study also gives some hints at why irri-
gation may show a positive impact on nutrition and food 
security in one context but no effect in another. First of 
all, the study shows that the socioeconomic character-
istics of the households differ significantly for the two 
irrigation arrangements, including household composi-
tion in terms of age, assets and livestock ownership. The 
claim of farmer-led irrigation being pushed primarily by 
male-headed, relatively young, and wealthy households 

Table 2   PSM results for the effects of irrigation on production diversity, income, women’s empowerment and dietary diversity (nearest neighbor 
matching method)

Standard errors are showed in parentheses. Authors’ calculations based on household survey

Variables and estimation outputs Average treatment effect on the treated (ATT)

Pooled Public irrigation arrangement Farmer-led irrigation arrange-
ment

Coefficient p-value Coefficient p-value Coefficient p-value

Production diversity −0.392(0.191) 0.040 −0.326(0.200) 0.104 −0.320(0.247) 0.196
Gross farm income (1000 USD) 1.006(523.537) 0.055 1.386(370.261) 0.000 0.961(400.110) 0.016
Women’s empowerment −0.030(0.025) 0.241 −0.032(0.027) 0.228 −0.026(0.027) 0.323
Minimum dietary diversity for women 0.428(0.136) 0.002 0.329(0.111) 0.003 0.452(0.145) 0.002
n 384 287 295
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is confirmed (Lefore et al. 2019). Yet, most importantly 
this study shows that, even when accounting for those 
household characteristics through the PSM analysis, the 
socio-technical irrigation setting itself matters when it 
comes to intermediary outcomes which lead to improved 
diets. While a lack of impact on women’s empowerment 
is similar for the two irrigation arrangements, the impact 
of irrigation on income and production diversity varies. 
In comparison to the farmer-led irrigation, public scheme 
irrigation exhibits a stronger income effect but has a nega-
tive effect on the production diversity.

Although the crop-choice in the public scheme is lib-
erated, farmers may be trapped in a technical lock-in as 
the scheme is originally designed for rice production. In 
addition, with the Basmati variety being in high demand 
in Kenya urban markets, Mwea has become a highly spe-
cialized commercial rice growing area with technologies 
geared towards rice value chains including cultivation, 
research and milling technologies (Mano et al. 2022; Njagi 
and Mano 2022; Samejima et al. 2020). Therefore, the farm-
ers in the public scheme may opt to continue in this venture 
as opposed to diversifying to other crops. This might even 
explain the stronger significance of the improved dietary 
diversity effect observed for farmer-led irrigation.

This study also stipulates that tackling malnutrition goes 
beyond improving farm income only. The effect of the two 
irrigation arrangements on income was similar in direction 
but different in magnitude, nevertheless we see a seemingly 
contradictory difference in their impact on dietary diversity 
(i.e., while the impact of public scheme irrigation on income 
was stronger, the impact of irrigation on dietary diversity 
was weaker than that of farmer-led irrigation). This confirms 
that income is not the only driver of improved diets in small-
holder farming. In their study located in Ethiopia Kassie and 
Alemu (2021) show that even though irrigation improves 
income, it does not lead to higher multidimensional house-
hold food security. They argue that a lack of knowledge on 
balanced diets inhibits improved nutrition despite increased 
income under irrigation.

Although income seems to play an important role in 
reducing malnutrition through irrigation in our study, the 
findings also indicate that this effect could be dampened 
through a negative impact on production diversity. This is 
in line with other studies which show that in certain contexts 
in SSA commercialization actually has a negative impact on 
dietary diversity due to a high reliance on mono-crops for 
urban markets and reduced access to diverse foods locally 
(Anderman et al. 2014). Tavenner et al. (2019) argue that the 
impact of commercialization on food and nutrition security 
is capped (i.e., the increase in income due to commercializa-
tion has no more effect on nutrition after reaching a certain 
point) and production diversification is a better strategy to 
fight malnutrition in rural settings. In addition, given the 

good infrastructural connectivity and agricultural productiv-
ity of the area to urban centers, the cropping and market con-
ditions is highly influenced to urban market demand. This 
then stifles the availability of diverse foods for the local food 
systems. This influence of the local markets by the urban 
demand can hamper the income pathway effect on dietary 
diversity.

Like the study by Bryan and Mekonnen (2023) in Ghana, 
irrigation does not have a measurable impact on the empow-
erment of women in the productive domain in our study area 
in Kenya. At the same time, the profile of the households 
under farmer-led irrigation indicates that this type of irriga-
tion is less accessible for women in single-headed house-
holds and marginalized groups, such as the elderly. However, 
as observed in the field women under farmer-led irrigation 
may benefit from better access to water for female-managed 
side crops (e.g. leafy vegetables). This may not directly be 
measured through the A-WEAI but still offers a stronger 
say in production decisions for a specific group of women 
i.e. women in dual-headed households. Lefore et al. (2019) 
argue that it is not impossible to empower women through 
irrigation, but there needs to be awareness of women’s limi-
tations to unlock this potential.

Overall, the study shows that the irrigation arrangements 
have a distinct effect on dietary diversity and income and 
production diversity as potential impact pathways. How-
ever, this effect cannot be completely separated from the 
socio-economic characteristics of the different household 
categories. Duker et al. (2023) argue that irrigation may 
play different roles in the livelihood strategies of farmers. 
In the study area public scheme and farmer-led irrigators 
seem to fit irrigation into a different livelihood strategy as 
can be derived from their socio-economic characteristics. 
Farmer-led irrigators appear to be interested in irrigation as 
part of diverse investment portfolio (including high-value 
crop production, off-farm income, livestock ownership 
etc.). On the other hand, public scheme irrigators seem to 
opt for irrigation as a more specialized livelihood strategy, 
whereby the production of rice is the main income generat-
ing activity in the household. This may be beneficial for the 
income effect of irrigation amongst public scheme irriga-
tors but may not translate into a similar positive impact on 
dietary diversity.

5 � Conclusions

This study evaluated the impact of different irrigation 
arrangements on dietary diversity and intermediate out-
comes including gross farm income, production diversity 
and women’s empowerment using the PSM method. It was 
found that irrigation has a positive impact on dietary diver-
sity, albeit stronger under farmer-led irrigation than under 
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public scheme irrigation. Both irrigation arrangements 
show a strong positive impact on agricultural income and 
no significant impact on women’s empowerment. However, 
public scheme irrigation seems to have a negative impact 
on production diversity, which might possibly explain the 
difference in impact on dietary diversity. It should be noted 
though that this study cannot prove with certainty whether 
the difference in dietary diversity is due to reduced produc-
tion diversity. This would require further analysis in the form 
of a multiple equation analysis.

The results confirm that the conditions under which 
irrigation is carried out are relevant to understanding the 
impact of irrigation on dietary diversity. Farmer-led irriga-
tion has a slightly better performance in improving dietary 
diversity which could be explained by the different roles 
that farmers assign to irrigation in their livelihood strategy. 
While farmer-led irrigation seems to support a diversified 

livelihood strategy, public irrigation supports a specialized 
livelihood strategy. Therefore, government institutions and 
development agencies should be aware of the potential trade-
offs that different irrigation arrangements can have on die-
tary diversity at household level and in local food systems.

Careful consideration should be given to what type of 
irrigation is invested in and for whom, as this may determine 
whether or not irrigation becomes a driver for improved food 
and nutrition security.

Although the study could be interpreted as a call for 
more investment in farmer-led irrigation to improve nutri-
tion through irrigation development, it should be noted that 
farmer-led irrigation thrives on its independence from cen-
tralized institutions (Duker et al. 2023). At the same time, 
it should be reckoned that some of the farmer-led irrigators 
in the context of the study area benefit indirectly from the 
infrastructure of the public irrigation system.

Table 3   Probit regression on irrigating and non-irrigating households for the calculation of the propensity scores

Standard errors are showed in parentheses. Authors’ based on household survey

Variable Coefficients and associated statistics

Pooled Public irrigation arrange-
ment

Farmer-led irrigation 
arrangement

Coefficient p-value Coefficient p-value Coefficient p-value

Age of the household head (years) -0.002(0.010) 0.855 -0.002(0.012) 0.876 -0.002(0.012) 0.847
Age of the primary female decision maker (years) -0.018(0.010) 0.086 -0.009(0.012) 0.465 -0.024(0.012) 0.055
Assets (USD) 0.000(0.000) 0.054 0.000(0.000) 0.313 0.000(0.000) 0.021
Single adult household type -0.063(0.207) 0.762 0.049(0.241) 0.839 -0.139(0.265) 0.599
Education level of the household head (years) -0.002(0.024) 0.938 -0.032(0.030) 0.283 0.030(0.030) 0.318
Education level of the primary female decision maker (years) 0.052(0.026) 0.041 0.086(0.032) 0.008 0.024(0.030) 0.410
Household size -0.034(0.053) 0.518 0.004(0.062) 0.949 -0.052(0.066) 0.426
Land owned (acres) 0.033(0.040) 0.412 0.005(0.050) 0.915 0.052(0.045) 0.247
Tropical livestock units -0.078(0.092) 0.395 -0.196(0.117) 0.093 0.031(0.110) 0.775
Non-farm income (USD) 0.000(0.000) 0.384 0.000(0.000) 0.160 0.000(0.000) 0.704
In-kind credit 1.053(0.560) 0.060 1.554(0.585) 0.008 0.302(0.861) 0.726
Household credit access 0.031(0.172) 0.859 -0.102(0.219) 0.008 0.151(0.202) 0.455
Household group membership 0.308(0.171) 0.072 0.309(0.208) 0.138 0.283(0.211) 0.179
Constant 0.350(0.473) 0.459 -0.490(0.594) 0.409 0.131(0.551) 0.812
n 384 287 295
LR chi2(13) 57.96 40.29 50.42
Prob>chi2 0.0000 0.0001 0.0000
Log likelihood -237.00 -157.56 -161.62
Pseudo R2 0.11 0.11 0.13

Appendix

Table 3, 4, 5, and 6
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Table 4   Description of the estimated propensity score for irrigating and non-irrigating households in region of common support

Authors’ based on household survey

Measure and statistics Percentiles Regions of common support

Pooled Public irrigation 
arrangement

Farmer-led irriga-
tion arrangement

Pooled Public irrigation 
arrangement

Farmer-led irri-
gation arrange-
ment

1% 0.141 0.073 0.084 Smallest 0.112 0.070 0.082
5% 0.191 0.094 0.104 0.122 0.071 0.083
10% 0.231 0.135 0.131 0.135 0.073 0.084
25% 0.357 0.196 0.225 0.141 0.076 0.085
50% 0.507 0.298 0.345 Median 0.507 0.298 0.345
75% 0.603 0.422 0.462 Largest 0.947 0.870 0.780
90% 0.726 0.527 0.587 0.961 0.913 0.802
95% 0.774 0.603 0.660 0.983 0.921 0.960
99% 0.947 0.913 0.802 1.000 0.963 0.987
n 376 275 265
Sum of weight 376 275 265
Mean 0.492 0.321 0.358
Std. Dev. 0.179 0.163 0.172
Variance 0.032 0.027 0.030
Skewness 0.031 1.073 0.573
Kurtosis 2.640 4.787 3.364

Table 5   Inferior bounds and distribution of the blocks among irrigat-
ing and non-irrigating households

Authors’ based on household survey

Irrigation 
arrangement

Inferior bounds Irrigation Total

Non-irrigators Irrigators

Pooled 0.112 19 4 23
0.200 67 23 90
0.400 70 95 165
0.600 33 50 83
0.800 1 14 15
Total 190 186 376

PIS 0.070 61 10 71
0.200 88 36 124
0.400 35 31 66
0.600 1 8 9
0.800 1 4 5
Total 186 89 275

FLI 0.070 61 10 71
0.200 88 36 124
0.400 35 31 66
0.600 1 8 9
0.800 1 4 5
Total 186 89 275
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Table 6   PSM regression results for the effects of irrigation using radius, kernel and stratification matching methods

Outcome variable and match-
ing method

Irrigation arrangement ATT​ t

Irrigators (n) Non-irrigators 
(n)

Pooled Production diversity
Radius Matching method 186 190 -0.572(0.180) -3.186
Kernel Matching method 186 190 -0.481(0.167) -2.888
Stratification method 186 190 -0.427(0.157) -2.722
Farm income 
Radius Matching method 186 190 992.358(321.286) 3.089
Kernel Matching method 186 190 1,048.765(350.473) 2.992
Stratification method 186 190 1,126.034(336.612) 3.345
Women’s empowerment 
Radius Matching method 186 190 -0.015(0.018) -0.851
Kernel Matching method 186 190 -0.021(0.018) -1.130
Stratification method 186 190 -0.027(0.020) -1.374
Minimum dietary diversity for women
Radius Matching method 186 190 0.325(0.102) 3.184
Kernel Matching method 186 190 0.334(0.103) 3.250
Stratification method 186 190 0.357(0.108) 3.302

Public irrigation scheme  Production diversity 
arrangement Radius Matching method 87 186 -0.871(0.202) -4.309

Kernel Matching method 89 186 -0.652(0.204) -3.200
Stratification method 89 186 -0.597(0.190) -3.133
Farm income 
Radius Matching method 87 186 1083.174(404.215) 2.680
Kernel Matching method 89 186 1247.343(331.298) 3.765
Stratification method 89 186 1302.247(370.873) 3.511
Women’s empowerment 
Radius Matching method 87 186 -0.028(0.024) -1.172
Kernel Matching method 89 186 -0.034(0.027) -1.233
Stratification method 89 186 -0.023(0.027) -0.866
Minimum dietary diversity for women
Radius Matching method 87 186 0.217(0.100) 2.165
Kernel Matching method 89 186 0.229(0.123) 1.863
Stratification method 89 186 0.185(0.109) 1.695
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Standard errors are showed in parentheses. Authors’ based on household survey

Table 6   (continued)

Outcome variable and match-
ing method

Irrigation arrangement ATT​ t

Irrigators (n) Non-irrigators 
(n)

Farmer-led irrigation arrangement Production diversity

Radius Matching method 95 168 -0.221(0.205) -1.079

Kernel Matching method 97 168 -0.247(0.208) -1.190

Stratification method 94 171 -0.315(0.248) -1.270

Farm income

Radius Matching method 95 168 1,236.819(439.676) 2.813

Kernel Matching method 97 168 1084.708(446.969) 2.427

Stratification method 94 171 1022.795(478.318) 2.138

Women’s empowerment 

Radius Matching method 95 168 -0.002(0.024) -0.098

Kernel Matching method 97 168 -0.010(0.020) -0.503

Stratification method 94 171 0.000(0.021) -0.017

Minimum dietary diversity for women

Radius Matching method 95 168 0.441(0.118) 3.749

Kernel Matching method 97 168 0.448(0.135) 3.327

Stratification method 94 171 0.392(0.117) 3.341

Fig. 4   Irrigating and non-irri-
gating households’ propensity 
score distribution and common 
support for propensity score 
estimation
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