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A B S T R A C T

Food insecurity and poverty are of major concern for farmers and rural households in Tanzania. Innovations to
increase the sustainability of households must be carefully investigated by integrating, in the analysis, the effect
on crop yields with a holistic view on the overall sustainability and its components. Rainwater harvesting and
fertilizer micro-dosing can increase food security, particularly in water-limited contexts, but they can also
significantly increase labor requirements and the availability and use of water resources in villages and water-
sheds. The purpose of this study was to quantify the impacts of rainwater harvesting and fertilizer micro-dosing
on environmental, social and economic sustainability of households in two regions in Tanzania – semi-arid
Dodoma and semi-humid Morogoro. We selected and calculated 40 sustainability indicators for 892 house-
holds in 2013 and 2016, and we applied Difference-in-Difference Propensity Score Matching to identify relative
changes in household sustainability. We show that in the dry region of Dodoma, economic sustainability
increased less for adopters of the innovations in comparison to non-adopters between the years 2013 and 2016,
with 6 percentage points and 11 percentage points respectively. In contrast, in the humid region, the adoption of
innovations increased food security by 14 percentage points compared to 6 percentage points in the case of non-
adoption. These results highlight that innovations must fit the context and should not be scaled without prior
analysis of multiple impact dimensions as they may trigger significant trade-offs. By moving the focus from field
to farm scale, this study contributes to providing a more rigorous assessment of the spillover effects that in-field
innovations can have on the overall sustainability of households, which is a prerequisite for the advancement of
sustainable intensification of agricultural production in the region.

1. Introduction

Food insecurity and poverty are a persistent concern in Sub-Saharan
Africa, and access to, as well as the adoption of, technologies for farming

remain a challenge. Even basic cultivation technologies with minimal
investments can contribute to significant improvements in production
and food security (Pan et al., 2018). In Tanzania, only 14 % of the
cropped area is mechanically cultivated, and almost all agricultural land
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is rain-fed (Mrema et al., 2020). Easy-to-implement rainwater harvest-
ing1 combined with fertilizer micro-dosing2 are considered best prac-
tices to address low crop productivity (Biazin et al., 2012; Saidia et al.,
2019b), and thus, their dissemination has been recommended over the
past decade (Mwinuka et al., 2017; Vanlauwe et al., 2010). This com-
bination of water retention techniques with micro-fertilization has been
shown to improve productivity and efficiency in other farming systems
(Zhang et al., 2023). In addition, these techniques require little training
but can lead to significant time investment which can have spillover
effects on the dedication to other farm or household related activities.
Genuine sustainability assessment, with a careful selection of indicators
can help to capture techniques and innovation effects on many sus-
tainability dimensions such as food security, environmental degradation
and income generation, both in the short run and in the long run (Lee,
2005).

Improved water retention and fertilization have proved to increase
crop yields, water-use efficiency, and nutrient-use efficiency in soils
(Chilagane et al., 2020). Hence, they can potentially improve food se-
curity and soil fertility and reduce poverty (Habtemariam et al., 2019).
On the other hand, tied ridges used for rainwater harvesting may also
lead to water logging in periods of heavy rainfall (Biazin et al., 2012).
The broader impacts of these technologies on economic, social and
environmental sustainability are, hence, a major concern. Impact
assessment studies have generally focused on narrowly defined out-
comes at household level related to productivity (e.g., marketed surplus,
value of agricultural production and total income, welfare, social capital
or information (Bachke, 2019; Faltermeier & Abdulai, 2009; Khonje
et al., 2015; Nakano et al., 2018)). For rainwater-harvesting and fertil-
izer micro-dosing, Schindler et al. (2016) performed an ex-ante assess-
ment of the impact of such technologies and reported the interest of
farmers for these two innovations, but they have not captured the real
impact of their adoption. An ex-post assessment study has shown the
positive impacts of these two technologies for food security and eco-
nomic profit in Tanzania (Habtemariam et al., 2019) but without
capturing the multiple dimensions impacted by their implementation
such as the use of labor at farm level or the water efficiency.

The objective of this paper is to evaluate the impacts of new agri-
cultural technologies on a broad set of sustainability indicators at
household level. To do so, the sustainable livelihood approach (Carney,
1998) proposes an ensemble of variables that represent households’
assets which can be considered as direct drivers of adoption of tech-
nologies. Departing from this framework, we develop indicators
capturing the impact of the adoption of rainwater harvesting and fer-
tilizer micro-dosing among farm households in Tanzania on the three
pillars of sustainability which are independent from the household’s
assets in terms of calculation. Hence, we add to the scarce literature that
provides rigorous impact assessments of these technologies in Eastern
Africa. In addition, we focus on the heterogeneous impacts of the
adoption of new technologies by contrasting two regions in Tanzania
that differ in their biophysical conditions – Dodoma and Morogoro.

The remainder of this paper is structured as follows. In section 2, we
provide a short overview of the literature on sustainability impact as-
sessments of technology adoption in agriculture. In section 3, we present
and discuss the methods used, namely the calculation of composite
sustainability indicators for the three pillars of sustainability and the
Propensity Score Matching Difference-in-Differences (PSM-DID)
approach. In sections 4 and 5, we present the data and results. We
discuss our findings and conclude in sections 6 and 7.

2. Overview on farm sustainability studies and innovations

The impact of innovations on sustainability has been addressed in ex-
post assessment using a limited number of sustainability indicators.
When assessing technologies adopted in-fields, the agricultural eco-
nomics literature focuses on capturing the variation of productivity at
field level and the potential spill-over effects on income or food security
at household level. Such studies primarily address the ability of
improved varieties for staple crops, like rice, cowpea or wheat (Manda
et al., 2020; Mishra et al., 2016; Nguyen Chau & Scrimgeour, 2021;
Shiferaw et al., 2014; Yorobe et al., 2016), or improved animal breeds
(Kebebe, 2017) to increase yield and production and subsequently farm
revenues, income, and food security at household level, particularly in
drought-prone areas. However, impact assessments in these resource-
scarce environments call for not only addressing productivity, eco-
nomic, and food security aspects but also for addressing key environ-
mental processes sustaining agricultural and economic activities in a
stronger sustainability perspective (Tittonell, 2014).

The rationale behind these multi-criteria assessments is to estimate
both socioeconomic and environmental processes by using a set of
relevant indicators (Binder et al., 2010) calculated from large databases
(e.g., Ryan et al., 2016) or surveys among farmers (e.g., Felice et al.,
2012). The multidimensional nature of farm household systems makes
judging sustainability with just one absolute indicator difficult (Hansen,
1996; Moeller et al., 2014). To tackle this limitation, research on farm or
household sustainability has rather adopted comparative approaches
where the relative sustainability levels of farms are compared among a
large population to select the ones that depict a higher level of sus-
tainability and identify the factors or characteristics explaining such
levels (Mutyasira et al., 2018). In the same way, before-after compari-
sons or short-to-long term monitoring of sustainability have been
implemented to observe the direction of change of a system towards
greater or lower level of relative sustainability (Acosta-Alba et al.,
2019). Those comparative approaches in large populations offer the
possibility to identify not only incremental management change but
more systemic change across a population which can have implications
beyond the primarily targeted issues (Chopin et al., 2021).

Soil degradation and food insecurity in Sub-Saharan Africa require
responses beyond variety choice, and, in this regard, soil management,
including fertilizer micro-dosing and water conservation techniques
such as rainwater harvesting are considered a cornerstone of sustainable
intensification (Dile et al., 2013; Kuyah et al., 2021). Fertilizer micro-
dosing was found to increase yields of millet, sorghum and maize by
68 % on average in Sub-Saharan Africa (Ouedraogo et al., 2020). For
rainwater harvesting, positive outcomes in terms of yield, food security
and household income were found (Dile et al., 2013), with the latter
increasing on average by 62% in Pakistan, and 38% in the Tigray region
in Ethiopia (Kassie et al., 2008). Combinations of these soil and water
conservation technologies showed a synergistic effect and simulta-
neously tackled low agricultural productivity (Marenya et al., 2020;
Aune & Bationo, 2008; Chilagane et al., 2020; Chimweta et al., 2018;
Mashingaidze et al., 2013; Ouedraogo et al., 2020; Sanginga&Woomer,
2009) and poverty issues (Mwinuka et al., 2017).

Despite the mentioned increases in productivity, income and food
security, water retention may not be beneficial for all agro-ecological
conditions and associated off-site effects such as change in water dy-
namics in the landscape may not have been properly captured (Kassie
et al., 2011). In the same way, fertilizer micro dosing enhances yields
but may exacerbate nutrient mining leading to soil degradation in the
long run (Tovihoudji et al., 2017). Hence, impact studies at household
level should assess the impact of the combined use of rainwater har-
vesting and fertilizer micro-dosing to capture the overall expected
benefits on water and soil conservation as found in on station/on-field
experiments in contrasted regions in Sub-Saharan Africa.

Contrasted biophysical characteristics affect the overall impact of
innovation (Renner et al., 2021), and the level of rainfall drives the

1 Rainwater harvesting in situ by tied ridges accumulates the water when
there is light rainfall, and in case of heavy rainfall distributes the water and
reduces the speed of its flow within rows (Germer et al., 2021).

2 Fertilizer micro-dosing involves applying small proportions of fertilizer
with the seed at the time of planting or as top dressing 3 to 4 weeks after the
plant emerges (Tovihoudji et al., 2017).

D. Escobar Jaramillo et al.



World Development 183 (2024) 106732

3

heterogeneous impacts of soil and water conservation techniques.
Ouedraogo et al. (2020) found an 80 % yield increase with fertilizer
micro-dosing in Sub-Saharan Africa when the amount of rainfall is above
600 mm/year, but this increase is limited to 51 % in plots with lower
rainfall levels. In Niger, a study of 276 farmers’ fields indicated no
impact of fertilizer micro-dosing on profitability in 34 % of farms due to
rainfall heterogeneity (Bielders & Gérard, 2014). In contrast, Kassie
et al. (2008) found benefits of soil conservation techniques in Ethiopia
only in low rainfall areas in Tigray with an increase in benefits of 59 USD
per ha, whilst no effect was found in Amhara which has a three times
higher level of rainfall. When soil and water conservation are combined,
the impacts can become even more heterogeneous, depending on the
distribution of rainfalls and effects arising from levels of rainfall which
can account for as much as 92 % of yield differences (Marenya et al.,
2020). Taking this into consideration is imperative, since fertilizer
micro-dosing and rainwater harvesting target risk-averse smallholder
farmers for whom these techniques provide an opportunity to transition
to more viable systems (Ruzzante et al., 2021).

Finally, ex-ante impact assessments of sustainability intensification
options in Tanzania have been conducted on various technological op-
tions, including rainwater harvesting and fertilizer micro-dosing. The
ex-ante impact assessment of Graef et al. (2017) indicates that rainwater
harvesting and fertilizer micro-dosing are expected to have a higher
impact in the semi-arid region and improve food diversity, social re-
lations and working conditions. However, such assessments also show
farmers’ concern regarding access to inputs required when adopting
these technologies. Among these are the risk of a lack of rain and
chemical fertilizer that would further decrease yield and the increased
workload to construct the infiltration pits that, with limited labor
availability, would reduce the field sizes that farmers can cultivate
(Schindler et al., 2016). Ex-post assessments controlling for the hetero-
geneity of farmers’ conditions conducted under contrasting climatic
conditions will shed light on the synergies or trade-offs that the com-
bined adoption of rainwater harvesting and fertilizer micro-dosing can
trigger at household level.

In this study, we analyze the combined effect of rainwater harvesting
and fertilizer micro dosing adoption, in order to capture changes in
economic, social and environmental sustainability in two contrasted
regions in Tanzania. Concerns regarding the ability to draw causal in-
ferences on the impacts of projects from datasets that are not carefully
constructed motivate the need to deal with the selection bias (Duflo
et al., 2007) and have also been discussed in the context of impact
evaluations of agricultural projects in developing countries (Winters
et al., 2011; World Bank, 2011). We apply the PSM-DID approach to
perform our ex-post assessment which corrects for differences in the
observed and time-invariant unobserved characteristics between the
households that do adopt the innovation and the households that do not
adopt.

3. Sustainability framing and analysis

3.1. Sustainability indicators and composite indices

The database used for this study comprises household characteristics
related to financial, physical, natural, human, and social capital for the
years 2013 and 2016. This data was used to compute 33 household
sustainability indicators which were in turn used to compute twelve
sustainability components. The sustainability components have been
then aggregated to obtain three composite indices, one for each pillar of
sustainability (environmental, economic and social) and one composite
index for the overall sustainability. The three indexes provide a com-
plete overview of sustainability at household level.

Our sustainability indicators capture the functioning of the farming
systems and their relationships with the households and their external
environment. The sustainability assessment follows the method
described in Ulukan et al. (2022). The indicators refer to the economic,
social, and environmental pillars of sustainability, adopting the global
vision of most sustainability measurements (Chopin et al., 2021; Hai-
leslassie et al., 2016; Mutyasira et al., 2018; Silvestri et al., 2022; Yeg-
bemey et al., 2014). Table 1 presents 33 indicators grouped along 12
core components within each of the three pillars of sustainability. The
indicators were selected based on relevant literature and data avail-
ability, while the 12 components were defined according to site-specific
features following the process proposed by ul Haq and Boz (2018).

The components of environmental sustainability are soil manage-
ment, water management, and agro-diversity, which represent impor-
tant environmental resources and processes linked to the delivery of
ecosystem services in agriculture. Sustainable water use is necessary to
mitigate climate change and adapt to a changing climate (Labeyrie et al.,
2021; Smith et al., 2008). Water use efficiency measures the ability of
farmers to produce fresh products based on their crop choices and the
average amount of precipitation they receive in both sites.3 In the sur-
vey, farmers were asked about the litres of water used by the farm-
household and the uses of water for which they experienced conflicts.
Using this basic data, we computed the share of water for which farmers
experienced conflict over total water used by the farm-household. This
indicator is not an objective assessment of the level of conflict over
water, but rather reflects the subjective experience of the water user
(farmer) and their assessment of conflict.

Economic sustainability is composed of profitability, stability and
resilience, aiming at the generation of value (Rockström et al., 2017;
Rondhi et al., 2018) and the ability to respond to changes in the envi-
ronment (Lamichhane et al., 2020). Particularly, the indicator high in-
come fluctuation was obtained by asking a categorical question to
farmers in which they could choose how much their income fluctuated
in the last 3 years (not at all/yes, a bit/yes, a lot). Assets considered in
this indicator were: the cash kept at home, livestock, money in the bank
account, household durable assets. The households also reported their
savings. Subjective evaluation of the shock by the respective household
was measured on the scale: 1 = no impact to 4 = high impact.

Social sustainability within an agricultural social system implies
fulfilling the needs of the system’s actors without compromising the
needs of future generations, thus its components include health, well-
being, social capital, land security and food security (Janker et al.,
2019). Some of those social indicators can be considered as drivers of
adoption but in our case we consider that the adoption of innovations
can triggers a change in way farmers exchange among each other and
the contribute to reinforce their resilience. In the case of wellbeing, we
used a direct question on the subjective wellbeing. If the household
perceived a deterioration, the respondent was asked to rate the severity
on the scale: 1 = not at all, 2 = yes, a bit, 3 = a lot.

Table 1 also presents information of the indicators’ influence in the
sustainability component as “Additive” (i.e. an increase in the indicator
leads to an increase in the component) or “Subtractive” (i.e. an increase
in the indicator leads to a decrease in the component). The number of
missing values for the indicators were 95 out of 41,924 (0.22 %) in 2013
and 12 out of 34,062 (0.04 %) in 2016 due to unanswered questions in
the survey. Instead of removing the household for which one of the in-
dicators could not be calculated, we used the function imputePCA from
the missMDA package on R. This function predicts missing values with a
regression model based on complete observations.

To compute the composite index for one pillar of sustainability, we
produced one index for each component of the pillar (second column of

3 Water indicators benefited from rainfall data collected on a daily basis,
using the standard rain-gauges installed at Ilakala and Changarawe study sites
for more precise assessment.
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Table 1) by normalizing the indicators, assigning them a weight and
aggregating them. Min-max normalization of the indicators is performed
(Gómez-Limón & Sanchez-Fernandez, 2010; Haileslassie et al., 2016;
Mutyasira et al., 2018) by considering the minimum and the maximum
values of that indicator in 2013 and 2016. Before the normalization

process, extreme values from outliers were identified using the Grubbs’s
test and their values were replaced by the values from the closest non-
outliers. We use Eq. (1) for additive indicators, and equation (2) for
subtractive indicators as follows:

Table 1
Description of sustainability indicators with their associated component and pillar.

Pillar Component Indicator Units Direction Reference

Environmental Soil management Quantity of applied fertilizer produced off-farm
(organic and mineral fertilizer)

Kg / ha Additive Mutyasira et al. (2018); Pham and
Smith (2013

Quantity of applied animal manure produced on-
farm

Kg / ha Additive (Negi et al., 2018))

Crop area perceived as unfertile % area Subtractive Asminaya et al. (2018); Pham and
Smith (2013)

Crop area with perceived decrease in fertility % area Subtractive Onduru and Du Preez (2008); Pham
and Smith (2013)

Crop area under legume % area Additive Moraine et al. (2017); Mutyasira
et al. (2018)

Crop area with residues left on the field % area Additive Wilkus et al. (2019)
Area where there is an intent to invest in soil
fertility

% area Additive Lairez et al. (2020); Thierfelder
et al. (2022)

Average tree density Number of trees / ha Additive Escribano et al. (2018); Yegbemey
et al. (2014)

Area under erosion control measures % area Additive Mutyasira et al. (2018)
Water management Presence of irrigation Yes – No Subtractive Özerol et al. (2012)

Rainfall water use efficiency Kg / ha / mm of
rainfall

Additive Medrano et al. (2015)

Change in household water consumption Liters/day Subtractive Abu-Bakar et al. (2021); Vanham
and Bidoglio (2013)

Water use conflict % of amount Subtractive Veisi et al. (2020)
Agricultural diversity Tree diversity Number of species Additive Fadul-Pacheco et al. (2013);

Gaviglio et al. (2017)
Crop diversity Number of species Additive Fadul-Pacheco et al. (2013);

Gaviglio et al., 2017)
Livestock diversity Number of species Additive Fadul-Pacheco et al. (2013);

Gaviglio et al. (2017)
Economic Crop profitability Crop gross margin USD / ha Additive Antunes et al. (2017)

Crop expenditures USD / ha Subtractive Viteri Salazar et al. (2018)
Labor productivity USD / person Additive Bernués et al. (2011); Mutyasira

et al. (2018)
Post-harvest loss % amount Subtractive Anriquez et al. (2021); Stathers

et al. (2020)
Profitability Net household income USD Additive Kansiime et al. (2018)
Stability High income fluctuation Yes – No Subtractive ul Haq and Boz (2018)

Has savings Yes – No Additive Vilei (2011)
Reduction of vulnerability
to shocks

Loss of income due to shock USD Subtractive Baccar et al. (2019); Lien et al.
(2007)

High severity of shock Yes – No Subtractive Baccar et al. (2019); Lien et al.
(2007)

Time to recover after shock Number of months Subtractive Muricho et al. (2019); Rao and
Rogers (2006)

Social Food security Potential Food Availability index (PFAI)1 Ratio Additive Lopez-Ridaura et al. (2018)
Months of inadequate food provisioning Number of months Subtractive Jones et al. (2013)
Food Consumption Score (FCS)2 Score Additive Kissoly et al. (2017)
Coping Strategies Index (CSI)3 Score Subtractive Jones et al., (2013)

Health Health insurance binary Yes – No Additive ul Haq and Boz (2018)
Healthy household members % of people Additive Marandure et al., (2017); ul Haq

and Boz (2018)
Wellbeing Hours worked Hours/active

household member
Subtractive Antunes et al. (2017); Firbank et al.

(2018)
Perceived deterioration of household situation Yes – No Subtractive Ripoll-Bosch et al. (2012)
High impact of income fluctuations on wellbeing Yes – No Subtractive Angelsen and Dokken (2018)

Social capital Information network Number of sources Additive Hoang et al. (2006); Pretty et al.
(2007)

% of crops receiving support from farmers group % Additive Mutyasira et al. (2018); Pretty et al.
(2007)

Land security Land title ownership % of area Additive Shakya et al. (2019)
Secure land % of area Additive Clover and Eriksen (2009); Shakya

et al. (2019)
Land use conflict % of area Subtractive Shakya et al. (2019)

1 Potential Food Availability index (PFAI): represents a households’ potential food consumption expressed in energy equivalents with respect to its energy needs for a
year (Frelat et al., 2015).

2 Food Consumption Score (FCS): the possible range is between 0 and 112 points and measures a frequency weighted diet diversity index (Wiesmann et al., 2009).
3 Coping Strategies Index (CSI): represents the frequency and severity of coping behaviours that households adopt when they do not have access to enough food; a

lower score indicates less food insecure (Maxwell & Caldwell, 2008).
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Ind normi,t =
Indi,t − min

(
Ind•,•

)

max
(
Ind•,•

)
− min

(
Ind•,•

) (1)

Ind normi,t =
max

(
Ind•,•

)
− Indi,t

max
(
Ind•,•

)
− min

(
Ind•,•

) (2)

where Ind normi,t is the normalized value of an indicator for household i
in year t, Indi,t is the observed value of the indicator, min

(
Ind•,•

)
and

max
(
Ind•,•

)
are the minimum and maximum values of the indicator in

the sample, respectively. The resulting value lies between [0, 1], where
0 indicates the least sustainable and 1 the most sustainable observation.
Then, a weight is assigned to each normalized indicator such that the
sum of the weights over all the indicators entering one component of the
pillar of sustainability equals one. All continuous indicators carry the
same weight, while binary indicators are given half the weight of
continuous indicators, since they provide less information (Chopin et al.,
2019).

In this study, stakeholders were not involved in providing their views
over the sustainability of farms and the importance of the various in-
dicators. We hence considered that all the indicators could be weighted
equally following a first diagnosis conducted in the same region on the
sustainability of agricultural systems (Ulukan et al., 2022). For instance,
the crop diversity component has three quantitative indicators which all
received a weight of 0.33, whilst for the component reduction of
vulnerability to shocks the two quantitative indicators Loss of income
due to shock and Time to recover after shock had a weight of 0.4, whilst
the qualitative indicator High severity of shock (Yes/No) received a
weight of 0.2. Lastly, weighted normalized indicators are aggregated to
calculate composite indices per component (Eq. (3)):

CIj =
∑n

i=1
wi*Ind normi (3)

where CI stands for the composite index j for one component of the pillar
of sustainability, n is the number of indicators per composite index, and
w is the weight assigned to the constituent indicator i. The three com-
posite indices, one for each pillar of sustainability, and the composite
index for overall sustainability, are calculated by simple averages of the
components’ indices in the first case and the three composite indices in
the second case.

3.2. Difference-in-Difference propensity Score matching

To evaluate the impacts of the adoption of the innovations on the
sustainability of households in Morogoro and Dodoma, we apply PSM-
DID and we estimate the Average Treatment Effect on the Treated
(ATT) for each sustainability indicator as well as for the components and
the overall index. The adoption of innovations is a voluntary decision,
and it is likely that the characteristics of the households that decide to
adopt the innovation (in this study water-harvesting and fertilizer
microdosing) are different from the characteristics of the ones that do
not adopt the innovation, making difficult to understand if a difference
in the sustainability is due to households differences or due to innova-
tion adoption. Thus, a naive comparison between adopters and non-
adopters may result in biased estimates (Chabé-Ferret, 2015). PSM-
DID allows to control for selection bias on observables and unobserv-
ables that do not vary over time, and it makes the group of adopters
comparable with the group of non-adopters (Heckman et al., 1997).

The first step of PSM-DID is a binary regression over a set of
households and environment characteristics to predict the probability of
the household to adopt the treatment (i.e. innovation adoption). This
probability is called propensity score, and households with similar
scores are assumed to be comparable. The household and environment
characteristics used as covariates for the binary regression are different
variables inspired by the sustainable livelihood approach previously

used to describe the resources of households in Tanzania (Ulukan et al.,
2022). Human capital encompassed the household structure variables,
including education, age and experience. Natural capital was repre-
sented by total area managed by the household, proportion of land use
types and livestock. Financial capital was described by livelihood
strategy variables, such as proportion of cash crops. Physical capital was
the pure value of assets from the households and in terms of production.
In the second step of the PSM-DID, treated individuals are matched with
non-treated individuals based on the propensity score values by a proper
matching algorithm (e.g. Caliendo & Kopeinig, 2008). Tests are per-
formed to check whether the matched groups of the treated and un-
treated individuals are comparable. Finally, in order to assess the effect
of the treatment adoption, the ATT is estimated. The ATT in the case of
PSM-DID indicates the difference in the outcome change between the
treatment adopters and the non-adopters over the period considered.
PSM-DID is widely used to evaluate the effect of a farmer’s participation
in a policy program or of a farmer’s adoption of an innovation (Arata &
Sckokai, 2016; Dillon, 2011; Mennig & Sauer, 2020; Peralta et al. 2018;
Pufahl & Weiss, 2009; Udagawa et al., 2014).

PSM-DID relies on two assumptions. First, the DID mean indepen-
dence assumption posits that the average outcome of the treated and
untreated groups would follow a parallel trend had the treatment not
been applied. Second, the common support condition posits that for each
unit, there potentially exists at least one other unit to match with.

In our analysis, we apply a logistic regression, and we perform all the
steps of the PSM-DID separately for Dodoma and Morogoro, due to the
differences between their biophysical characteristics. Our treated group
in a region is composed by the sample households that adopted the
rainwater harvesting and fertilizer micro-dosing after 2013 (our initial
year), while our untreated group in a region is composed by the sample
households that had never adopted the coupled innovations or one or
the other over the time span 2013–2016. The covariates that enter the
logistic regression are chosen based on literature and expert consulta-
tions. They include socio-demographic characteristics such as the age
and educational level of household head and key variables about the
farming systems summarized via proportion of crop categories in the
total cultivated area of each household. We apply the nearest neighbor
matching algorithm with replacement, with 10 neighbors and caliper of
0.1 (Caliendo & Kopeinig, 2008). The caliper limits the possible
matching units based on the distances between propensity scores. There
is no common rule on the caliper to adopt. Based on literature that uses
calipers between 0.5 and 0.1 (Becerril & Abdulai, 2010; Arata & Scko-
kai, 2016; Mennig & Sauer, 2020), we applied a 0.1 caliper. We also
impose the common support condition by defining the region of com-
mon support as the region where there is overlap between the treatment
and the control groups’ propensity scores. Figs. A3 and A4 present the
distribution of propensity scores among treated and untreated units,
allowing the visualization of their overlapping range.

The estimate of the ATT in our analysis is defined as follows:

DID =
1
N

∑I∩S

i=1
[
(
Ind norm1

i,2016 − Ind norm0
i,2013|D = 1

)

−
∑V∩S

v=1
weightiv(Ind norm0

v,2016− Ind norm0
v,2013|D = 0)]

(4)

where N is the number of households that adopt the innovations, V is the
number of matched households that have never adopted the innovation
in the time span 2013–2016, D takes value of 1 for adopters and 0 for
non-adopters, S indicates the common support, weightiv indicates the
weights that range between [0, 1]. Hence, DID in our analysis indicates
the difference in the average change between 2013 and 2016 in each
sustainability indicator between the households that adopt the two in-
novations (rainwater harvesting and fertilizer micro-dosing) and the
similar households that have never adopted them.
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4. Data

4.1. The dataset

The data were collected through a survey conducted in Tanzania as
part of a large trans- and interdisciplinary research project.4 The two
regions were chosen because they represent the large variability of
farming systems in the region, differing for example by market access
and rainfed cropping systems, with the objective of integrating livestock
and village sizes with 800–1500 households. Furthermore, the selection
of these technologies to be introduced in the locations studied was done
together with village authorities and farmers to be tailored to the
households’ needs, expecting to face the challenge of economic acces-
sibility, which caused small share of farmers using fertilizers, particu-
larly chemical ones. In each region, 3 villages were selected and within
each village 150 households were randomly sampled from household
lists provided by the village head. Within each region, 1 village was
selected as a control site while the other 2 were intervention sites
(Brüssow et al., 2017). Between the two survey waves, about 5 % of
households dropped out (migration, not found anymore, death).

The project used participatory research methods to evaluate and
promote a combination of rainwater harvesting and fertilizer micro-
dosing to improve food security. The project implemented a mother-
baby trial design where demonstration (mother) plots were set up to
facilitate learning and supported farmers to test the technology on their
own farms (baby plots). The mother plots were set up and managed by
the regional centers of the Tanzanian national agricultural research in-
stitutes. These acted as learning sites and farmers were exposed to the
technology there. Volunteer farmers were then supported to implement
the approach in their own fields (baby plots).

The technology packages that were introduced combine water har-
vesting approaches with fertilizer micro dosing (for details see Saidia
et al., 2019b, 2019a). For the demonstration plots, the recommended
rate (40 kg P/ha and 80 kg N/ha for maize, 20 kg P/ha and 18 kg N/ha
for pigeon-pea) and a control of no fertilizer was compared to the micro
dosing (10 kg P and 20 kg N/ha in maize; 10 kg P and 9 kg N/ha in
pigeon-pea). In addition, tied ridges were introduced to improve water
use. Ridges were 75 cm apart and 20 cm high and 15 cm high ties were
150 cm apart. Fertilizer (DAP and urea) were added in holes 5 cm away
from plant hills. The study of the innovations’ impact was performed in
two regions of Tanzania, Morogoro and Dodoma, because of their con-
trasting environmental and socio-economic conditions, and because
both regions represent a majority (between 70 and 80 %) of the farming
system types found in the country (Graef et al., 2014). Table 2 presents a
comparison of the two regions’ characteristics. While Morogoro is a
semi-humid region with flat plains, highlands, and dry alluvial valleys,
Dodoma is a semi-arid region with flat plains and small hills.

The data has a panel structure with 448 observations for the region of

Dodoma and 444 for the region of Morogoro in the baseline year 2013,
before the project started its interventions, and 420 observations for
Dodoma and 391 for Morogoro in the year 2016, when the project had
been implemented. In 2016, 26 % of the sample households from
Dodoma and 18 % of the sampled households from Morogoro were
adopters of both innovations (See Table A10). Farmers were encouraged
to adopt both innovations due to their synergistic effects. Thus, in this
study it is not possible to explore the individual effect of each
innovation.

4.2. Household characteristics

In Dodoma and Morogoro, the average family size is five people, and
the household head is 50 years old on average. The average experience
in agriculture in Dodoma is higher than in Morogoro – 20 years versus
16 years in 2016 − while in both regions the average time spent on
education is four years. The land managed by each household is around
2.5 ha in both regions, and in the year 2016, an average of 80 % of it was
used for cropping. 40 % of the active members worked off-farm in
Dodoma in 2016, while in Morogoro this percentage was 30 %. The
hours worked per hectare increased from the year 2013 to the year 2016
in Dodoma and Morogoro, reaching about 650 and 700 h, respectively.
The area perceived as fertile increased in both regions, doubling in
Dodoma from 30 to 60% and increasing in Morogoro from 50% to 60%.
While the percentage of farms affected by drought decreased by 20
percentage points in Dodoma, in Morogoro this number increased by the
same percentage. The proportion of households that cultivate cash crops
in Dodoma doubled in the year 2016 to 20 % as well as the share of
farmland allocated to maize, while in Morogoro the maize land share
decreased to 40 %. The expenditure on fertilizers and pesticides more
than doubled between 2013 and 2016 in Dodoma and it reached 8.3
USD per hectare, while in Morogoro it remained stable at around 12 USD
per hectare. The value of productive assets owned by the households was
on average 75 USD in Dodoma, while in Morogoro it doubled from the
year 2013 to the year 2016, reaching almost 64 USD. Tables A1 and A2
in Online Appendix 1 present more details and summary statistics.

5. Results

5.1. Sustainability indicators

Table 3 presents the summary statistics of the sustainability in-
dicators for the two regions in 2013 and 2016, together with the results
of a simple test for difference between means over the two periods. As
mentioned in the methods section, we have chosen to use nearest
neighbor matching algorithm with replacement, with 10 neighbors and
a caliper of 0.1, however we have also tested the results by changing the

Table 2
Summary of the environmental and agricultural characteristics of Morogoro and Dodoma regions (Sources: Graef et al., 2014).

Characteristics Morogoro Dodoma

Biophysical Climate
Precipitation
Temperature
Topography

Semi-humid
600–800 mm per year
Annual average of 25 ◦C; 18 ◦C to 30 ◦C in the lowlands
Flat plains, highlands, and dry alluvial valleys

Semi-arid
350–500 mm per year
Annual average of 22 ◦C; 14 ◦C to 30 ◦C
Flat plains and small hills

Socio-economic Food security Different levels of food insecurity Predominantly low food security
Agricultural Major crops for household consumption Maize, rice, sorghum, legumes, horticulture Sorghum, millet, maize

Major cash crops Sesame, sunflower, sugarcane, cotton, sisal Sesame, groundnuts, sunflower
Livestock Poultry, cattle, goats. Secondary source of income Poultry, cattle, sheep, goats. Main source of income

4 The Trans-SEC project proposes agricultural innovations as a way to use
research and knowledge to face the need for food security of the rural poor
population in Tanzania. For more information see: https://www.trans-sec.org/.
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number of neighbors.5

The overall sustainability index for Dodoma increased significantly
driven by the rise in the economic index (Table 3). In Dodoma, there is a
significant increase in the component indicators of the economic index
for profitability, stability, and reduction of vulnerability to shocks. The
composite environmental index did not change significantly between
2013 and 2016 in Dodoma: the decrease in the indicator for soil man-
agement offsets the increase in the indicator for water management.
Likewise, the composite social index for Dodoma had no significant
change; the increase in the indicator for food security compensates for
the decrease of the social capital indicator.

For Morogoro, the overall sustainability index decreased between
2013 and 2016 (Table 3). The index for the economic sustainability as
well as its components of crop performance and reduction of vulnera-
bility to shocks had a significant decrease. The composite index for
environmental sustainability significantly increased. In contrast to the
results for Dodoma, in Morogoro there was a significant increase in the
soil management indicator and no significant change in the water
management indicator, while the diversity indicator increased signifi-
cantly between 2013 and 2016. The composite index for social sus-
tainability had a significant decrease. This fall is caused by a significant
decrease in wellbeing and social capital, although there was a significant
increase in food security and land security. Disaggregated data about the
sustainability indicators is shown in Online Appendix 1, Tables A3 and
A4.

5.2. Characteristics associated with the adoption of the innovations

The drivers of adoption of the two innovations seem to differ in

Morogoro compared to Dodoma (Table A9 in the Online Appendix). In
Morogoro a better level of education of the household head as well as a
higher land security index increases the probability of uptake for the two
innovations, while in Dodoma this probability increases for households
with a higher value of production assets and decreases with an increase
in the share of land allocated to cash crops.

The goal of any matching procedure is to make the treated group
comparable with the non-treated group such that any difference be-
tween them can be ascribed to the effect of the treatment. In our data-
sets, most of the observed characteristics of the households used in the
matching does not show any statistically differences between the treated
and untreated groups in the pre-treatment year (2013) even before the
matching (Tables A5 and A7). The only exceptions are represented by
the share of cropped area dedicated to cash crops in Dodoma and the
education of household head and the land security index in Morogoro,
which are all balanced before the matching only if we consider a sig-
nificance level of 90 %. In order to remove these slight differences be-
tween the treated and the untreated groups, we decide to apply the
matching and we present the results of the treatment effect without the
matching in Table A11 of the Appendix. We perform some diagnostic
tools to check whether the matching procedure can create a control
sample similar to the treated sample in each region. Specifically, we
applied a t-test on the mean differences between the treated and the
control group, the standardised mean differences and the variance ratio
(Tables A5− A8 and Figs. A1 and A2). The t-test shows that the mean of
the two samples is balanced in both regions after the matching and the
standardised mean difference is strongly reduced after matching in both
regions. The variance ratio shows values for Dodoma (from 0.81 and
1.23) that are close to the desirable range of 0.92–1.08 (Austin, 2009). In
the case of Morogoro, some values are not close to the range, which
indicates the lack of a good overlap between the variable probability
distributions in the two groups in the region. However, taking the three
diagnostic tools together we can conclude that also in Morogoro the two
groups are comparable.

5.3. Impacts of the innovations on the sustainability of households

The estimated impacts of adopting rainwater harvesting and fertil-
izer micro-dosing across the economic, social and environmental aspects

Table 3
Summary statistics of indicators for components and composite indices for Dodoma and Morogoro.

Dodoma 2013
(n = 448)

Dodoma 2016
(n = 420)

Difference
Dodoma 2016 – 2013

Morogoro 2013
(n = 444)

Morogoro 2016
(n = 391)

Difference
Morogoro
2016 – 2013

Mean SD Mean SD Mean SD Mean SD

Soil management 0.36 0.12 0.33 0.11 − 0.03*** 0.3 0.09 0.32 0.1 0.02***
Water management 0.55 0.11 0.62 0.12 0.07*** 0.6 0.09 0.59 0.12 − 0.01
Agricultural diversity 0.24 0.14 0.24 0.12 0.00 0.17 0.11 0.25 0.11 0.08***
Crop performance 0.55 0.09 0.55 0.09 0.00 0.63 0.13 0.54 0.12 − 0.09***
Profitability 0.22 0.25 0.28 0.25 0.06*** 0.29 0.29 0.32 0.28 0.03
Stability 0.35 0.34 0.65 0.35 0.3*** 0.55 0.33 0.57 0.34 0.02
Reduction of vulnerability to shocks 0.7 0.19 0.75 0.15 0.05*** 0.85 0.19 0.73 0.17 − 0.12***
Food security 0.43 0.15 0.54 0.15 0.11*** 0.53 0.17 0.58 0.14 0.05***
Health 0.66 0.21 0.65 0.23 − 0.01 0.63 0.2 0.63 0.23 0.00
Wellbeing 0.62 0.24 0.64 0.23 0.02 0.77 0.2 0.6 0.24 − 0.17***
Social capital 0.24 0.24 0.13 0.13 − 0.11*** 0.12 0.15 0.1 0.13 − 0.02**
Land security 0.48 0.19 0.5 0.2 0.02 0.39 0.18 0.43 0.2 0.04***
Environmental index 0.38 0.08 0.4 0.07 0.02* 0.36 0.06 0.39 0.07 0.03***
Economic index 0.46 0.12 0.56 0.13 0.1*** 0.58 0.15 0.54 0.14 − 0.04***
Social index 0.49 0.1 0.49 0.1 0.00 0.49 0.08 0.47 0.1 − 0.02***
Overall index 0.44 0.07 0.48 0.08 0.04*** 0.48 0.07 0.47 0.08 − 0.01**

Note: *p < 0.1; **p < 0.05; ***p < 0.01.

5 The study acknowledges the sensitivity of its results to variations in the
number of nearest neighbors used for matching, as indicated by robustness tests
employing 1:1 and 1:5 nearest neighbor matching. However, the primary
objective of the paper is to assess the differential impacts of innovations, spe-
cifically rainwater harvesting and fertilizer microdosing, on the three sustain-
ability pillars, considering geographical and demographic characteristics.
Overall, the study concludes that these innovations affect sustainability com-
ponents differently in semi-arid Dodoma and semi-humid Morogoro. In
Dodoma, there’s a decrease in the "quantity of fertilizer applied" indicator
under all three estimations, while Morogoro shows consistent improvements in
social pillar indices across all estimations tested, particularly in Coping Stra-
tegies and food security.
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Table 4
Average treatment effect on the treated (ATT) of rainwater harvesting and fertilizer micro-dosing adoption in Dodoma and Morogoro, 2013–2016 (After matching
algorithm applied).

Dodoma Morogoro

Sustainability
pillar

Outcome variable: Units ATT SD Difference
between mean
values
2016–2013 of
Matched Control
Group

SD ATT SD Difference
between mean
values
2016–2013 of
Matched Control
Group

SD

Environmental Quantity of applied
fertilizer produced
outside the farm

Kg / ha ¡966.3* (505.1) 951.54*** (342.56) ¡456.4 (386.5) 456.6 (312.76)

Quantity of applied
animal manure
produced inside the
farm

Kg / ha 2.83 (133.3) − 48.76 (58.83) ¡10.82 (54.98) − 34.23 (26.97)

Presence of
irrigation

Yes – No ¡0.01 (0.02) 0.00 (0.01) 0.00 (0.04) 0.04** (0.02)

Rainfall water use
efficiency

Kg / ha / mm
of rainfall

0.11 (0.08) 0.59*** (0.04) ¡0.07 (0.08) 0.51*** (0.04)

Change in
household Water
consumption

Liters / day ¡35.8* (20.58) − 20.30** (9.37) ¡14.03 (12.63) − 5.9 (4.88)

Water use conflict % of amount 0.05 (0.03) − 0.11*** (0.02) 0.01 (0.04) − 0.02 (0.02)
Soil management
index

0 to 1 ¡0.01 (0.02) − 0.03*** (0.01) 0.01 (0.02) 0.01 (0.01)

Water management
index

0 to 1 ¡0.01 (0.02) 0.07*** (0.01) ¡0.01 (0.02) − 0.00 (0.01)

Agricultural
diversity index

0 to 1 ¡0.02 (0.02) 0.00 (0.01) 0.05** (0.02) 0.05*** (0.01)

Environmental
Sustainability
index

0 to 1 ¡0.02 (0.01) 0.01** (0.01) 0.02 (0.01) 0.02*** (0.01)

Economic Crop gross margin
per ha

USD / ha ¡6.72 (42.41) 67.39*** (21.77) 5.60 (138.3) − 226.23*** (73.06.90)

Crop expenditures
per ha

USD / ha 12.69 (15.81) 17.90** (7.14) 40.58 (60.74) 18.56 (57.54)

Labor productivity USD / person 0.03 (0.12) − 0.02 (0.06) 0.31 (0.26) − 0.57*** (0.14)
Post-harvest loss % amount ¡2.03 (1.31) − 0.04 (0.61) 0.29 (1.11) 1.49*** (0.54)
Net household
income

USD ¡40.05 (200.1) 1,409.98*** (110.01) ¡118 (195.9) 1,437.05*** (96.49)

High income
fluctuation

Yes – No 0.06 (0.09) − 0.06 (0.04) ¡0.04 (0.09) 0.40*** (0.04)

Has savings Yes – No 0.09 (0.06) 0.60*** (0.03) 0.08 (0.09) 0.27*** (0.04)
Loss of income due
to shock

USD 110.6 (147.4) 54.31 (59.80) 282.9 (203.7) 571.16*** (68.27)

High severity of
shock

Yes – No 0.04 (0.07) − 0.04 (0.04) 0.06 (0.09) 0.40*** (0.04)

Months to recover
after shock

Number of
months

¡1.67 (5.79) − 13.59*** (3.17) 16.63 (51.43) 25.29 (17.84)

Crop profitability
index

0 to 1 ¡0.01 (0.02) 0.01 (0.01) 0.02 (0.03) − 0.09*** (0.01)

Profitability index 0 to 1 ¡0.05 (0.04) 0.07*** (0.02) 0.04 (0.07) 0.03 (0.02)
Stability index 0 to 1 ¡0.1* (0.06) 0.31*** (0.03) ¡0.08 (0.07) − 0.01 (0.03)
Vulnerability to
shocks reduction
index

0 to 1 ¡0.03 (0.03) 0.06*** (0.01) 0.03 (0.04) − 0.14*** (0.02)

Economic
sustainability
index

0 to 1 ¡0.05** (0.02) 0.11*** (0.01) 0.00 (0.03) − 0.05*** (0.01)

Social Potential Food
Availability index
(PFAI)

Kcal produced
& purchased /
Kcal needs /
household /
year

0.03 (0.27) 0.04 (0.18) 0.08 (0.31) 0.08 (0.13)

Months of
inadequate food
provisioning

Number of
months

¡0.29 (0.59) − 0.79** (0.31) ¡1.43* (0.84) − 0.87** (0.35)

Food Consumption
Score (FCS)

From 0 to 112 ¡0.16 (2.67) 0.56 (1.27) 3.86 (3.2) 0.59 (1.27)

Coping Strategies
Index (CSI)

Score for
frequency and
severity of

6.31* (3.42) − 30.80*** (1.90) ¡14.04*** (4.99) − 4.27** (1.81)

(continued on next page)
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of sustainability of the farming households in Dodoma andMorogoro are
presented in Table 4.6 Although the adoption of the innovations did not
result in a significant effect on the overall sustainability index in any of
the two regions, some effects were revealed when considering the single
components of the index (Table 4). For the humid area of Morogoro,
adopting the innovations increased the agricultural diversity index by 5
percentage points compared to the non-adopters. In Morogoro, no effect
was observed on the economic side while some effects were revealed for
some of the social indicators. Specifically, adopting the innovations led
to an increase in the food security index in the case of adopters by 8
percentage points that is significantly larger compared to the 6 per-
centage points increase for non-adopters. A positive effect was also
detected in the period of inadequate food provisioning, which decreased
by about 2 months in the treatment group, in comparison to the 0.8
month decrease in the non-treated group. Moreover, adopters experi-
enced a larger decrease in the Coping Strategies Index. This index
dropped by 18.31 points for households adopting the innovations
compared to a drop of 4.27 points among non-adopters. In the dry region
of Dodoma, the adopters experienced some effects in the environmental
domain. While in this region, both the adopters and the non-adopters
experienced a drop in water use over the time span 2013–2016, the
drop for the first was much higher. Indeed, non-adopters decreased their
water use by 20 L/day compared to a drop by around 56.1 L/day in
adopter households. In addition, while the households that did not adopt
the innovations showed an increase in the quantity of fertilizer applied
per hectare, the households that did adopt the innovations display a
decrease in this indicator.

The economic sustainability indicator of the treated units increased
by only 6 percentage points, in comparison to the increase of 11 per-
centage points for the control units. This is due to the increase of 21
percentage points in the stability index for the households that adopted
the treatment, in comparison to the increase of 31 percentage points for
the non-adopters. The only social indicator affected in the region of
Dodoma was the Coping Strategies Index that decreased by 24.5 points
in the treated group, while in the non-treated group it decreased by 30.8
points.

Looking at the differences between the treatment effects reported in
Table 4 with the treatment effects obtained without performing any
matching (Table A11), most of the results are similar in terms of sign and
significance, but some important differences exist. As expected, the
simple comparison between the trends of the treated and the untreated
groups without matching leads to a higher number of significant effects

compared to the results obtained by matching. Specifically, in Dodoma,
differences in the water use conflict, the agricultural diversity index, the
household savings, the overall sustainability index and in Morogoro the
stability index and the Food Consumption Score, are all significant if we
do not apply any matching procedure, while they lose significance if we
apply it. It is likely that the differences in the trends of these outcomes
are not due to the adoption of fertilizer micro-dosing and rainwater
harvesting, but rather to the differences in the characteristics of the two
groups. The agricultural diversity index in Morogoro and the coping
strategy index in Dodoma are the only two outcomes that resulted to be
significant when matching is applied and not when matching is not
applied.

5.4. Sensitivity analysis on the ATT

The DID-PSM estimator controls for the presence of bias due to
observed factors and unobserved factors that are constant over time.
Hence, the outcome trends of the treated and the matched control group
should be parallel in the absence of treatment. However, there may be
unobserved factors that vary over time that simultaneously affect the
probability of participating in the treatment and the outcome, which
undermine the parallel trend assumption and bias the estimates.

One empirical test that is sometimes applied to check this assumption
is called placebo test (Chabé-Ferret & Subervie, 2013) and it consists in
estimating the ATT between the two matched groups before the intro-
duction of the treatment, where the parallel trend should hold. This
requires observing data for at least one period before the treatment
introduction. This requirement makes the placebo test barely applied in
the agricultural economics literature in developing countries (Haile
et al., 2017; Simonet et al., 2019), where pre-treatment data are usually
not available. The theoretical development of the PSM proposes another
approach to test the sensitivity of the results to the potential presence of
hidden bias, the Rosenbaum (2002, 2007) sensitivity analysis. Differ-
ently from the placebo test, the Rosenbaum approach does not detect
whether there is hidden bias, but rather how strong hidden bias (indi-
cated by Γ) should be to undermine the statistical significance of the
ATT. Γ is defined as the ratio of the probabilities of receiving the
treatment between a unit belonging to the treated group and one
matched control unit. If Γ is set equal to one, after controlling for the
observed factors, the treatment assignment is considered random, i.e.
both units have the same probability of receiving the treatment.

As we do not have data for the period before the introduction of

Table 4 (continued )

Dodoma Morogoro

Sustainability
pillar

Outcome variable: Units ATT SD Difference
between mean
values
2016–2013 of
Matched Control
Group

SD ATT SD Difference
between mean
values
2016–2013 of
Matched Control
Group

SD

hunger facing
measures

Food security index 0 to 1 ¡0.02 (0.02) 0.11*** (0.01) 0.08*** (0.03) 0.06*** (0.01)
Social
sustainability
index

0 to 1 0.01 (0.02) − 0.00 (0.01) 0.02 (0.02) − 0.02*** (0.01)

Overall
sustainability
index

0 to 1 ¡0.02 (0.01) 0.04*** (0.01) 0.01 (0.01) − 0.02*** (0.01)

Note: *p < 0.1; **p < 0.05; ***p < 0.01.

6 Estimation has been performed by the R package MatchIt and robust
standard errors are computed.
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innovations, we cannot test the parallel trend assumption, but we do test
how sensitive our outcomes are to unobserved factors changing over
time (which could undermine the results). The unobserved time
invariant factors are controlled for in the DID approach and hence they
do not represent a source of hidden bias. We present the sensitivity
analysis only for the outcomes with a statistically significant ATT. From
Tables A12–A14 in the Appendix one can see that most of the significant
ATT lose statistical significance if Γ is between 1.2 and 1.4. This means
that if there is an observed factor that varies over time which makes a
treated (control) unit 20 %-40 % more likely of receiving the treatment
than the corresponding matched control (treated) unit, then the
conclusion on the ATT is no longer valid. In Dodoma, the outcomes that
are more sensitive to the potential presence of a hidden bias are the
stability index and the coping strategies index. Both become statistically
insignificant even at 10 % level for Γ = 1.2. The critical level of Γ at
which the conclusions of an impact of the studied program on the
quantity of applied fertilizer produced off-farm, the change in household
water consumption, and the economic sustainability index is under-
mined is 1.4. The coping strategies index is the most robust result for
Morogoro. Indeed, it is affected by a bias of magnitude equal to 3. The
other significant results in Morogoro are impacted by an unobserved
factor which affects the ratio of being treated between 20 % and 40 %.

The sensitivity test does not detect the actual presence of hidden bias,
but it just indicates how strong the hidden bias must be to undermine the
conclusions. In addition, as we combine the PSM with DID, our concern
refers only to the unobserved factors that vary over time, since we
control for the time-invariant unobserved factors.

6. Discussion

In line with previous studies, our analysis shows that the impacts of
innovations are heterogeneous across different dimensions of sustain-
ability, as well as among geographical, biophysical, and other regional
conditions. In the semi-humid region of Morogoro, the adoption of in-
novations improved households’ food security but impacts on other
social, economic and environmental indicators were small. In the semi-
arid region of Dodoma, we found a positive impact on household water
consumption, but also a smaller increase in economic sustainability with
respect to non-adopters.

Some of the covariates used in the DID-PSM were not balanced
before matching. Hence, a simple comparison of adopters and non-
adopters would have led to biased treatment effect estimates (see On-
line Appendix 1 Table A11). For example, adopters of innovations in
Dodoma had a lower share of land dedicated to cash crops, lower agri-
cultural diversity and more water use conflicts, but they also had a
higher probability to have savings. Although there is a market risk from
selling cash crops, they can offset subsistence crop failure (Maxwell &
Fernando, 1989). Previous studies also established a link between the
adoption of technological innovations in agriculture and land tenure
security (Jansen et al., 2006), higher levels of education and food se-
curity (Kebede et al. 1990), and higher incomes and knowledge of
nutrition (De Cock et al., 2013).

In Morogoro, the increase in food security goes together with an
improvement in agricultural diversity. The increase by 5 percentage
points of the agricultural diversity index for adopters of fertilizer
microdosing may be due to the increase in fertilizer available. As
explained by the research of Schindler et al. (2016) farmers assert that
the access to fertilizer motivates them to plant crops that they do not
cultivate presently. The diversity in agricultural landscape is known to
have an indirect positive effect on households’ food access because of

the provision of ecosystem services that regulate and support crop
production (Leroux et al., 2022). Similarly, previous research showed
improved food security by diversification of crops cultivated after the
adoption of rainwater harvesting (Biazin et al., 2012).

We did not find evidence of large or statistically significant increases
in economic sustainability in Morogoro even though food security in-
dicators improved. Higher yields might not translate into higher net
incomes or an improvement in other economic indicators due to factors
implied in the use of innovations, like investment costs and the oppor-
tunity cost of family labor that previously worked off-farm (Adolwa
et al., 2019). Furthermore, the lack of connection between economic
benefits and food security could be explained by commercialization
constraints. The commercialization of crops produced is often focused
on large farms with high capital (Barrett et al., 2012), which leaves small
farms weakly integrated into food markets and dependent for food se-
curity on local food production and less on household income (Herr-
mann et al., 2018). On the other hand, some of the economic benefits of
rainwater harvesting may only emerge in the long-run (Ellis-Jones &
Tengberg, 2000). Collecting a third survey wave could shed more light
on these long-term impacts.

A differentiated impact could emerge from heterogeneity in labor
costs. Both studied technologies are labor-intensive. According to some
recent estimates, the construction of tied ridges for crop cultivation
under water harvesting requires 107.6 h per person per acre, while flat
cultivating requires only 24.3 h per person and acre (Germer et al.,
2021). In other words, the benefits may be higher in regions with low
overall labor costs or low opportunity costs of labor within subsistence
farmer households (Habtemariam et al., 2019; Sieber et al., 2018).

In Dodoma, improvements in household food security and income
were expected with rainwater harvesting and fertilizer micro-dosing due
to its semi-arid climate, according to an ex-ante assessment by Graef
et al. (2017). However, we cannot confirm such impacts in our ex-post
assessment. The investment costs of the new technologies, including
the opportunity cost of labor, may not pay off due to inadequate inte-
gration with the resources of the region. This may be the reason for the
negative impact of adoption on the economic stability index and the
Coping Strategies Index (components of food security) in Dodoma.

Enfors and Gordon (2008) found that water allocation among
members of water user groups in semi-arid Tanzania is skewed towards a
few privileged farmers, which could explain the lack of broad positive
impacts on stabilizing yields, even in the presence of an improved small-
scale water and irrigation system. The overuse of irrigation by some
households could have undermined benefits created through the pro-
motion of novel technologies among farmer groups (Ainembabazi et al.,
2017). Furthermore, since soil organic matter and moisture levels are
factors that can influence the lack of positive results from fertilizer
microdosing, weather might be a major determinant of the success of
innovations in the rainfed agriculture of semi-arid Dodoma.

These results have clear implications for landmanagement in Eastern
Africa. Coupled tied ridges and micro-dosing fertilizers are likely
allowing crop diversification and increase food security in more humid
areas like Morogoro. This finding could be expanded to other regions in
Tanzania with similar biophysical context such as the provinces in the
South (Lindi, Ruwuna and Mtwara). Moreover, countries with similar
households and farm characteristics such as Kenya, Uganda or Malawi
could benefit from such innovations. Previous research in Malawi had
shown that, below 500 mm.yr− 1, tied ridges are not influencing the
growth of crops, such as maize (Wiyo et al., 2000). In drier areas, except
for the fact that tied ridges coupled to fertilizer micro-dosing contribute
to saving water, it does not seem that they should be recommended for
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increasing productivity.
The innovations studied may interact in complex ways with the

available resources. For instance, the effectiveness may be larger for
households with good human capital. Research on farming in Sub-
Saharan Africa has repeatedly demonstrated the presence of poverty
traps. For instance, Tittonell and Giller (2013) show that yield gaps and
economic pressures push farmers towards management practices that
prioritize short-term gains for survival over long-run soil health and
overall sustainability strategies, leading to a poverty trap. Multiple
equilibria may exist within a region or country (Kwak & Smith, 2013).
Under low baseline levels of productive assets for agricultural produc-
tion, adopting small-scale innovations may not generate a big enough
push to pass thresholds needed for sustained economic viability. More
comprehensive interventions addressing resource scarcity at many
different levels are then a precondition to enable farmers to use new
technologies effectively (Peralta et al., 2018). Hence, studying the
differentiated impacts of technology adoption under diverse pre-
conditions remains an important task for future research.

Finally, one way to build upon our research design would be to
disentangle the impact of micro-dosing and rainwater harvesting by
evaluating them separately. While studying only the combination has
the advantage of a higher statistical power, as there are fewer groups
and the combined use may be generally more impactful, it also impedes
more detailed knowledge. We can also not rule out the possibility that
our null result emerges from opposite impacts of the two interventions
that cancel each other out.

7. Conclusions

We conducted an interdisciplinary assessment of the impact of two
specific technological innovations (water harvesting and fertilizer
micro-dosing) on economic, social, and environmental sustainability of
farm households in two Tanzanian regions, Dodoma and Morogoro. As
discussed in detail in the previous section, such assessment confirms the
complex and heterogeneous impacts of new agricultural technologies on
small-scale farming in Sub-Saharan Africa.

Our analysis also shows that, in order to draw any conclusion on the
impact of new agricultural technologies, it is important to consider a
broad set of indicators and to apply a rigorous methodology to obtain
unbiased estimates of treatment effects for the many possible impacts at
household level. Indeed, although most of our composite sustainability
indicators were not affected by the adoption of water harvesting and
fertilizer micro-dosing in both regions, some of their components were
affected. This sheds light on the need to consider not only summary
measures of sustainability, but also to analyze their single components
to gain deeper insights into the impacts of technology adoption.

In general, after three years of adoption, such overall impacts were
small, although we found important differences between the two re-
gions. By implementing the assessment in regions with different bio-
physical conditions, important insights can be gained on whether to
scale-up interventions. Our results highlight that policies to support
technology adoption would likely have to differ between regions and
across farm household clusters, since only a sub-sample of farmers may
be ready for proper technology adoption, with potential positive impacts
on their economic, social and environmental sustainability. However, a
more thorough analysis of long-run impacts could help to further inform
policy makers, since such technologies may display their full impacts

after a proper transition/adaptation period. We also argue that, in some
cases, specific barriers may reduce the effectiveness of innovations, such
as poverty traps that prioritize short-run survival practices rather than
long-run sustainable strategies.

Our conclusions can be reinforced by extending our study, which
carries some intrinsic limitations. Evaluation of impacts that go beyond
the household would be one important complement to our approach
which may miss negative and positive effects transcending the house-
hold level. Estimating such impacts would be needed for a more
comprehensive welfare and policy analysis. Some of the studied in-
dicators may also interact with each other in complex ways. For
instance, the worsening of the Coping Strategies Index in Dodoma for
the households that adopted the innovations could be a consequence of
the reduced economic sustainability. Such interactions should be prop-
erly considered, possibly carrying out a longer-term analysis, based on a
further survey round.

Also, further assessments may specialize in testing social impacts of
the technologies, while the economic and environmental influences
have been prioritized here. For the social pillar, we focused on evalu-
ating changes in food security because this indicator showed a signifi-
cant difference between 2013 and 2016 and is a main driver of social
wellbeing in Tanzania. In addition, availability of data for a longer time
horizon (i.e. more than one year before the technology adoption) would
have allowed to check the parallel trend assumption for each of the
outcomes between the adopters and the non-adopters. Future research
on the effectiveness of technology adoption should try to collect data for
a longer time period in order to empirically test the key assumptions of
the analysis, as well as to catch any effect of technology adoption that
may appear only after several years of implementation.
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Appendix 1

XXX

Table A1
Summary statistics of household characteristics of Dodoma sample.

Dodoma 2013 Dodoma 2016 Difference
2016–2013

Variable Units n Mean sd min max n mean sd min max

Family size No.
people

448 5.3 2.2 1 18 420 5.5 2.2 1 12 0.2

Age of household head Years 447 49 16.9 22 110 420 51.2 16.9 22 100 2.2
Experience of household head Years 448 20.5 17.2 0.8 84 420 20.7 13.6 1 77 0.2
Education of household head Years 424 4.2 3.4 0 16 415 4.4 3.5 0 14 0.2
Total labor invested per land unit hours/ha 448 562.4 748.4 16.4 9452 420 651.3 508.8 73.3 5647.1 88.9
Share of hired labor in total labor % 448 0.1 0.1 0 1 420 0.1 0.2 0 0.9 0
Share of total labor working in land
preparation

% 448 0.2 0.2 0 0.8 420 0.2 0.1 0 0.8 0

Share of total labor working in weeding % 448 0.3 0.2 0 1.1 420 0.3 0.1 0 0.8 0
Share of total labor working in harvesting % 448 0.2 0.2 0 2.2 420 0.2 0.1 0 1 0
Share of total labor working in planting % 448 0.1 0.1 0 0.6 420 0.1 0.1 0 0.4 0
Share of total labor working in other
cropping activities

% 448 0.1 0.1 0 0.8 420 0.1 0.1 0 0.3 0

Active members on-farm % 375 1 0.1 0.2 1 406 1 0.1 0.2 1 0
Active members off-farm % 446 0.4 0.4 0 1 420 0.3 0.4 0 1 ¡0.1
Total area managed by the household Ha 448 2.4 2.4 0.2 32.1 420 2.5 3.6 0.2 61.3 0.1
Share of total area perceived by the
household as fertile

% 448 0.3 0.4 0 1 420 0.6 0.4 0 1 0.3

Affected by drought Yes-No 448 0.7 0.5 0 1 420 0.5 0.5 0 1 ¡0.2
Share of total area used for cropping % 448 0.9 0.2 0 1 420 0.8 0.2 0 1 ¡0.1
Share of cropped area dedicated to
grassland

% 448 0 0 0 0.9 420 0 0 0 0.8 0

Share of cropped area dedicated to cash
crops

% 448 0.1 0.2 0 1 420 0.2 0.2 0 0.8 0.1

Share of cropped area dedicated to maize % 448 0.1 0.1 0 0.8 420 0.2 0.2 0 1 0.1
Share of cropped area dedicated to bullrush % 448 0.3 0.3 0 1 420 0.3 0.3 0 1 0
Share of cropped area dedicated to other
cereals

% 448 0.2 0.3 0 1 420 0.2 0.3 0 1 0

Share of cropped area dedicated to legumes % 448 0.3 0.2 0 1 420 0.2 0.2 0 1 ¡0.1
Share of cropped area dedicated to other
crops

% 448 0 0.1 0 0.6 420 0 0.1 0 1 0

Share of cropped area dedicated to cereals % 448 0.6 0.2 0 1 420 0.6 0.2 0 1 0
Value of fertilizer and pesticide
expenditures

USD/ha 448 2.8 11 0 125.8 420 8.3 44.2 0 822.9 5.5

Value of productive assets USD 448 73.1 161.6 0 2358.3 420 75.9 276.2 0 4879.3 2.8

Table A2
Summary statistics of household characteristics of Morogoro sample.

Morogoro 2013 Morogoro 2016 Difference
2016–2013

Variable Units n mean sd min max n mean Sd min max

Family size No.
people

444 4.4 2.3 1 13 391 5 2.4 1 19 0.6

Age of household head Years 443 47.9 17 19 116 391 50.8 16 22 100 2.9
Experience of household head Years 444 13.3 11.8 1 82 391 16.8 12.4 2 87 3.5
Education of household head Years 440 4.9 3.3 0 14 390 4.8 3.3 0 17 ¡0.1
Total labor invested per land unit hours/ha 444 653.2 737 21 9866.7 389 699.9 553.1 0 3632.4 46.7
Share of hired labor in total labor % 444 0.2 0.3 0 1 390 0.2 0.3 0 1 0
Share of total labor working in land
preparation

% 444 0.3 0.2 0 0.8 390 0.2 0.2 0 0.8 ¡0.1

Share of total labor working in weeding % 444 0.3 0.2 0 2.1 390 0.3 0.2 0 1.3 0
Share of total labor working in harvesting % 444 0.2 0.1 0 0.9 390 0.2 0.2 0 1.1 0
Share of total labor working in planting % 444 0.1 0.1 0 0.8 390 0.1 0.1 0 0.7 0
Share of total labor working in other cropping
activities

% 444 0.1 0.1 0 0.8 390 0.1 0.1 0 0.5 0

Active members on-farm % 392 1 0.1 0.2 1 376 1 0.1 0.3 1 0
Active members off-farm % 442 0.2 0.4 0 1 391 0.3 0.4 0 1 0.1
Total area managed by the household Ha 444 2.1 1.9 0.1 24.3 391 2.5 5.1 0.1 93.1 0.4
Share of total area perceived by the
household as fertile

% 444 0.5 0.5 0 1 391 0.6 0.4 0 1 0.1

Affected by drought Yes-No 444 0.1 0.3 0 1 391 0.3 0.5 0 1 0.2
Share of total area used for cropping % 444 0.8 0.2 0 1 391 0.8 0.3 0 1 0

(continued on next page)
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Table A2 (continued )

Morogoro 2013 Morogoro 2016 Difference
2016–2013

Variable Units n mean sd min max n mean Sd min max

Share of cropped area dedicated to grassland % 444 0 0.1 0 1 391 0 0 0 0 0
Share of cropped area dedicated to cash crops % 444 0.2 0.3 0 1 391 0.2 0.2 0 0.9 0
Share of cropped area dedicated to maize % 444 0.6 0.3 0 1 391 0.4 0.3 0 1 ¡0.2
Share of cropped area dedicated to bullrush % 444 0 0 0 0.2 391 0.1 0.2 0 1 0.1
Share of cropped area dedicated to other
cereals

% 444 0.1 0.2 0 1 391 0.1 0.2 0 1 0

Share of cropped area dedicated to legumes % 444 0.1 0.1 0 0.8 391 0.2 0.2 0 0.8 0.1
Share of cropped area dedicated to other
crops

% 444 0 0.1 0 1 391 0 0.1 0 0.5 0

Share of cropped area dedicated to cereals % 444 0.7 0.3 0 1 391 0.6 0.2 0 1 ¡0.1
Value of fertilizer and pesticide expenditures USD/ha 444 12.5 77.9 0 1028.4 391 12.1 31.2 0 330.7 ¡0.4
Value of productive assets USD 444 29.9 63.1 0 603.2 391 63.7 331.9 0 6197.1 33.8

Table A3
Summary statistics of sustainability indicators for Dodoma.

Dodoma 2013
(n = 448)

Dodoma 2016
(n = 420)

Difference
2016–2013

Pillar Component Indicator Units Mean CV
(%)

Mean CV
(%)

Environmental Soil management Quantity of applied fertilizer produced
outside the farm

Kg / ha 157.7 484 611.8 740 454.1

Quantity of applied animal manure produced
inside the farm

Kg / ha 135.8 580 82.4 592 − 53.4

Crop area perceived as unfertile % area 0.2 200 0 0 − 0.2
Crop area with perceived decrease in fertility % area 0.6 67 0.5 80 − 0.1
Crop area under legume % area 0.3 67 0.2 100 − 0.1
Crop residues left on the field % area 0.3 133 0.2 150 − 0.1
Intent to invest in soil fertility % area 0.8 50 0.5 80 − 0.3
Tree density Number of trees / ha 11.4 532 9.4 400 − 2
Area under erosion control measures % area 0.3 133 0.2 200 − 0.1

Water management Presence of irrigation Yes – No 0 0 0 0 0
Rainfall water use efficiency Kg / ha / mm of rainfall 0.5 200 0.6 117 0.1
Change in water consumption Liters/day 7.1 549 − 20.9 − 642 − 28
Other form of water harvesting Yes – No 0.4 125 0.2 200 − 0.2
Water use conflict % of amount 0.1 300 0 0 − 0.1

Agricultural
diversity

Tree diversity Number of species 2.9 83 2.8 64 − 0.1
Crop diversity Number of species 3.7 43 3.3 39 − 0.4
Livestock diversity Number of species 1.3 100 1.8 72 0.5

Economic Crop profitability Crop gross margin USD / ha 159 229 206.4 129 47.4
Crop expenditures USD / ha 35.8 206 53.4 171 17.6
Labor productivity USD / person 0.6 217 0.5 100 − 0.1
Post-harvest loss % amount 3.1 319 2.1 205 − 1

Profitability Net household income USD 982.5 133 1368.8 126 386.3
Stability High income fluctuation Yes – No 0.5 100 0.5 100 0

Has savings Yes – No 0.2 200 0.8 50 0.6
Vulnerability to
shocks

Loss of income due to shock USD 349.6 202 424.4 161 74.8
High severity of shock Yes – No 0.7 57 0.7 71 0
Time to recover after shock Number of months 25.6 130 18.5 588 − 7.1

Social Food security Potential Food Availability index (PFAI) Ratio 2 75 2 140 0
Months of inadequate food provisioning Number of months 5.8 62 4.8 77 − 1
Food Consumption Score (FCS) Score 45.8 35 46.9 38 1.1
Coping Strategies Index (CSI) Score 33.8 88 6.3 244 − 27.5

Health Health insurance binary Yes – No 0.3 133 0.3 167 0
Healthy household members % of people 0.8 37 0.8 25 0

Wellbeing Hours worked Hours/active household
member

664.3 120 707.2 97 42.9

Perceived deterioration of household
situation

Yes – No 0.5 100 0.4 125 − 0.1

High impact of income fluctuations on
wellbeing

Yes – No 0.5 100 0.4 125 − 0.1

Social capital Information network Number of sources 34.2 142 14.3 99 − 19.9
% of crops receiving support from farmers
group

% 0.1 300 0.1 200 0

Land security Land title ownership % of area 0 0 0 0 0
Secure land % of area 0.5 100 0.5 100 0
Land use conflict % of area 0.1 200 0 0 − 0.1
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Table A4
Summary statistics of sustainability indicators for Morogoro.

Morogoro 2013
(n = 444)

Morogoro 2016
(n = 391)

Difference
2016–2013

Pillar Component Indicator Units Mean CV
(%)

Mean CV (%)

Environmental Soil management Quantity of applied fertilizer produced
outside the farm

Kg / ha 2 930 298.4 1424 296.4

Quantity of applied animal manure
produced inside the farm

Kg / ha 26 1316 0.5 1240 − 25.5

Crop area perceived as unfertile % area 0.1 200 0 0 − 0.1
Crop area with perceived decrease in
fertility

% area 0.5 100 0.3 133 − 0.2

Crop area under legume % area 0.1 100 0.2 100 0.1
Crop residues left on the field % area 0.4 125 0.1 200 − 0.3
Intent to invest in soil fertility % area 0.3 167 0.3 133 0
Tree density Number of trees / ha 4.6 165 7.9 194 3.3
Area under erosion control measures % area 0.2 150 0.2 150 0

Water management Presence of irrigation Yes – No 0 0 0.1 300 0.1
Rainfall water use efficiency Kg / ha / mm of rainfall 0.7 243 0.5 160 − 0.2
Change in water consumption Liters/day 1.1 3573 − 2.5 − 3328 − 3.6
Water use conflict % of amount 0.1 200 0 0 − 0.1

Agricultural
diversity

Tree diversity Number of species 1.8 100 2.4 67 0.6

Crop diversity Number of species 2.1 48 2.8 39 0.7
Livestock diversity Number of species 0.8 87 0.9 67 0.1

Economic Crop profitability Crop gross margin USD / ha 609.3 175 391 210 − 218.3
Crop expenditures USD / ha 195.8 589 191.8 173 − 4
Labor productivity USD / person 1.6 125 1.1 173 − 0.5
Post-harvest loss % amount 1.8 322 3.5 249 1.7

Profitability Net household income USD 1483.9 187 1396.2 117 − 87.7
Stability High income fluctuation Yes – No 0.3 133 0.6 83 0.3

Has savings Yes – No 0.4 125 0.7 71 0.3
Vulnerability to
shocks

Loss of income due to shock USD 155.8 274 768.2 136 612.4
High severity of shock Yes – No 0.4 125 0.8 50 0.4
Time to recover after shock Number of months 11.9 223 48 691 36.1

Social Food security Potential Food Availability index (PFAI) Ratio 2.7 78 2.7 74 0
Months of inadequate food provisioning Number of months 5.1 96 4 88 − 1.1
Food Consumption Score (FCS) Score 53.2 31 53.8 29 0.6
Coping Strategies Index (CSI) Score 16.2 149 7.3 225 − 8.9

Health Health insurance binary Yes – No 0.1 300 0.2 200 0.1
Healthy household members % of people 0.9 33 0.8 37 − 0.1

Wellbeing Hours worked Hours/active household
member

532.1 154 627 124 94.9

Perceived deterioration of household
situation

Yes – No 0.3 167 0.6 83 0.3

High impact of income fluctuations on
wellbeing

Yes – No 0.2 200 0.5 100 0.3

Social capital Information network Number of sources 16.3 133 28.1 142 11.8
% of crops receiving support from farmers
group

% 0.3 133 0.1 300 − 0.2

Land security Land title ownership % of area 0.1 300 0 0 − 0.1
Secure land % of area 0.1 300 0.3 133 0.2
Land use conflict % of area 0.1 300 0.1 300 0

Table A5
Balance test on the covariates before matching in Dodoma.

Means Treated Means Control Std. Mean Diff. Var. Ratio p-value

Age of household head 49.5253 49.6839 − 0.0104 0.7979 0.93
Education of household head 4.2485 4.1363 0.0359 0.8491 0.75
Total labor invested per land unit 576.7159 570.0373 0.0094 0.8231 0.93
Total area managed by the household 2.6264 2.3446 0.1337 0.7086 0.25
Share of total area used for cropping 0.8881 0.8521 0.1855 0.5883 0.13
Share of cropped area dedicated to cash crops 0.0965 0.1227 − 0.2030 0.5781 0.09
Value of productive assets 101.8320 66.0513 0.1452 3.8705 0.15
Share of cropped area dedicated to maize 0.0900 0.0793 0.0807 1.0838 0.46
Hired labor 0.0457 0.0530 − 0.0556 0.7873 0.63
Land security index 0.4995 0.4783 0.1075 1.0775 0.33
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Table A6
Balance test on the covariates after matching in Dodoma.

Means Treated Means Control Std. Mean Diff. Var. Ratio p-value

Age of household head 49.1961 49.2164 − 0.0013 0.8165 0.93
Education of household head 4.2579 4.2338 0.0077 0.8427 0.87
Total labor invested per land unit 568.5142 528.7356 0.0558 1.2358 0.91
Total area managed by the household 2.4458 2.2996 0.0694 0.8729 0.43
Share of total area used for cropping 0.8850 0.8832 0.0092 0.9553 0.57
Share of cropped area dedicated to cash crops 0.0986 0.0931 0.0423 0.7936 0.38
Value of productive assets 76.9855 68.1113 0.0360 0.8443 0.19
Share of cropped area dedicated to maize 0.0886 0.0994 − 0.0814 0.8123 0.84
Hired labor 0.0474 0.0407 0.0507 1.1500 0.76
Land security index 0.4983 0.4999 − 0.0084 0.9987 0.39

Table A7
Balance test on the covariates before matching in Morogoro.

Means Treated Means Control Std. Mean Diff. Var. Ratio p-value

Age of household head 49.3043 47.7962 0.0900 0.9903 0.50
Education of household head 5.5062 4.8174 0.2320 0.7796 0.09
Hired labor 0.1295 0.1720 − 0.1726 0.8696 0.20
Total area managed by the household 2.4046 2.0263 0.2197 0.7600 0.11
Share of total area used for cropping 0.8808 0.8519 0.1385 0.8944 0.30
Share of cropped area dedicated to cash crops 0.2174 0.2217 − 0.0158 1.1236 0.90
Value of productive assets 44.8184 28.9372 0.1621 2.8466 0.20
Share of cropped area dedicated to maize 0.5932 0.6271 − 0.1077 1.2415 0.41
Total labor invested per land unit 641.1608 656.3226 − 0.0244 0.6132 0.86
Land security index 0.4185 0.3715 0.2160 1.9580 0.09

Table A8
Balance test on the covariates after matching in Morogoro.

Means Treated Means Control Std. Mean Diff. Var. Ratio p-value

Age of household head 47.1250 48.6643 − 0.0918 0.7611 0.63
Education of household head 5.3895 5.3600 0.0099 0.8957 0.39
Hired labor 0.1314 0.1223 0.0367 1.3679 0.73
Total area managed by the household 2.3387 2.4327 − 0.0546 0.2872 0.20
Share of total area used for cropping 0.8760 0.8790 − 0.0142 1.5276 0.73
Share of cropped area dedicated to cash crops 0.2274 0.2115 0.0589 1.2417 0.99
Value of productive assets 37.4723 30.9505 0.0666 2.5788 0.27
Share of cropped area dedicated to maize 0.5846 0.6016 − 0.0540 1.2901 0.54
Total labor invested per land unit 644.1509 671.7603 − 0.0444 0.6400 0.66
Land security index 0.3940 0.3816 0.0566 0.0452 0.49

Table A9
Estimates of the logistic regression for Morogoro and Dodoma.

Dependent variable:

Treatment Morogoro SD Treatment Dodoma SD

Age of household head 0.011 (0.01) − 0.004 (0.01)
Education of household head 0.097** (0.05) − 0.004 (0.04)
Hired labor − 1.332** (0.63) − 0.951 (0.89)
Total area managed by the household 0.081 (0.06) 0.045 (0.05)
Share of total area used for cropping 0.474 (0.72) 0.837 (0.53)
Share of cropped area dedicated to cash crops − 0.913 (0.71) − 1.318* (0.77)
Share of cropped area dedicated to maize − 0.735 (0.63) 0.491 (0.85)
Total labor invested per land unit − 0.00002 (0.00) − 0.00001 (0.00)
Land security index 1.481* (0.76) 0.649 (0.61)
Value of productive assets 0.003 (0.00) 0.001* (0.00)
Constant − 2.988*** (1.03) − 1.909*** (0.70)
Observations 388 420
Log Likelihood − 172.37 − 235.52
Akaike Inf. Crit. 366.75 493.05

Note: *p < 0.1; **p < 0.05; ***p < 0.01.
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Table A10
Sample sizes before and after matching algorithm was applied for the two study regions.

Number of households Dodoma Morogoro

Treated group*
Before matching 110 69
After matching 106 64
Control group
Before matching 310 319
After matching 278 260
Matching algorithm 10:1 nearest neighbor matching with replacement and caliper of 0.1

* Adopters of both technologies: rainwater harvesting and fertilizer micro-dosing.

Fig. A1. Absolute standardized mean differences of matched sample from Dodoma.

Fig. A2. Absolute standardized mean differences of matched sample from Morogoro.
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Fig. A3. Distribution of the propensity scores of the sampled households in Dodoma.

Fig. A4. Distribution of the propensity scores of the sampled households in Morogoro.

Table A11
Average Treatment Effect on the Treated (ATT) of Rainwater Harvesting and Fertilizer Micro-dosing Adoption in Dodoma andMorogoro, 2013–2016 (Before matching
algorithm applied).

Dodoma Morogoro

Sustainability
pillar

Outcome variable: Units ATT SD Difference
between mean
values
2016–2013 of
Matched
Control Group

SD ATT SD Difference
between mean
values
2016–2013 of
Matched
Control Group

SD

Environmental Quantity of applied
fertilizer produced
outside the farm

Kg / ha ¡614.81* (332.26) 617.22** (299.07) ¡362.84 (263.54) 362.99 (263.53)

Quantity of applied
animal manure
produced inside the
farm

Kg / ha 19.72 (123.32) − 64.00 (46.05) ¡19.45 (46.48) − 24.39 (20.72)

Presence of
irrigation

Yes – No ¡0.02 (0.02) 0.02 (0.01) 0.01 (0.04) 0.03** (0.01)

Rainfall water use
efficiency

Kg / ha / mm
of rainfall

0.11 (0.07) 0.59*** (0.04) ¡0.10 (0.07) 0.53*** (0.05)

Change in
household Water
consumption

Liters / day –33.83* (19.24) − 18.96** (7.61) –23.97** (11.84) 1.72 (5.31)

Water use conflict % of amount 0.07** (0.03) − 0.13*** (0.02) 0.03 (0.04) − 0.01 (0.02)
Soil management
index

0 to 1 ¡0.01 (0.02) − 0.03*** (0.01) 0.01 (0.02) 0.02** (0.01)

(continued on next page)
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Table A11 (continued )

Dodoma Morogoro

Sustainability
pillar

Outcome variable: Units ATT SD Difference
between mean
values
2016–2013 of
Matched
Control Group

SD ATT SD Difference
between mean
values
2016–2013 of
Matched
Control Group

SD

Water management
index

0 to 1 ¡0.01 (0.02) 0.07*** (0.01) ¡0.01 (0.02) − 0.00 (0.01)

Agricultural
diversity index

0 to 1 ¡0.03* (0.02) 0.01 (0.01) 0.03 (0.02) 0.07*** (0.01)

Environmental
Sustainability
index

0 to 1 ¡0.02 (0.01) 0.01** (0.01) 0.01 (0.01) 0.03*** (0.00)

Economic Crop gross margin
per ha

USD / ha 0.75 (41.54) 56.83** (22.33) ¡15.34 (129.89) − 217.20** (84.52)

Crop expenditures
per ha

USD / ha 17.27 (14.62) 14.84** (5.95) 89.99 (84.19) − 35.63 (76.99)

Labor productivity USD / person 0.06 (0.11) − 0.04 (0.06) 0.29 (0.24) − 0.56*** (0.17)
Post-harvest loss % amount ¡1.27 (1.25) − 0.71 (0.62) 0.83 (1.39) 1.68*** (0.54)
Net household
income

USD 40.56 (181.94) 1,357.25*** (100.62) ¡105.8 (171.05) 1,419.75*** (96.75)

High income
fluctuation

Yes – No 0.08 (0.08) − 0.07* (0.04) ¡0.03 (0.08) 0.39*** (0.04)

Has savings Yes – No 0.11* (0.06) 0.59*** (0.03) 0.02 (0.08) 0.32*** (0.03)
Loss of income due
to shock

USD 145.93 (138.57) 37.42 (44.43) 301.30 (185.99) 558.61*** (53.21)

High severity of
shock

Yes – No 0.04 (0.07) − 0.04 (0.04) 0.01 (0.08) 0.46*** (0.03)

Months to recover
after shock

Number of
months

14.19 (19.19) − 10.52*** (3.38) 2.82 (48.59) 36.07** (18.27)

Crop profitability
index

0 to 1 ¡0.00 (0.01) 0.00 (0.01) 0.02 (0.02) − 0.09*** (0.01)

Profitability index 0 to 1 ¡0.06 (0.04) 0.07*** (0.02) 0.04 (0.06) 0.02 (0.02)
Stability index 0 to 1 ¡0.1* (0.05) 0.33*** (0.03) ¡0.10* (0.06) 0.03 (0.03)
Vulnerability to
shocks reduction
index

0 to 1 ¡0.04 (0.02) 0.06*** (0.01) 0.00 (0.03) − 0.12*** (0.01)

Economic
sustainability
index

0 to 1 ¡0.05** (0.02) 0.12*** (0.01) ¡0.01 (0.03) − 0.04*** (0.01)

Social Potential Food
Availability index
(PFAI)

Kcal
produced &
purchased /
Kcal needs /
household /
year

0.12 (0.27) − 0.00 (0.2) ¡0.18 (0.34) 0.08 (0.12)

Months of
inadequate food
provisioning

Number of
months

¡0.06 (0.51) − 1.00*** (0.29) ¡1.74** (0.75) − 0.72** (0.32)

Food Consumption
Score (FCS)

From 0 to 112 ¡0.22 (2.44) 1.18 (1.14) 5.03* (2.7) − 0.23 (1.09)

Coping Strategies
Index (CSI)

Score for
frequency and
severity of
hunger facing
measures

4.17 (3.01) − 28.68*** (1.93) ¡9.68** (4.23) − 7.25*** (1.54)

Food security index 0 to 1 ¡0.02 (0.02) 0.11*** (0.01) 0.09*** (0.03) 0.04*** (0.01)
Social
sustainability
index

0 to 1 0.00 (0.02) 0.00 (0.01) 0.01 (0.01) − 0.02*** (0.01)

Overall
sustainability
index

0 to 1 ¡0.02* (0.01) 0.04*** (0.01) 0.00 (0.01) − 0.01* (0.01)

Note: *p < 0.1; **p < 0.05; ***p < 0.01.
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Table A12
P-values of the one-sided test of the sensitivity analysis in Dodoma (null-hypothesis: no effect of the treatment).

Γ Quantity of applied fertilizer produced outside the
farm

Change in household Water
consumption

Stability
index

Economic sustainability
index

Coping Strategies Index
CSI

1 0.07 0.01 0.02 0.00 0.03
1.1 0.08 0.02 0.06 0.01 0.07
1.2 0.09 0.04 0.11 0.03 0.12
1.3 0.10 0.07 0.19 0.06 0.19
1.4 0.11 0.11 0.28 0.11 0.26
1.5 0.12 0.16 0.39 0.17 0.35
1.6 0.13 0.21 0.50 0.25 0.44
1.7 0.14 0.26 0.60 0.34 0.53
1.8 0.15 0.32 0.69 0.43 0.61
1.9 0.16 0.38 0.76 0.51 0.68
2 0.17 0.43 0.82 0.60 0.74

Table A13
P-values of the one-sided test of the sensitivity analysis in Morogoro (null-hypothesis: no effect of the treatment).

Γ Agricultural diversity index Months of inadequate food provisioning Food security index

1 0.01 0.03 0.00
1.1 0.03 0.06 0.01
1.2 0.06 0.11 0.02
1.3 0.09 0.16 0.03
1.4 0.14 0.23 0.05
1.5 0.19 0.30 0.08
1.6 0.25 0.38 0.11
1.7 0.32 0.46 0.15
1.8 0.38 0.53 0.20
1.9 0.45 0.60 0.25
2 0.52 0.66 0.30

Table A14
P-values of the one-sided test of the sensitivity
analysis in Morogoro (null-hypothesis: no effect of
the treatment).

Γ Coping Strategies Index CSI

1 2.06E-04
2 4.59E-02
3 2.73E-01
4 5.63E-01
5 7.74E-01
6 8.93E-01
7 9.52E-01
8 9.79E-01
9 9.91E-01
10 9.96E-01
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