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Abstract: Maize yields can be improved through many individual technologies and management
practices, but the full realization of potential benefits is generally understood to require integrated use
of complementary practices. We employed two years of survey data and alternative econometric models to better understand the use of individual and bundled packages of technologies and management
practices in Ethiopian maize production, i.e., fertilizers, improved varieties, herbicides, pesticides,
manure, intercropping, erosion control and crop rotation (the last three labeled integrated management).
Although fertilizer and improved varieties were used on 85% of maize fields, with average yields of
3.4 ton/ha, large yield gaps remain. Complementary management practices improved these yields
by as much as 22%, although in variable ways. Integrated management contributed to maize yield
only when combined with crop protection (herbicides and/or pesticides). Combining manure with
fertilizer and improved variety decreased maize yields, possibly due to manure quality and less
inorganic fertilizer used on fields that received manure. Packages including crop protection increased
labor productivity by 16–70%, while using integrated management decreased labor productivity by
almost half. In summary, the combination of management practices did not automatically lead to
increased yields, partly related to the conditions under which practices were applied, indicating the
need for site-specific research and recommendations for sustainable intensification.
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1. Introduction
Understanding the low and variable crop yields of smallholder farmers has been a
central research and policy priority to address food security in sub-Saharan Africa (SSA).
Sustainable intensification has been the dominant agricultural development pathway
advocated for responding to the growing food demand, particularly in the context of
increasingly scarce agricultural land [1]. Although the components of an operational
definition of sustainable intensification are sometimes debated, increasing the productivity
of existing agricultural land while minimizing potential environmental impacts has been
its major focus. In realizing sustainable intensification, modern input use (e.g., inorganic
fertilizer, improved crop varieties) and integrated farm management have been given
considerable attention in previous studies [2].
Studies of smallholder production technologies have increasingly recognized that
technologies and management practices are better evaluated as packages, i.e., bundles
of production decisions, rather than as single components, given their interactions in
productivity outcomes [2–9]. Furthermore, management practices that affect maize yields
may have differing effects on other outcomes such as household income [7,10–12] and labor
productivity [10,12]. Consequently, farmers may not use technologies due to opportunity
costs of labor and low or uncertain expected economic returns [12–15].
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In Ethiopia, fertilizer and improved varieties are used by a higher proportion of maize
producers than elsewhere in SSA, which has been linked to maize yield gains observed in
Ethiopia in recent years [16–19]. For example, in 2017 and 2018, 89% of maize fields were
fertilized in the main maize growing areas of Ethiopia [20]. However, yield response to
fertilizer is known to be highly variable and depends on other inputs and management
factors [17].
In this paper, we extend previous studies and aim to provide an improved understanding of the selection of technologies and management practices prevailing in Ethiopian
maize production that increase and protect maize yield as well as improve soil fertility. We
contribute to the literature in three ways. First, we considered the joint use of a relatively
large set of management practices. The classification and conceptualization of technologies
and management practices have not been standardized in the literature, and hence have
been addressed in different manners. Fertilizer and improved variety, either in isolation
or in combination, are the technologies that have been most studied [21,22]. Soil and
water conservation practices and conservation agriculture—particularly intercropping,
crop rotation, and minimum tillage—have also received considerable attention [23–25].
Other studies have documented the effects of selected combinations of technologies and
management practices mentioned above [7,9,12,26–32]. Here, we extend the existing literature by analyzing the (separate and combined) use of inorganic fertilizer, improved maize
variety, pesticide, herbicide, manure, intercropping, erosion control, and crop rotation.
This contrasts with much of the empirical literature which has focused more selectively
on individual practices or a limited number of complementary practices. Secondly, we
examined the factors that condition the decision to use individual practices as well as
combinations of management practices. Better understanding these conditioning factors
may help to develop interventions and policies for improving agricultural productivity.
Finally, in recognition of the fact that farmers may have objectives other than yield and
profit maximization which influence management decisions, we assessed how alternative
practices relate to labor productivity.
2. Materials and Methods
2.1. Data
The data originate from a comprehensive household survey undertaken during the
main harvest periods of 2017 and 2018 in the main maize growing areas of Ethiopia. We
included five administrative zones from the Amhara and Oromia regions of Ethiopia.
Sample households were selected using a spatial sampling frame. Four sampling grids of
10 × 10 km were randomly generated within the major maize growing areas of Ethiopia:
Jimma, Bako (West Shoa and East Wollega zones), East Shoa, and West Gojjam. Within
these sampling grids, an average of eight 1 km2 grid cells were randomly selected. Finally,
five to six households were selected from each sampled grid cell on the basis of the
proximity of plots to the centroid of the sampled grid cell. This gave a total sample of
740 households. Data were collected on field-level (biophysical characteristics, agronomic
practices, input use, and production), household-level (demographic composition, asset
ownership), and community-level variables (distance to services, prices). We collected
labor data on individual crop management activities (land preparation, planting, fertilizing,
and weeding for each field in order to minimize potential errors that could be introduced
in recalling aggregated labor use. (We did not collect labor data for pesticide and herbicide
applications. However, the labor requirements of these practices is relatively minor for
the field sizes in our sample.) We also asked for the source (family or hired), age (adult
or children), and gender of labor inputs. To address outliers, we excluded 12 households
and 252 maize fields that fell within the top and bottom one percent of values for variables
of interest. The final sample comprised 3914 maize fields for the individual management
practices and 3341 maize fields for the management packages.

Agriculture 2021, 11, 938

3 of 19

2.2. Description of Variables
2.2.1. Overview of Technologies and Management Practices
Technologies and management practices that have been used by maize growers to improve maize yield were investigated following previous studies in Ethiopia [3,12,30,31,33].
The individual management practices were the use of fertilizer, maize variety, pesticide,
herbicide, manure, intercropping, erosion control, and crop rotation (Table 1). Fertilizer
and improved variety are yield-increasing practices with yield effects in the same season;
pesticide and herbicides are crop protection practices that can influence yield in the same
season applied; manure, intercropping, erosion control, and crop rotation are related to
improving yield and soil fertility in the same season and/or in subsequent seasons. We
hypothesize that using the technologies and management practices individually or in
combination affects maize yield.
Table 1. Frequency of using individual management practices on sample maize fields (n = 3914).
No

Management Practice

Frequency

1
2
3
4
5
6
7
8

Fertilizer (1 = yes)
Improved variety (1 = yes)
Pesticide (1 = yes)
Herbicide (1 = yes)
Manure (1 = yes)
Intercropping (1 = yes)
Erosion control (1 = yes)
Crop rotation (1 = yes)

90%
91%
6%
33%
24%
5%
17%
39%

Fertilizer and improved maize varieties were used in combination on 85% of the maize
fields in our sample. Hence, next, we considered the sub-sample of maize fields that had
used both fertilizer and improved maize variety and investigated what determines the
usage of crop protection (herbicide and/or pesticide), manure, and integrated management
(intercropping and/or erosion control and/or crop rotation) in addition to fertilizer and
improved variety. This resulted in eight sets of management practices (Table 2). Of the
management packages, fertilizer, improved variety, and integrated management combined
(Mgt3), were used in the highest share of the maize fields (26%) followed by using only
fertilizer and improved variety (21%; Mgt1). The management package least applied was
the combination of all management practices (Mgt8).
Table 2. Management packages analyzed.
Management
Fertilizer +
Packages
Improved Variety
Mgt1
Mgt2
Mgt3
Mgt4
Mgt5
Mgt6
Mgt7
Mgt8

√

Crop
Protection (Pesticide
and/or Herbicide)

Integrated
Management (Intercropping and/or
Erosion Control and/or Crop Rotation)

Frequency
(%)
710 (21.2)

√
√
√
√
√
√
√

Manure

√

√
√
√
√
√

266 (7.9)

√
√

√
√
Total

√
√

864 (25.8)
167 (5.0)
532 (15.9)
113 (3.3)
586 (17.5)
103 (3.1)
3341 (100%)
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2.2.2. Drivers of Technologies/Practices
The factors that determine the use of management practices are provided in Table 3.
The selection of the factors was informed by economic theory and the large body of
empirical literature on technology adoption in SSA [5,7,11,12,30,31,34].
Table 3. Description and summary statistics of the explanatory variables.
Description

Mean
(Std.Dev.)

Ownership status of maize field (1 = owned)
Self-reported field size (ha)
Walking time in minutes from homestead to field
Number of years since the field was acquired

0.83
0.4 (0.3)
8.5 (10.6)
13.8 (5.2)

Age of household head (years)
Sex of the household head (1 = if male)
Education of household head (years)
Number of adults in the household
Total asset value (1000 Birr)
Total number of livestock units (TLU) owned by the household
Total number of fields cultivated by the household in the survey year

45.5 (11.9)
0.94
3.2 (3.8)
3.5 (1.4)
6.1 (8.2)
4.8 (3.1)
7.3 (2.8)

Total rainfall of growing season of previous year (mm)
Coefficient of variation of rainfall in dekads of days in the previous
main production season (%)
Number of extension visits during the year
Walking minutes to the nearest marketplace for farm produce

1027 (298)

Variable
Field level
Ownership of land
Field size
Distance from home
Number of years acquired
Household characteristics
Age
Gender
Education
Number of adults
Asset value
Livestock number
Number of fields
Community characteristics
Total rainfall in the previous main season
Rainfall variability in the previous
main season
Extension visits
Access to market

52 (11)
1 (1.3)
67 (46.1)

2.2.3. Definition of Outcome Variables
While acknowledging that farmers use technologies and management practices depending on their objectives and constraints, we related management packages to yield and
labor productivity to evaluate how the management practices are related to these outcomes.

•

Maize productivity

We measure maize productivity as the ton of grain harvested per ha. We hypothesized
that implementing all the management practices (Mgt8) gives the highest maize productivity.

•

Labor productivity

Labor productivity (kg of maize/person day) is measured by dividing yield (kg/ha)
by total labor (person days/ha) used. Total labor includes labor used for land preparation,
planting, fertilizing, and weeding, with both family and hired labor. We assumed that
women and men contribute equally but adjusted child labor using 0.5 as a factor. Crop
protection practices (herbicide and pesticide applications) are generally understood to
reduce the labor requirements of managing weeds and pests, compared with manual
or mechanical methods [32,35]. We hypothesized that the management package that
includes fertilizer, improved variety, and crop protection (Mgt5) would give the highest
labor productivity.
2.3. Estimation
We implemented three different econometric models to address the research objectives.
A multivariate probit model was used to investigate the choice of individual technologies
and management practices. The factors that determine the choice of package of technologies
and management practices were addressed using a multinomial logit model. Finally, a
multinomial endogenous treatment effects model was employed to relate packages of
management practices to outcome variables (yield and labor productivity).
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2.3.1. Multivariate Probit Model
Decisions to adopt individual agricultural technologies are potentially interrelated.
Univariate probit regression does not capture those interdependencies and estimates will
be inefficient compared to a model that accounts for correlation in the error terms [36]. A
multivariate probit model helps to model the effect of explanatory factors on each technology and management practice as well as to capture interdependencies among technologies
by allowing for correlation between the error terms of equations for different management
practices [8,29,34]. Hence, we used multivariate probit model under the expected utility
framework to evaluate factors that drive farmers’ decisions to use management practices.
In the context of technology usage, farmers decide to use a new technology if the expected
utility from using it outweighs expected utility from the existing technology [37].
Mathematically,
∗ > 0 and 0 i f D ∗ < 0
Dh,i,j = 1 i f Dh,i,j
h,i,j
∗ = X 0 α + βX + u
Dh,i,j
ji
h,i,j
h,i,j

(1)

where D* is a latent variable representing household h decision to use a management
practice j on maize field i; Xh,i,j represents a vector of variables explaining the decision of
using practices (Table 3); α and β are the vector of parameters and uh,i,j is an error term.
Estimating the pooled sample directly can give rise to inconsistent estimates if there is
unobserved time-invariant heterogeneity that is correlated with the outcome of interest. To
address this, we implemented the Mundlak–Chamberlain (MC) device, also referred to as
the correlated random effects framework [36]. The approach is implemented by adding
the time averages of time-varying explanatory variables (X ) as regressors, under the
assumption that unobserved time-invariant characteristics of the household are correlated
with the time-averages of observed covariates. Unlike a fixed-effects approach to deal
with this type of endogeneity concern, the MC device has the advantage of retaining
time-constant regressors of interest (such as distance to markets) in the model.
2.3.2. Multinomial Logit Model
In contrast to the multivariate probit framework which models binary responses in a
multivariate setting, a multinomial logit model is appropriate when a nominal outcome
has more than two categories [36]. In our case, we are interested in eight alternative groups
of management packages (Table 2), which makes a multinomial logit model appropriate.
Let us assume that a household h has a set of technology and management packages m to
choose from (m = 1, . . . , k) to use on maize field i. Household h will adopt a technology set
m on field i if the utility derived from adopting m is greater than an alternative technology.
In the multinomial logit model, the probability of choosing m from k alternatives by
household h is specified as [36]:
Phk = Pr( m = k| X ) = h

exp( Xβ k )
K
1 + ∑m
=1 exp( Xβ k )

i , k = 1, . . . , K,

(2)

where X represents a vector of variables (as described in Table 3) that influence the decision
of household h to use technology package m on field i. The MC device is also used to
address potential endogeneity issues, as detailed in Section 2.3.1.
2.3.3. Multinomial Endogenous Treatment Effects Model
Farmers may self-select themselves to a given management practice depending on
their ability or access to information. In addition, some technologies may also be targeted at
a certain group of farmers, indicating that technology use may not be exogenous [5,11,38].
Ignoring such concerns may be misleading as differences in outcome variables (maize
yield and labor productivity) could arise from differences in unobserved characteristics,
such as management abilities and skills in communications [11] and estimation results will
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be inconsistent. For example, farmers that have better managerial abilities may strictly
follow crop calendars and plant their maize on time. This could affect maize yield, and if
we omit such information the impact of the management packages on maize yield could
be overstated. We address this issue by applying a multinomial endogenous treatment
effects (METE) model, which was proposed by Deb and Trivedi [39] and later applied in
empirical studies [11,38]. METE allows us to correct for self-selection while also allowing
interdependence of decisions about using different management packages.
Our specification follows Deb and Trivedi [39]. METE involves two stages. In the first
stage, household h will choose among the eight management packages m. Let us assume
∗ represents the indirect utility that would be attained if treatment m is selected,
that EVhm
m = 1, 2, . . . , m
∗
EVhm
= z0h αm +

m

∑ δmk lhk + ηhm

(3)

k =1

where zh are exogenous covariates with parameters αm and an independently and an
identically distributed error term ηhm . The latent variables lhk comprise unobserved characteristics that affect both treatment choice and outcome of household h and they are assumed
to be independent of ηhm . Furthermore, m = 1 represents the control group, for which
∗ = 0. We do not observe EV ∗ directly but we observe a vector of binary indicators,
EVm1
hm
dh = (dh1 , dh2 , . . . , dhm ) indicating if a household has used one of the management packages. Similarly, let us denote lh = (lh1 , lh2 , . . . , lhm ). Then, the probability of treatment can
be specified as:

Pr (dhm = 1|zh , lhm ) = g z0h αm + δm lhm ,m = 1, 2, . . . , 8
(4)
We follow Deb and Trivedi [39] and assume that g has a mixed multinomial logit
structure defined as:

exp z0h αm + δm lhm
Pr (dhm = 1|zh , lhm ) =
(5)
1 + ∑8k=1 exp(z0h αk + δk lhk )
Next, in the second stage, the impact of the management packages on the outcome
variables (maize yield and labor productivity) is modeled as follows:


8
8
E yh, f dh , xh , lh = xh0 β + ∑m=1 γm dhm + ∑m=1 λm lhm
(6)
where yh, f is maize yield or labor productivity of field f of household h, xh is a vector
of exogenous variables and β is the associated parameter vector. Parameter γm captures
treatment effects of the management packages (m = 2, . . . , 8) compared to the control group
(m = 1). The outcome equation is also a function of the latent variables lhm that capture
unobserved characteristics which can also affect treatment selection. A positive (negative)
factor-loading parameter, λm , indicates a positive (negative) correlation between treatment
and outcome through unobserved characteristics.
Even though the model is identified when similar variables are included in the treatment and outcome equations, [39] recommend identification via exclusion restrictions by
including some variables in the treatment equation that do not enter the outcome equation.
Here we used lagged rainfall, lagged rainfall variability, distance to main market, and
distance to extension services as instruments for the outcome equations (maize yield and
labor productivity). We argue that these factors are likely to affect technology choice
but unlikely to affect the outcome variables directly, given the other explanatory factors
controlled for in the model.
Finally, we also include the MC device to address potential endogeneity issues in this
model, as explained in Section 2.3.1.
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3. Results and Discussion
In this section, we first provide descriptive results of the survey. Next, we present
and discuss the analysis behind the use of individual practices and of the combined use of
practices in packages. Finally, we try to distill the key effects of management packages on
yield and labor productivity.
3.1. Descriptive Results
Looking at individual practices, fertilizer and improved maize varieties were the most
widely used management practices on sampled maize fields (Table 1). Use of pesticide and
intercropping was relatively limited and practiced on ca. 5% of the sampled maize fields.
Herbicide was applied on one-third of the maize fields, and manure on a quarter of the
maize fields. The likelihood ratio test (prob > χ2 = 0.0000) rejected the null hypothesis of
independence of alternative management practices. The pairwise correlation coefficients
also indicated this, although to different extents (Table 4). For example, fertilizer use was
positively correlated with the use of an improved variety, pesticide, herbicide, intercropping, and crop rotation, with the strongest correlation occurring between fertilizer and
improved maize variety (i.e., 0.55). However, fertilizer was negatively correlated with
manure use indicating that farmers, on average, use manure and fertilizer as substitutes
rather than complements. Similar results were documented in studies on Ethiopian maize
production [3,7,30,40].
Table 4. Correlation coefficient estimates between equation error terms from the multivariate probit model.
Improved
Maize Variety

Fertilizer
Maize variety
Manure
Pesticide
Herbicide
Erosion control
Intercropping
Crop rotation

0.550 ***
−0.374 ***
0.135 **
0.179 ***
0.085 **
0.105 *
0.130 ***

−0.156 ***
0.076
0.118 ***
0.119 ***
−0.204 ***
0.06

Manure

Pesticide

Herbicide

Erosion Control

Intercropping

0.018
−0.143 ***
0.014
−0.077
−0.097 ***

0.073
0.128 **
0.130 *
0.055

0.110 ***
−0.256 ***
−0.046

0.087
0.071 **

0.221 ***

Note: All variables are binary indicators. * p < 0.10, ** p < 0.05, *** p < 0.01.

3.2. Explaining the Use of Individual Management Practices
Multivariate probit model estimation results were used to explain the effects of field,
household, and community level characteristics on the use of individual management
practices (Table 5).
Table 5. Multivariate probit estimates of individual management practices.
Fertilizer

Improved
Maize Variety

Manure

Pesticide

Herbicide

Erosion
Control

−0.107
(0.092)
1.341 ***
(0.163)
0.001
(0.029)
0.010
(0.071)

−0.104
(0.104)
0.534 ***
(0.183)
−0.005
(0.027)
0.167 **
(0.085)

Intercropping

Crop
Rotation

Field Characteristics
Ownership of land
(1 = owned)
Field size (log)
Distance from
home (log)
Number of years
acquired (log)

−0.284
(0.197)
1.547 ***
(0.234)
0.374 ***
(0.042)
0.018
(0.116)

0.180
(0.157)
1.728 ***
(0.279)
0.317 ***
(0.042)
−0.003
(0.103)

0.557 ***
(0.145)
−0.606 ***
(0.208)
−0.672 ***
(0.035)
0.194 *
(0.108)

0.221
(0.136)
0.311
(0.199)
0.083 **
(0.040)
−0.149
(0.092)

0.232
(0.151)
0.060
(0.290)
−0.083 *
(0.047)
−0.241 **
(0.111)

−0.088
(0.105)
−0.300 *
(0.178)
0.188 ***
(0.025)
−0.157 **
(0.071)
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Table 5. Cont.
Improved
Maize Variety

Fertilizer

Manure

Pesticide

Herbicide

Erosion
Control

Intercropping

Crop
Rotation

Household Characteristics
Age of head (log)
Gender of head
(1 = Male)
Education of
head (log)
Adults (log)
Asset value (log)
Livestock (log)
Number of
plots (log)

0.130
(0.207)
−0.155
(0.177)
0.057
(0.053)
−0.061
(0.162)
0.058
(0.060)
−0.043
(0.124)

−0.325
(0.224)
−0.090
(0.177)
0.185 ***
(0.060)
−0.346 *
(0.189)
0.181 **
(0.071)
0.155
(0.159)

0.005
(0.160)

−0.724 ***
(0.195)

−0.106
(0.161)
0.064
(0.134)
−0.017
(0.041)
0.221 *
(0.117)
0.122 ***
(0.045)
0.259 **
(0.114)
−0.463
***
(0.112)

0.068
(0.249)
0.292
(0.225)
−0.135 **
(0.062)
−0.009
(0.204)
0.018
(0.074)
0.013
(0.224)

−0.044
(0.214)
−0.299 *
(0.167)
0.083
(0.051)
−0.222
(0.148)
−0.014
(0.056)
0.091
(0.138)

0.257
(0.180)
−0.072
(0.173)
0.111 **
(0.046)
−0.060
(0.144)
−0.061
(0.054)
0.146
(0.145)

−0.404
(0.430)
0.033
(0.208)
−0.182 **
(0.079)
0.706 ***
(0.268)
−0.017
(0.086)
0.190
(0.194)

0.018
(0.114)
−0.029
(0.114)
−0.063 **
(0.031)
0.178 *
(0.094)
0.048
(0.038)
−0.046
(0.085)

0.194
(0.194)

0.107
(0.135)

0.166
(0.142)

0.131
(0.200)

0.183 **
(0.092)

Community Characteristics
Total rainfall in
the previous
season (log)
Rainfall variability
in the previous
season (log)
Extension visits (log)
Distance to
market (log)
Year (1 = 2018)
Constant
No. of
observations

1.069 ***
(0.224)

1.650 ***
(0.289)

0.073
(0.185)

−0.591 **
(0.286)

0.966 ***
(0.224)

0.295
(0.220)

−0.767 **
(0.308)

0.368 ***
(0.142)

0.295
(0.237)

−0.230
(0.274)

0.554 ***
(0.159)

0.129
(0.256)

0.216
(0.201)

−0.272
(0.208)

1.679 ***
(0.292)

0.221
(0.140)

0.058
(0.067)
−0.079
(0.052)
0.360 ***
(0.065)
−6.449
***
(1.538)

0.022
(0.072)
−0.023
(0.061)
0.236 ***
(0.081)

0.053
(0.050)
0.009
(0.040)
−0.064
(0.050)

0.096
(0.096)
0.034
(0.065)
0.712 ***
(0.118)

0.083
(0.059)
−0.231 ***
(0.049)
0.063
(0.057)

0.402 ***
(0.061)
0.003
(0.049)
−0.296 ***
(0.080)

0.267 **
(0.109)
−0.032
(0.078)
0.441 ***
(0.111)

0.018
(0.040)
0.106 ***
(0.032)
−0.093 **
(0.041)

−9.897 ***
(1.940)

0.362
(1.289)

1.487
(1.789)

−7.110 ***
(1.672)

−4.011 **
(1.571)

7.051 ***
(2.149)

−3.133 ***
(1.040)

3914

3914

3914

3914

3914

3914

3914

3914

Notes: All dependent variables are binary indicators. Robust clustered standard errors at the household level in parentheses. The result
without the CRE framework is reported in Supplementary Table S1. Time averages for MC device and administrative dummies are also
controlled for and showed in Supplementary Table S2. * p < 0.10, ** p < 0.05, *** p < 0.01.

•

Field characteristics

Manure was more likely to be applied on owned fields, which could be related to
tenure security reasons and the time it takes to reap the benefits from manure. Similar
results were found in Ethiopia [3,41], Tanzania [4], and Kenya [29]. Fertilizer, improved
varieties, herbicides, and erosion control were more likely to be used on larger maize
fields. Larger fields may be prioritized for receiving purchased inputs such as fertilizer and
improved maize varieties as they may be relatively strategic to the household in terms of
food security and farm income. Moreover, households that cultivated larger fields could
be better off in terms of access to external inputs [3]. Bedeke et al. [9] and Abate et al. [21]
also found that farmers tended to use inorganic fertilizer and improved maize varieties
on larger fields, respectively. Herbicides were also more likely to be used on larger maize
fields, probably because of the high labor requirement of weeding on such fields [35]. The
probability of using manure and practicing crop rotation was inversely associated with
field size. Abera et al. and Nigussie et al. also found a negative association between manure
and field size in Ethiopia [41,42]. Manure can be cost-effective to use on smaller fields
compared to larger fields, and manure availability may also be limiting for larger fields.
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Distance from home was also associated with increased use of fertilizer, improved varieties,
pesticides, and crop rotation. Fertilizer may be preferred for relatively distant fields as
these fields may less likely receive organic fertilizer such as manure [4,43]. Indeed, manure
(and intercropping) were less practiced on plots located further away from the homestead,
as is also documented in other studies [44]. Pests and diseases are also more difficult to
control manually when they occur further away from the homestead and pesticides may
help in such conditions. The number of years since the field was acquired by the household
was associated with an increased likelihood of manure use and erosion control. This can
be related to the result found above on ownership, i.e., that farmers may apply manure
and erosion control when they manage the field for a longer period of time (strategic
management). Somewhat surprisingly, intercropping and crop rotation were less practiced
on maize fields which had been managed by the farmer for longer periods of time.

•

Household characteristics

Male-headed households were less likely to use herbicides compared to female-headed
households. A similar result was found for Ethiopia [35], despite the cultural association of
weeding with female labor in Ethiopia [35]. The association between education and management practices was mixed. Education was associated with an increased probability of
using improved maize variety and erosion control, but also with a decreased likelihood of
using pesticide, intercropping, and crop rotation, which is somewhat counter-intuitive. The
positive association between using improved variety and education is in line with previous
studies (e.g., [21]). The number of adults in the household was associated with an increased
probability of applying manure, intercropping, and crop rotation. The number of adults
is a proxy for labor availability, and more labor can facilitate manure management and
intercropping as these practices require labor to implement [4,45]. Rusinamhodzi et al. [45]
showed that intercropping needed more labor mainly due to increased weeding requirements. Livestock was positively related to the likelihood of using manure, which makes
sense as a household’s own livestock is the most common source of manure in Ethiopia [3].
The number of cultivated fields was negatively associated with the probability of using
improved varieties and manure. This may be related to resource constraints, e.g., limited
budget for seed or limited manure supply may restrict application to few fields. Crop
rotation was more prevalent on farms with more fields implying that having many fields
facilitates rotating crops.

•

Community characteristics

Rainfall in the previous production season was associated with an increased probability of using fertilizer, improved varieties, herbicides, and crop rotation. This is in
accordance with previous findings that input use decisions are often conditioned by previous season information (e.g., [11,46]). However, we find it difficult to explain the negative
relationship between lagged rainfall and pesticide use and intercropping. Rainfall variability was positively associated with the likelihood of manure use. The reason may be
that farmers minimize risk by using manure rather than buying external inputs (mineral
fertilizer) when they expect production risks due to rainfall variability. Similar results were
found in Tanzania [4], Kenya [29], and Ethiopia [47]. Rainfall variability also had a positive
association with the likelihood of intercropping, possibly indicating that intercropping can
serve as a risk mitigation strategy (a finding consistent with [4] in Tanzania). Herbicide was
less likely to be used in more remote areas, perhaps reflecting transport and other transactions costs of accessing input markets and/or lower labor costs (and thus lower incentives
for labor-saving technologies) in remote areas as documented in Tamru et al. [35]. Distance
to market was positively associated with the use of crop rotations which could possibly be
related to the relatively greater need of remote households to meet consumption objectives
through diversified own-farm production (as opposed to the market). A similar result was
found in another study for Ethiopia [47]. Extension visits were positively associated with
intercropping and erosion control.
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3.3. Explaining the Use of Management Packages
Since most households in our sample used improved seed and fertilizer, we want to
understand what accounts for the complementary management practices which we expect
to influence the yield gap (Table 6). The complementary practices are manure, crop protection (pesticide and herbicide use), and integrated management options (intercropping,
erosion control, crop rotation).
Table 6. Explaining the use of management packages.
Management Packages
Variables

Mgt2

Mgt3

Mgt4

Mgt5

Mgt6

Mgt7

Mgt8

−0.48
(0.293)
1.509
(0.466) ***
0.168
(0.083) **
0.168
(0.215)

0.708
(0.543)
1.482
(0.793) *
−1.104
(0.136) ***
−0.098
(0.308)

−0.307
(0.26)
1.656
(0.443) ***
0.188
(0.081) **
0.007
(0.208)

1
(0.548) *
1.867
(0.943) **
−0.852
(0.127) ***
0.394
(0.519)

0.325
(0.405)
0.011
(0.451)
−0.236
(0.12) **
−0.117
(0.337)
0.208
(0.132)
0.23
(0.314)
0.329
(0.348)

−0.511
(0.776)
−0.237
(0.633)
−0.197
(0.163)
−0.203
(0.641)
0.332
(0.181) *
0.871
(0.537)
0.403
(0.49)

0.296
(0.437)
0.055
(0.422)
−0.216
(0.11) **
0.166
(0.313)
0.097
(0.127)
0.411
(0.331)
0.554
(0.337)

0.183
(0.692)
−0.366
(0.566)
−0.007
(0.178)
0.19
(0.495)
0.554
(0.193) ***
0.147
(0.49)
0.327
(0.492)

4.86
(1.521) ***
−2.091
(1.104) *
0.363
(0.212) *
−0.193
(0.163)
−0.105
(0.264)
−29.853
(10.254)
***

6.063
(0.961) ***
−3.204
(0.91) ***
0.619
(0.144) ***
−0.128
(0.111)
−0.344
(0.163) **

4.783
(1.378) ***
−1.434
(1.077)
0.597
(0.222) ***
−0.179
(0.179)
0.171
(0.282)

−42.945
(6.406) ***

−33.618
(8.873) ***

3341

3341

3341

Field Characteristics
Ownership of land (1 = owned)
Field size (log)
Distance from home (log)
Number of years acquired (log)

1.861
(0.571) ***
−1.059
(0.697)
−1.42
(0.109) ***
0.462
(0.36)

−0.494
(0.262) **
−0.494
(0.441)
0.135
(0.064) **
−0.046
(0.197)

−0.036
(0.547)
−1.446
(0.833) *
−0.982
(0.107) ***
0.825
(0.429) **

Household Characteristics
Age (log)
Gender (1 = Male)
Education (log)
Number of adults (log)
Asset value (log)
Livestock (log)
Number of plots (log)

−0.057
(0.432)
−0.174
(0.432)
−0.008
(0.111)
1.034
(0.353) ***
0.067
(0.139)
0.591
(0.344) *
−1.035
(0.338) ***

0.26
(0.3)
−0.132
(0.286)
−0.035
(0.082)
0.563
(0.244) **
−0.038
(0.095)
0.003
(0.227)
0.235
(0.253)

−0.136
(0.441)
−0.45
(0.546)
0.054
(0.135)
0.491
(0.396)
0.167
(0.154)
0.218
(0.411)
0.189
(0.412)

Community Characteristics
0.606
(1.133)
−0.038
(0.773)
0.348
(0.155) **
−0.18
(0.126)
−0.038
(0.182)

0.172
(0.631)
−0.89
(0.548)
0.336
(0.118) ***
0.14
(0.093)
−0.213
(0.13)

−0.013
(1.237)
0.428
(0.991)
0.475
(0.171) ***
0.018
(0.147)
−0.547
(0.204) ***

5.326
(1.075) ***
−3.312
(1.027) ***
0.321
(0.148) **
−0.186
(0.11) *
0.026
(0.187)

Constant

−3.495
(7.507)

−3.777
(4.14)

−1.15
(7.969)

−39.465
(6.989) ***

Number of Obs.

3341

3341

3341

3341

Total rainfall in the previous
season (log)
Rainfall variability in the previous
season (log)
Number of extension visits (log)
Distance to market (log)
Year (1 = 2018)

Notes: The control group is the use of fertilizer and improved maize variety. Robust clustered standard errors at the household level in
parentheses. The result without the CRE framework is reported in Supplementary Table S3. Time averages of time-varying variables (the
MC device) and zonal administrative dummies at zone level are also controlled for and shown in Supplementary Table S4. * p < 0.10,
** p < 0.05, *** p < 0.01.
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•

Fertilizer + improved variety + manure (Mgt2)

Manure was more likely to be used with fertilizer and improved variety when the
number of adults and livestock increased, and on fields that were owned by households.
On the other hand, manure was less likely to be combined with fertilizer and improved
variety when the distance from home and the number of fields operated by the households
were higher (Table 6). These results are similar to results from our analysis of factors
influencing the use of manure (Table 5). Manure management is costly in terms of labor,
time, and energy [32]. The positive association of extension visits with Mgt2 (this holds true
for all the packages in our result) is also in line with the aim of the agricultural extension
strategy of Ethiopia to promote input packages [48].

•

Fertilizer + improved variety + integrated management (Mgt3)

Mgt3 is less prevalent on owned fields. This is contrary to what one would expect,
and we find this hard to explain. Distance from home was positively related to using Mgt3.
The number of household adults, a proxy for labor availability, increased the probability of
using integrated management, which is plausible given the labor intensity of integrated
management activities. More extension visits were associated with an increased probability
of combining integrated management with fertilizer and improved varieties.

•

Fertilizer + improved variety + manure + integrated management (Mgt4)

Field size and distance from home were negatively related with using Mgt4 implying
that farmers are less likely to use manure and integrated management (together with
fertilizer and improved variety) on larger and distant fields. This is consistent with the
result we obtained on the factors determining the individual practices in Section 3.2. On the
other hand, Mgt4 was more likely to be used on older fields (i.e., a greater number of years
since the field was acquired) and by farmers with numerous extension visits. Households
are more likely to have interest and invest in practices that pay off in the long term when
they manage their fields for a longer period of time.

•

Fertilizer + improved variety + crop protection (Mgt5)

Farmers were more likely to apply crop protection practices together with fertilizer
and improved variety (Mgt5) when field size and the distance to maize fields increased.
This could be to save time and labor on relatively larger and distant maize fields. Theriault
et al. [32] also found that households used modern inputs on larger fields. The probability of
using Mgt5 was lower for better-educated farmers. This could reflect greater (unobserved)
participation in off-farm activities which may result in less time and attention available for
farm management [49]. However, the reverse reasoning may also hold: crop protection
practices (in particular herbicides) are labor saving and thus farmers that engage in off-farm
activities might be assumed to use these more. Farmers were more likely to use Mgt5
when total rainfall in the previous season increased. Rainfall variability in the previous
season decreased the likelihood of combining crop protection practices with fertilizer and
maize variety. The same associations with total rainfall and rainfall variability were found
for Mgt6, Mgt7, and Mgt8. This could indicate that farmers combine practices when they
expect higher rainfall and it corresponds with results found for Ethiopia by others [7].
Distance to the nearest market decreased the probability of using Mgt5, which is most
likely due to market-related costs that may discourage farmers from using purchased
inputs, while at the same time, labor may be less expensive in more remote areas. More
extension visits increased the probability of using crop protection compared to using only
fertilizer and improved variety.

•

Fertilizer + improved variety + crop protection + manure (Mgt6)

Field size, assets, total rainfall, and extension visits were positively associated with
the use of Mgt6. Because field size and assets serve as resource endowment indicators,
it makes sense that such indicators are associated with investment capacities implied
by the adoption of these practices [50]. In addition, labor-saving technologies, such as
agrochemicals, are relatively more important on larger fields, ceteris paribus.
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•

Fertilizer + improved variety + crop protection + integrated management (Mgt7)

Similar to the results we found for Mgt5, field size, distance from home, total rainfall
in the previous season, and extension visits increased the likelihood of using Mgt7, whereas
education decreased the probability of using Mgt7. Field size was positively related to
the packages that contained crop protection, which is also documented elsewhere [32].
Households can tend to combine crop protection with other practices to compensate for
the labor requirement needed for weed management on larger fields.

•

Fertilizer + improved variety + crop protection + manure + integrated management (Mgt8)

Farmers were more likely to use the full package (Mgt8) on larger and owned fields,
but less likely to use Mgt8 on fields that were further from the homestead. Wealthier
farmers were also more likely to use Mgt8. The number of extension visits was positively
correlated with full package usage. Extension services have been suggested to be a key
source of information that improved maize productivity in Ethiopia [16].
3.4. Relating Management Practices to Yield and Labor Productivity
In this section, we present the associations between the management packages and
outcome variables: yield and labor productivity.
3.4.1. The Use of Fertilizer and Improved Varieties on 85% of the Maize Fields Leads to
above Average Yields for SSA, but Further Yield Gains Are Not Trivial
As noted above, farmers combine fertilizer and improved varieties on 85% of the maize
fields in our sample. A similar result was documented in [19] indicating that about 88%
of maize-producing households in Ethiopia combined fertilizer and improved varieties,
the highest share in SSA followed by Malawi (82%). Even though the full potential of the
practices affecting maize yield depends on their optimal use (for example, the amount
of fertilizer applied, timing, spacing [51]), the high use percentage reflects the increasing
use of management packages. Table 7 presents actual average maize yield and labor
productivity for the eight management packages, and for the 15% that did not adopt
fertilizer nor improved varieties. Mgt1 clearly resulted in higher yields than Mgt0. Yet,
yields of all other management packages did not differ significantly from that of Mgt1
(Supplementary Table S5). Hence, while the use of more comprehensive management
packages has documented potential to increase yields [1,17,52], our work indicates that
using more comprehensive packages is not a guarantee for higher yields, potentially
indicating agronomic complexities which our data is not able to explain.
Table 7. Management packages and mean values of outcome variables.

Management
Packages

Mgt0
Mgt1
Mgt2
Mgt3
Mgt4
Mgt5
Mgt6
Mgt7
Mgt8

Fertilizer +
Improved Variety

√
√
√
√
√
√
√
√

Yield
Protecting
(Pesticide and/or
Herbicide)

Integrated
Management
Manure (Intercropping and/or
Erosion Control
and/or Crop Rotation)

√
√
√
√
√
√

√
√

√
√

√
√

Average Maize
Yield (t/ha)

Average Labor
Productivity
(kg of Maize/
Person Day)

2.6
3.4
3.1
3.5
3.3
3.7
3.5
3.7
3.3

63
76
72
68
64
113
99
104
81
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3.4.2. Small Yield Gains from Crop Protection Practices, but Substantial Labor
Productivity Increases
Presenting average values of outcome values (Table 7) can be misleading as it does
not consider the fact that the use of technologies and practices can be endogenously
determined [7,11,38,53]. The impacts of management packages on maize yield and labor
productivity by controlling for observed and unobserved characteristics are estimated
using the multinomial endogenous treatment effects (METE) model and presented in
Table 8. Factor loadings (λ) for Mgt5 and Mgt7 show the existence of negative selection
bias, suggesting that unobserved characteristics that increased the likelihood of using the
packages are associated with lower yields on farms using these packages. The METE
model results indicate that maize yield was 10% higher when crop protection practices
were combined with fertilizer and improved variety. This relatively small difference may
partly be attributed to the fact that farmers substitute labor for herbicides to control weeds.
In addition, the effect of pesticides may be small if pests/disease incidences were absent
or limited. In our data, only 10% and 2% of households reported unexpected losses from
diseases in 2017 and 2018, respectively. Similarly, unexpected losses from pests were
reported by 6% and 11% of the households in 2017 and 2018, respectively.
Table 8. METE model results: percentage differences and significance of Mgt2–Mgt8 compared to Mgt1 (Fertilizer +
improved variety) for maize yield and labor productivity.
Management Packages

Maize Yield

Labor Productivity

−11% (0.058) *
−14% (0.123)
1% (0.058)
10% (0.047) **
−10% (0.061) *
22% (0.076) ***

−7% (0.076)
−7% (0.061)
−44% (0.083) ***
16% (0.079) **
38% (0.155) **
70% (0.065) ***

1% (0.065)

19% (0.097) **

0.05 (0.052)
0.17 (0.142)
−0.07 (0.052)
−0.08 (0.048) *
0.09 (0.049) *
−0.23 (0.074) ***

0.01 (0.043)
0.04 (0.044)
0.33 (0.038) ***
0.10 (0.046) **
−0.31 (0.075) ***
−0.57 (0.081) ***

−0.04 (0.056)

−0.19 (0.034) ***

Treatment Effects
Fertilizer + Improved variety + Manure (Mgt2)
Fertilizer + Improved variety + Integrated management (Mgt3)
Fertilizer + Improved variety + Manure + Integrated management (Mgt4)
Fertilizer + Improved variety + Crop protection (Mgt5)
Fertilizer + Improved variety + Manure + Crop protection (Mgt6)
Fertilizer + Improved variety + Crop protection + Integrated management (Mgt7)
Fertilizer + Improved variety + Crop protection + Manure + Integrated
management (Mgt8)
Selection Terms (λ)
Fertilizer + Improved variety + Manure (Mgt2)
Fertilizer + Improved variety + Integrated management (Mgt3)
Fertilizer + Improved variety + Manure + Integrated management (Mgt4)
Fertilizer + Improved variety + Crop protection (Mgt5)
Fertilizer + Improved variety + Manure + Crop protection (Mgt6)
Fertilizer + Improved variety + Crop protection + Integrated management (Mgt7)
Fertilizer + Improved variety + Crop protection + Manure + Integrated
management (Mgt8)
Sample size

3295

The control group is maize fields that received only fertilizer and improved varieties. 500 simulation draws were used. Robust standard
errors clustered at the household level in parentheses. * p < 0.10, ** p < 0.05, *** p < 0.01.

On average, the highest maize yield, as well as labor productivity, was found when
fertilizer, improved variety, crop protection, and integrated management (Mgt7) were
used jointly (Table 8). The yield gain (22%) shows that integrated management can be
more effective when combined with crop protection practices as well as fertilizer and
improved variety, than using it in isolation. Labor productivity increased by 70%, which is
substantial, and an incentive to use this package. On the other hand, the package without
crop protection and with manure and integrated management (Mgt4) decreased labor
productivity almost by half compared to using only fertilizer and improved variety. The
management practices manure application, intercropping, and erosion control demand
more labor, which can be a challenge to smallholders who already face labor scarcity [54].
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3.4.3. In Optimal Situations, Integrated Management Contributes to Maize Yield, but in
Our Sample Only When Used with Crop Protection Package
On average, integrated management did not show a significant yield advantage when
combined with fertilizer and improved varieties (Mgt4). There may be several possible
underlying reasons. First, the practices included in the integrated management group (e.g.,
crop rotation and soil erosion control) usually give yield returns after repeated use of these
practices across multiple years; effects on yields in the years of the first application may
not be evident [25,55–57]. Schmidt et al. [56] showed that sustainable land management
practices needed to be maintained for a minimum of seven years to obtain a significant
increase in the value of production. Thus, our observations may capture only part of the
agronomic impact of these practices over time. Second, the integrated management options
may not be managed well. For example, the expected yield benefits from intercropping
depend on the type of the crop mix and whether it is relay intercropping or intercropping
with simultaneous planting of two species. Third, practices may not be used in their best
contexts in terms of field characteristics and production potential. This is evident from
Tables 5 and 6, which show, for example, that integrated management was less likely to
be used when land was owned. In addition, the METE model results in the lower part of
Table 8 show that unobserved characteristics that increased the likelihood of using Mgt5
and Mgt7 are associated with relatively low yields for farmers who used Mgt5 and Mgt7,
while these packages increased the yields.
3.4.4. Quantity and Quality of Manure May Explain Its Negative Association with
Maize Yield
The management packages that contain manure (Mgt2, 4, 6, and 8) showed lower
or equal maize yields relative to the control group (using only fertilizer and improved
variety) (Table 8; Figure 1). One possible reason for this is manure quality, which we
did not observe directly. If manure is characterized by a high C/N ratio, it will result
in immobilization [58]. Second, farmers may use relatively low amounts of inorganic
fertilizer when they also apply manure. We only observe a binary indicator of manure
usage in our data and cannot control for different application levels. However, our data
shows lower nitrogen rates on fields receiving manure compared to fields not receiving
manure, and fertilizer use and manure use were negatively associated (Table 4). Third,
even though we cannot verify the quantity of manure used from our data, an oversupply
of manure could also lead to diminishing returns. Figure 1 shows that the unconditional
yield responses to nitrogen applications are no longer unambiguously positive on manured
fields that received an inorganic nitrogen supply in excess of ~250 kg/ha. As shown
in Njoroge et al. [59], information on past manure applications helped to understand its
impact and the uncertainty in yield response to fertilizer. Our survey data do not include
previous years’ application data and we cannot explore this directly.
3.4.5. Farmers May Use the Management Practices but Not Optimally
Looking at all the packages considered, we note that the average maize yield was
always far from the water-limited yield potential that the farmers could theoretically
achieve given their local climate and soil conditions. The average maize yield is only 23%
of the average water-limited potential yield [17,60,61]. This can only be explained by the
sub-optimal input use and implementation of the management practices. Technologies
and practices do not bring the anticipated return if they are not well managed based on
agronomic principles and targeted at specific conditions [62,63]. Our data showed that the
average nitrogen level that farmers apply is increasing (about 98 kg N/ha on fertilized
maize fields in our data), but it is still below the agronomic optimum [64]. However, the
current or even higher N rates will only be used efficiently, with low environmental losses,
if combined with excellent management practices managing all growth defining, limiting,
and reducing factors [64,65].

Agriculture 2021, 11, x FOR PEER REVIEW

Agriculture 2021, 11, 938

15 of 20

observe directly. If manure is characterized by a high C/N ratio, it will result in immobilization [58]. Second, farmers may use relatively low amounts of inorganic fertilizer when
15 of 19
they also apply manure. We only observe a binary indicator of manure usage in our data
and cannot control for different application levels. However, our data shows lower nitrogen rates on fields receiving manure compared to fields not receiving manure, and fertiWhile
combinations
of management
practices
have
observed
to increase
lizer use
andoptimal
manure
use were negatively
associated
(Table
4).been
Third,
even though
we
yields
[6,17,33,60],
our
data
suggest
that
this
is
not
always
the
case.
Our
results
indicated
cannot verify the quantity of manure used from our data, an oversupply of manure could
thatlead
thistowas
partly related
to the
conditions
which
practices yield
were responses
applied, e.g.,
also
diminishing
returns.
Figure
1 showsunder
that the
unconditional
to
whether
the
land
is
owned
or
not
or
the
distance
of
the
field
from
the
homestead.
nitrogen applications are no longer unambiguously positive on manured fieldsHowever,
that reafter controlling
fornitrogen
such variables,
still find
of integrated
manageceived
an inorganic
supply we
in excess
of ambiguous
~250 kg/ha.effects
As shown
in Njoroge
et al.
ment
(Tables 7 and
which
mayapplications
indicate additional
unobserved
variation
in factors
of
[59],
information
on 8),
past
manure
helped to
understand
its impact
and the
importance.
In
any
case,
it
seems
clear
that
blanket
recommendations
for
technologies
and
uncertainty in yield response to fertilizer. Our survey data do not include previous years’
management
practices
notexplore
necessarily
lead to improved performance [66], and siteapplication
data
and we does
cannot
this directly.
specific recommendations are essential for sustainable intensification in Ethiopia [49,67,68].

Figure 1. Maize yield in response to nitrogen fertilizer, without (No) and with (Yes) manure application. (Kernel-weighted
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local polynomial regression).

3.5. Methodological
Considerations
3.4.5.
Farmers May Use
the Management Practices but Not Optimally
We
acknowledge
that
technology
adoption
a process
starting
from
awareness
creLooking at all the packages
considered,
we is
note
that the
average
maize
yield was
ated
amongst
users,
followed
by
evaluation,
adoption,
and
revision/dis-adoption
[69].
always far from the water-limited yield potential that the farmers could theoretically
Our data did not allow us to evaluate technology use as a process. We were careful to
achieve given their local climate and soil conditions. The average maize yield is only 23%
avoid the use of the word “adoption” as adoption requires sustained use of management
of the average water-limited potential yield [17,60,61]. This can only be explained by the
practices/technologies [55,70,71]. Using binary indicators to measure technology practices
sub-optimal input use and implementation of the management practices. Technologies
could mask variability in their intensity and effects. For example, we classified maize
and practices do not bring the anticipated return if they are not well managed based on
variety as local or improved, whereas improved varieties themselves vary in terms of
agronomic principles and targeted at specific conditions [62,63]. Our data showed that the
productivity and costs [33]. Collecting data on the intensity and timing of the management
average nitrogen level that farmers apply is increasing (about 98 kg N/ha on fertilized
practices could improve understanding of their use and effect. Moreover, a time series,
maize fields in our data), but it is still below the agronomic optimum [64]. However, the
preferably from the start of the adoption of management packages will give more insight.
current or even higher N rates will only be used efficiently, with low environmental losses,
Future projects and studies should better target adoption dynamics to understand what
if combined with excellent management practices managing all growth defining, limiting,
influences decisions to adopt and dis-adopt, and to measure the influences of management
and
reducing
[64,65].
practices
thatfactors
help to
improve yield in the short and long term. Qualitative data could
also augment quantitative analysis in understanding farmers’ decisions and study its
implication to outcomes. Farmer-reported information on management practices is often
characterized by error and/or imprecision [72–74], and therefore combining methods may
provide clearer insights.
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We also acknowledge that our estimations did not control for soil characteristics (data
was not available for all fields), which could have implications for our results. Moreover,
our examination of decisions made on maize fields may fail to integrate bigger picture
management constraints or objectives which inform management outcomes [10,67]. For
these reasons, some circumspection is warranted in the interpretation of our modeled
treatment effects of different packages.
4. Conclusions
We considered a large set of management practices that were used in maize production
and analyzed separate packages and combinations of packages using two years of data
collected in 2017 and 2018 from two maize growing regions of Ethiopia. We showed that
complementarity, as well as substitution effects, existed across individual management
practices. The factors that explained the use of the technologies and practices differed
across the practices investigated. For example, fertilizer, improved varieties, pesticides,
and crop rotation were more often used in fields further away from home, while the use of
manure and intercropping decreased with distance. Higher rainfall in the previous year
was associated with increased use of fertilizer, improved varieties, herbicides, and crop
rotation, while rainfall variability was correlated with increased manure and intercropping,
suggesting differential practice preferences under different levels of production risk.
Farmers in our sample used both fertilizer and improved varieties on 85 percent of
the maize fields, reflecting the success of Ethiopia’s input promotion efforts over the last
decade. However, combining fertilizer and improved varieties with other complementary
inputs did not always lead to higher maize yield. Crop protection practices added only 10%
to 22% (when integrated management was included) to yield. However, labor productivity
impacts were higher (16–70%) when crop protection practices were combined with any of
the other packages, compared to using only fertilizer and improved varieties. Combining
manure with inorganic fertilizer and improved variety showed lower maize yields, which
was contrary to our expectations. Detailed information on the quality and quantity of
manure could shed more light on the cause of this result. Using integrated management
and manure in combination with fertilizer and improved variety (Mgt4) decreased labor
productivity by half implying that these practices are labor demanding and interventions
that target yield improvement need to evaluate the impacts on both labor demand and
productivity.
The average maize yield achieved using different combinations of the management
packages is far below the water-limited potential yield that can be achieved given local
biophysical conditions. This suggests that farmers are not using the management practices
optimally based on their specific contexts. Intensive study of the dynamics in time and
precise implementation of the practices, together with experiments may help to better
understand why the use of recommended technologies and management practices failed
to narrow maize yield gaps.
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S4: Multinomial logit estimates of management package decisions with MC device and study zones.
The control group is use of fertilizer and improved maize variety, Table S5: maize yield comparisons
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