
Ogada et al. Agric & Food Secur           (2021) 10:55  
https://doi.org/10.1186/s40066-021-00321-w

RESEARCH

Adoption of complementary climate-smart 
agricultural technologies: lessons from Lushoto 
in Tanzania
Maurice Juma Ogada1* , Maren Radeny2, John Recha2 and Solomon Dawit2 

Abstract 

Background: Agriculture is important for economic growth and development in many countries in Sub-Saharan 
Africa, including Tanzania. However, agricultural production and productivity remain relatively low, with significant 
yield gaps attributed to factors such as limited access to and low adoption of appropriate agricultural technologies, 
and climate-related risks resulting from climate variability and change. This paper explores the drivers of adoption of 
climate-smart agricultural (CSA) technologies and practices, taking into account the complementarity among agricul-
tural technologies and heterogeneity of the farm households, using data from Lushoto in Tanzania.

Methods: We use a Multivariate Probit analysis of cross-sectional data collected from 264 smallholder farmers in 
Lushoto—a climate hotspot in Tanzania—to understand the drivers of household decisions to adopt CSA technolo-
gies and practices. The technologies included diversification of multiple stress (drought, floods, pests, diseases)-
tolerant crop varieties, use of fertilizers, and application of herbicides and pesticides. The Multivariate Probit model 
was preferred as it takes into account the inter-relationships of the technologies as well as heterogeneity of the 
smallholder farmers for more robust estimates. The independent variables used in the analysis included household 
socio-economic factors such as the relative importance of crop and livestock enterprises, household land size, social 
capital, access to agricultural credit and weather information, previous experience with fertilizer use and household 
characteristics (age, education and gender of household head, and household size).

Results: About 63% of the households diversified their crop enterprises, shifting to improved resilient crops and crop 
varieties. Another 37% adopted fertilizers, while 38% applied pesticides and herbicides. Conditional on the unobserv-
able heterogeneity effects, the results show that household adoption decisions on diversification of multiple stress-
tolerant crops and crop varieties, fertilizer, and pesticides and herbicides are complementary. In addition, the results 
confirm existence of unobserved heterogeneity effects leading to varying impact of the explanatory variables on 
adoption decisions among farmers with similar observable characteristics.

Conclusions: The findings indicate that any effective CSA technology adoption and diffusion strategies and policies 
should take into account the complementarity of the technologies and heterogeneity of the smallholder farmers. 
Therefore, inter-related technologies should be promoted as a package or bundled while taking into consideration 
household and farm-level constraints to adoption.
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Background
Agriculture is important for economic growth and 
development in many countries in Sub-Saharan Africa, 
including Tanzania. Through the Comprehensive Afri-
can Agriculture Development Programme (CAADP) 
that aims to stimulate agriculture-led development to 
eliminate hunger and reduce poverty and food insecu-
rity, African Governments have committed to increase 
public investment in agriculture to 10% of their annual 
national budgets and to raise and maintain agricultural 
productivity and annual growth by at least 6% [1]. In 
Tanzania, agriculture contributes 28% of the country’s 
GDP, provides 95% of all food and employs over 75% of 
the national work force [2]. In a country, where 75% of 
the population lives in rural areas, and 80% is engaged 
in agriculture, agricultural development is important 
not only for food security and economic growth but also 
for poverty reduction. The growth rate of the agricul-
ture sector (4–5% p.a), however, has remained below the 
national and CAADP targets (6–10% p.a). Thus, acceler-
ating development in the agriculture sector is a matter of 
urgency and priority for both state and non-state sector 
players in Tanzania.

Climate change and variability are among the critical 
factors affecting agricultural development adversely in 
Tanzania, as most of agriculture is rainfed and highly vul-
nerable. Rising temperatures are already evident, not just 
in Tanzania but also in the East Africa region. For the last 
three decades, mean annual temperature has increased 
at the rate of 0.290C per decade [3]. While short rains 
have remained relatively stable, long rains, especially in 
the north, exhibit a declining trend [4]. Delayed onset 
of rains and increased frequency, length and intensity of 
droughts have also been observed [5]. Overall projections 
show that the country will experience temperature rise 
of between 1.4 °C and 4.2 °C [3]. Frequency and severity 
of extreme weather events such as floods, droughts, and 
rainstorms are expected to increase over the entire East 
Africa and this, coupled with increase in outbreak of pest 
and disease, will reduce agricultural yields [6, 7]. This is 
likely to be more devastating to the poor who rely heavily 
on rainfed agriculture and have low adaptive capacity [8], 
leading to worsening poverty and food security indicators 
[9]. Thus, it is imperative that these farmers transition to 
agricultural technologies, practices and innovations that 
enhance their resilience and climate risk management in 
terms of ecology and socio-economics [10].

Some of the strategies that farmers use to cope with 
climate change include diversification into improved 
resilient crop varieties and livestock breeds, soil and 
land management technologies, water conservation, 
and improved fodder production and livestock feeding 
technologies [11–13]. These technologies and practices, 

collectively referred to as climate-smart agriculture 
(CSA) technologies, increase productivity, enhance adap-
tive capacity, and food and nutritional security of the 
farming households, and contribute to climate change 
mitigation [14]. CSA approach to agricultural develop-
ment has three major objectives: (i) sustainably increas-
ing agricultural productivity and incomes; (ii) adapting 
and building resilience of food systems to climate change; 
and (iii) reducing greenhouse gas (GHG) emissions from 
agriculture, where possible [15, 16]. At the farm level, 
CSA is closely aligned with sustainable intensification 
[17]. CSA actions in food systems involve achieving dif-
ferent synergies and trade-offs for productivity, adapta-
tion and mitigation pillars [18]. In general, use of CSA 
technologies and practices that address any two pillars in 
a given agroecological zone is considered climate-smart.

Agriculture has potential to contribute to climate 
change mitigation globally. However, the threat of food 
insecurity due to climate change raises the question of 
how much agriculture should contribute to global mitiga-
tion targets, if at all [19]. Developing countries, especially 
those most vulnerable to climate change, such as Tanza-
nia, are focused on adapting to climate change to produce 
sufficient food, rather than reducing it. Therefore, low 
emissions development (LED) is the emerging paradigm 
for mitigation in agriculture in developing countries, 
defined as sustainably advancing human well-being and 
agroecological productivity and sustainability in ways 
that also reduce agricultural GHG emissions [19]. Reduc-
tions in emissions should be compared to what emissions 
otherwise would have been with conventional agricul-
tural development or based on the projection of current 
practices. LED puts the need to produce food and other 
goods for human needs first, and mitigation second [20], 
therefore, differing from mitigation-driven approaches.

To increase uptake, the CSA technologies and prac-
tices need to be appropriate for local ecological, climatic, 
socio-economic and cultural conditions, and the farm-
ers need to be equipped with relevant knowledge and 
skills to use these technologies [21]. It is for this reason 
that the CGIAR Research Program on Climate Change, 
Agriculture and Food Security (CCAFS), in partnership 
with other stakeholders, has been piloting the Climate-
Smart Villages (CSVs) approach in East Africa to help 
farmers respond to climate variability and change. The 
CSVs in East Africa have been described in detail in pre-
vious studies, including the various CSA technologies 
piloted [22, 23]. There is sufficient evidence that these 
technologies deliver benefits in terms of improved crop 
productivity, incomes, and food security to households 
[24–26]. Besides, a technology such as crop diversifica-
tion improves resilience and biodiversity on the farm, 
enhances farm-level soil fertility and helps in control of 
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diseases and pests [27]. Substantial climate change miti-
gation effects have also been observed to arise from these 
technologies [25], where farmers shift to LED practices, 
because they best meet their own goals, and minimize 
GHG emissions per unit of yield (i.e., emissions inten-
sity). Many agricultural development practices already 
seek to increase input efficiencies, such as efficient use of 
nitrogen fertilizer to minimize GHG emission. Despite 
the potential benefits, adoption of most of the CSA tech-
nologies remains low and varied across farm households 
and regions [23, 28–30]. This suggests that farm technol-
ogy adoption constraints could be associated with the 
technologies themselves, farmer and farm-level factors, 
and institutional factors [21]. For example, the LED tech-
nologies such as the use of agroforestry take more than 
7 years to realise the benefits as shown in a biophysical 
study in Lushoto [31].

Previous studies show that adoption of CSA and other 
agricultural technologies may be driven by access to 
information about the technologies themselves which 
may be influenced by social capital, distance to agricul-
tural offices, distance to the market, wealth of the house-
hold (as measured by land size, household income and 
livestock ownership), availability of family labour, farm-
er’s perception of the technology (which may be depend-
ent on culture), farmer characteristics, such as gender, 
age and education, access to agricultural credit, and agro-
climatic environment [32–37]. The studies are, however, 
not unanimous on the direction of effect of these factors. 
Moreover, the results tend to vary by location and the 
technology investigated.

For scaling up adoption of CSA technologies in Tanza-
nia and other economies that are heavily dependent on 
agriculture, through evidence-based policies, it is imper-
ative that the inter-play of factors that influence adop-
tion is clearly understood. Thus, this paper examines the 
adoption of CSA technologies and practices, using data 
from Lushoto, a climate hotspot, in Tanzania. Lushoto 
provides an interesting context because of its diverse 
agroecology and socio-economic conditions. The paper 
investigates the multidimensional agricultural technol-
ogy adoption decisions by smallholder farmers across 
heterogeneous households. We seek to quantify potential 
complementarities among CSA technologies and inno-
vations, and the unobserved household heterogeneities. 
Quantifying complementarities of these technologies and 
innovations is important, because they are potentially 
correlated with some of the observable and unobservable 
drivers of household technology adoption decisions [38, 
39]. We focus on crop diversification, usually defined as 
increasing the number of crops or varieties of the same 
crop grown by a farm household [24], and supportive 
technologies, such as use of fertilizers, and application 

of herbicides and pesticides. Diversification is critical, 
because it has been predicted that by 2060, Africa will 
have had a rapid increase in the number of diversified 
farms and decrease in specialised farms [21]. It is, thus, 
not surprising that CCAFS and the Tanzania Agricultural 
Research Institute (TARI) have deliberately promoted, 
not just adoption of improved resilient crop varieties but 
also diversification of the same as a climate-risk man-
agement strategy, and for improving household food 
diversity and adapting and building resilience to climate 
change. For better outcomes, improved sustainable soil 
and land management practices such as use of fertilizers, 
minimum tillage characterised by prudent use of herbi-
cides and pesticides, and improved storage of the harvest 
through careful use of pesticides to minimize post-har-
vest losses, and other improved agronomic practices 
are being promoted alongside crop diversification [21]. 
Therefore, this study analyses adoption of three comple-
mentary CSA technologies: crop diversification, use of 
fertilizers and application of herbicides and pesticides.

Most of the previous studies have examined adoption 
of individual CSA technologies, yet some of these tech-
nologies are inter-related and/or yield better results when 
bundled [40]. Such studies are likely to underestimate or 
overestimate the effects of different factors on household 
adoption of CSA technologies [41, 42]. Consequently, 
this study considered simultaneous adoption decisions of 
the three technologies under consideration.

In the rest of the paper, we explain the methodol-
ogy used, present and discuss the results of the analysis 
before drawing conclusions and policy implications.

Methods
Study area
As indicated earlier, this study was undertaken in 
Lushoto, within the Usambara Mountains in Tanza-
nia. Lushoto is a global biodiversity hotspot, charac-
terized by warm and cold humid agro-climatic zones. 
Farming and tourism are the main economic activi-
ties. The altitude ranges from 780 to 2010 m above sea 
level. Rainfall is bimodal, ranging from 690 to 1230 mm 
per annum. The long rains occur from March to May 
(MAM), and short rains from October to December 
(OND). Over the years, the rainfall amounts have been 
declining [29], and have become highly variable, char-
acterized by intense storms. Soil types vary along the 
topographic gradient, ranging from limited and shal-
low soils (Regosols and Lithic Leptosols) on the peaks, 
to more developed soils (Cutanic Acrisols and Ferralic 
Cambisols) [43]. The valleys are characterized by allu-
vial and wet soils (Mollic Gleyic Fluvisols and Fluvic 
Gleysols). Lushoto is densely populated, with aver-
age household landholding size of 0.4 hectares. The 
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upper parts are characterized by intensive mixed crop-
livestock farming, with agro-pastoral practiced on the 
lower parts. Because of the steep slopes, deforestation 
and population pressure, soil erosion is endemic. The 
soils are degraded, with low levels of soil organic car-
bon, indicating limited nutrient retention capacity [44], 
and observed deficiencies in phosphorus and nitrogen 
[45]. Overall, croplands have lost approximately 50% 
of soil organic carbon, and 34% of nitrogen [44]. This, 
coupled with the high rates of poverty, has made the 
households highly vulnerable to climate-related risks 
and climate change.

To help the farmers respond to and cope with climate 
variability and change, CCAFS in collaboration with 
TARI and the Lushoto District Council, initiated collec-
tive action in seven villages in Lushoto from 2011. The 
partnership is modelled around CSVs, with the aim of 
improving local knowledge and understanding of climate 
risks for more informed decisions in agriculture. The 
approach provides a platform for researchers, local part-
ners, and farmers to work together to test various CSA 
technologies and practices, select and apply those suited 
to their local conditions. The portfolio of CSA technolo-
gies includes weather, water, carbon, crop, livestock and 
knowledge-smart activities and innovations [23]. The 
overarching goal is to reduce hunger, ensure food and 
nutritional security and improve household incomes.

Model specification
For the econometric analysis, we make a stylized assump-
tion that farm households are rational with the objective 
of maximizing their utility from agricultural technologies 
and innovations. More often, this utility is captured by 
agricultural productivity. Increasing agricultural produc-
tivity requires multiple technologies and practices. Thus, 
a farm household faces multidimensional adoption deci-
sion problem. A rational household will choose a com-
bination of technologies and practices which maximizes 
its expected utility. This is the basis of the argument that 
package (bundled) adoption may be more productive and 
beneficial to the farmers than independent adoption of 
the individual technologies and practices [40]. However, 
pervasive uncertainty about a new technology or practice 
and binding credit constraints may confound the comple-
mentarity argument [46]. Nevertheless, there is sufficient 
justification to consider farmers’ multiple adoption deci-
sions jointly, because they are inter-related and likely to 
affect each other. Considering that the dependent vari-
ables are binary, we use the Multivariate Probit Model 
(MVPM) for this analysis.

The specification of an MVPM with our three depend-
ent variables is

where Y ∗
i  is an unobserved variable representing the 

latent utility of adopting CSA technology i, βi is a vector 
of unknown parameters to be estimated, Xi is a vector of 
observed factors believed to influence household adop-
tion of CSA technology i , µi is the error term which is 
normally distributed with mean of 0 and variance of 1, 
and the variance–covariance matrix of the error term is 

∑ = 





1 ρ12 ρ13
1 ρ23

1



 . Therefore, the observed binary adop-

tion variable Yi = 1,Y ∗
i > 0, 0 otherwise. Thus, the prob-

ability that Yi = yi, conditioned on parameters β, ∑, and a 
set of explanatory variables,X can be expressed as

where Φ is the density function of the multivariate 
normal distribution with the mean vector 0 and the 
variance–covariance matrix ∑, while Ii is the interval 
(− ∞,β ′

iXi ) if yi = 1 and ( β ′

iXi , ∞) if yi = 0 (see [47] for 
details). The model is estimated by maximum likelihood 
method, using Stata version 16.

Measuring adoption of crop diversification
Crop diversification may be viewed as introduction of 
additional crops to the existing cropping system [24]. In 
this paper, crop diversification is more broadly defined 
to include substitution of indigenous crop varieties with 
improved and more resilient crop varieties while broad-
ening the base of the cropping system. The change also 
integrates improved and efficient crop agronomic manage-
ment, such as use of fertilizers, and pesticides and herbi-
cides for improved productivity.

Common measures of crop diversity include Berger–
Parker Index, Entropy Index, Herfindahl Index, Margalef 
Index, Ogive Index, Shannon Index and Simpson Diver-
sity Index. Counting the number of crops grown by the 
farmer is another most commonly used method. In this 
study, we use Simpson Index, popularly known as Her-
findahl–Hirschman Index (HHI) in economic literature. 
The preference is informed by the fact that the index has 
no requirement that the farmers produce all types of crops 
[48]. The index was computed as follows:

(1)Y ∗
i = β

′

iXi + µi, i = 1, 2, 3,

(2)

Pr

[

Yi = yi, i = 1, 2, 3|β ,
∑

]

=

∫∫∫

I1I2I3

�(z1, z2, z3, ρ12, ρ13, ρ23)dz3dz2dz1,

(3)SDI = 1−

n
∑

1

p2i
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where pi is the proportionate land area under crop i in 
the gross land area under crops; n is the total number of 
crops that the household grows.

The score value ranges from 0 to 1, where 0 means 
the household is specialised (not undertaking any crop 
diversification), while 1 means that the household has 
the maximum possible level of diversification. Thus, all 
households with the score of 0 were classified as non-
adopters, while those with a score above 0 were classified 
as adopters of diversification of improved resilient crop 
varieties. For the complementary technologies and/or 
practices (i.e., fertilizer and pesticides and herbicides), a 
household is considered an adopter if it is used on 2 or 
more of the improved resilient crop varieties adopted by 
the household. This is because these technologies and 
practices are meant to be supportive of the crop diver-
sification. Thus, their use must also reflect the diversifi-
cation. Notice that the traditional varieties were no more 
resilient because of higher susceptibility to diseases and 
pests, drought, and taking longer to grow and mature for 
harvest yet the length of growing period (rainy season) 
was getting shorter and more variable [49].

Data and summary statistics
The paper uses cross-sectional data collected from 264 
households spread across the villages in Lushoto. Infor-
mation was collected using close-ended questionnaire 
and included household demographic characteristics, 
adoption of climate-smart crops and crop varieties, 
production and consumption of crops and livestock 
products, sale of farm products, land use management, 
agroforestry, household sources of food, access to climate 
and weather information, relative changes in household 
income and social capital. We provide a summary of the 
adopters of each technology and how the different tech-
nologies are correlated with each other (Table 1).

The results show that about 63% of the households 
were diversifying their crop enterprises and shifting to 
improved resilient crops and crop varieties. Another 
37% were using fertilizers, with 38% using pesticides/

herbicides. Tetrachoric correlation analysis shows that 
adoption of crop diversification of improved resilient 
crops and crop varieties may trigger the use of fertilizers 
and pesticides/herbicides by farmers. This underscores 
the notion that profitability of a given CSA technology 
or practice may depend on adoption of another CSA 
technology or practice [39, 40, 48]. That is, a given CSA 
technology may be productive, but it would yield better 
results when applied together with other complementary 
technologies or practices. Adoption of the combination 
of the technologies provides additional insight about per-
ception of the farmers of the profitability of these tech-
nologies (Table 2).

It can be observed that, more households adopted 
the technologies in combinations rather than sin-
gly. About 30% of households simultaneously adopted 
diversification of improved resilient crop varieties and 
fertilizer, and only 4% adopted fertilizer without crop 
diversification. About 33% of the households adopted 
crop diversification with pesticides/herbicides, while 
only 3% adopted pesticides/herbicides only. About 
25% of households simultaneously adopted fertilizers 
and pesticides/herbicides, while 24% of the households 
adopted all the three technologies simultaneously. This 
may suggest that, in the context of Lushoto, using the 
technologies in combinations could be more profitable. 
It may further suggest that diversification of improved 

Table 1 Technology adoption rates in the sample

*** indicate that pairwise correlations are statistically significant at 1%

Agricultural technology and practice

Crop diversification (%) 63

Fertilizer in a diversified crop system (%) 37

Pesticide/herbicide in a diversified crop system (%) 38

Correlation between crop diversification and fertilizer use 0.504***

Correlation between crop diversification and pesticide/herbicide use 0.564***

Correlation between fertilizer and pesticide/herbicide use 0.687***

Number of observations (households) 264

Table 2 Level of adoption of the various technologies and/or 
their combinations

Technology combinations Rate of 
adoption

Crop diversification only 23

Fertilizer only 4

Pesticide/herbicides only 3

Diversification with fertilizer 30

Diversification with pesticides/herbicides 33

Fertilizer with pesticides/herbicides 25

Diversification with fertilizer and pesticides/herbicides 24
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resilient crop varieties, even without fertilizer and pes-
ticides/herbicides, could still be fairly profitable.

Previous studies have found household demographic 
characteristics, such as gender, age and education of 
the household head, and household size to be impor-
tant in influencing agricultural technology adoption 
decisions (see [50] for details). Other factors that have 
been found to be correlated with agricultural technol-
ogy adoption include household land size, household 
income and/or access to credit and the relative impor-
tance of crop and livestock farming. Thus, we include 
these variables in the empirical model specification. 
Table 3 provides a brief description of these variables.

About 80% of the households surveyed were male-
headed, while 20% were female-headed, with an aver-
age household size of 5. The highest level of education 
attained was primary for 62% of households, second-
ary for 31% of the households, and post-secondary 
for 6% of the households. For about 1% of the house-
holds, no member had any formal education. Average 
years of schooling was 9. The average household land 
holding size was 1.99 acres. Crop farming was ranked 
by households as being more important with a score of 
65%, while livestock production had an average score 
of about 21%. Notably, the households had a mod-
est annual income of about USD 200. In the period of 
reference, 40% of the households belonged to farmer 
groups, with a similar proportion also having access to 

credit. Weather and climate information was received 
by 79% of households.

Results
The empirical results are presented in Table 4. The highly 
significant likelihood ratio test shows that the MVP 
model fits the data better and captures farm technology 
adoption decisions better than the independent Probit 
models. This is also evident from the significant error 
correlation parameters. In a nutshell, the MVP model 
outperforms the standard univariate model popularly 
used in technology adoption studies. This shows the 
presence of complementarity among the CSA technolo-
gies and substantial unobserved heterogeneity effects. 
For comparison, we also present the results of the univar-
iate Probit models for the three technologies under con-
sideration (see Table 4). While the results are consistent 
with those of MVP in terms of direction of effect, most 
of the marginal effects are hardly of the same size. Thus, 
it can be concluded that endogeneity, in this case, leads 
largely to imprecise estimation of the marginal effects. 
Thus, we base our interpretations and further discussion 
on the MVP results.

The contemporaneous error correlations of the MVP 
model (presented at the bottom of Table 4) are all posi-
tive and statistically significant. These are interpreted as 
the estimates of input complementarities among crop 
diversification, fertilizer, and pesticides and/herbicides. 

Table 3 Variables used in the analysis

SD stands for standard deviation

Variable Name Variable description Mean SD

Outcome Variables

 Crop diversification Dummy = 1 if household adopts diversification 0.63 0.48

 Use of fertilizer Dummy = 1 if household uses fertilizer 0.37 0.48

 Use of Pesticide/herbicide Dummy = 1 if household uses pesticide/herbicide 0.38 0.49

Household characteristics

 Age of household head Chronological age of household head in years 51 14

 Gender of household head Gender of household head (male = 1) 0.8 0.4

 Education of household head Years of schooling of household head 9 2

 Household size No. of household members 5.5 2.0

Household socio-economic factors

 Importance of crop farming Self-assigned score (out of 10 points) 6.5 1.7

 Importance of livestock Self-assigned score (out of 10 points) 2.1 1.3

 Land size Household land size in acres 1.99 1.15

 Income Self-reported income (in USD) 198.5 362.8

 Social capital Membership of social groups (member = 1) 0.4 0.4

 Access to credit Whether household received credit (received = 1) 0.4 0.4

 Weather information Dummy = 1 if household received weather forecast 0.79 0.4

 Previous fertilizer use Dummy = 1 if household had previously used fertilizer 0.21 0.4

Number of observations 264
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There is a very strong complementarity between ferti-
lizer adoption and pesticide/herbicide use (correlation 
coefficient of 0.66). The correlation between crop diver-
sification and fertilizer adoption (correlation of 0.44) and 
between crop diversification and pesticides/herbicides 
use (correlation of 0.47) are also fairly strong. These prac-
tices are not independent events (Likelihood ratio test 
being x2(34) = 88.75***).

Estimation results on the other explanatory variables 
in our CSA technology adoption propensity equations 
largely show heterogeneity in impact.

a) Age of the farmer, though not correlated with adop-
tion of fertilizer and pesticides/herbicides, is nega-
tively correlated with adoption of crop diversifica-
tion.

b) Male farmers are more likely to adopt fertilizers and 
pesticides/herbicides compared to their female coun-
terparts.

c) Education level of the farmer, though having no 
effects on adoption of crop diversification and ferti-
lizer, lowers the probability of adoption of pesticides/
herbicides.

d) Larger households have a higher likelihood of adopt-
ing the three technologies, just like the households 
with larger landholding sizes.

e) Other important predictors of adoption of the tech-
nologies under consideration include importance of 
livestock to the household (which lowers probabil-
ity of use of pesticides/herbicides), off-farm income 
(which increases the probability of adoption of ferti-
lizer), access to weather information (which increases 
probability of adoption of crop diversification and 
pesticide/herbicide use), and experience with fer-
tilizer use (which increases probability of fertilizer 
adoption in the subsequent periods).

Table 4 Adoption regression results

The results show adoption propensities. Standard errors are in parentheses

*, **, and *** indicate significance at 10%, 5% and 1%, respectively

Explanatory 
variables

Multivariate probit estimates Univariate probit estimates

Crop 
diversification

Fertilizer Pesticide/
herbicide

Crop 
diversification

Fertilizer Pesticide/herbicide

Household characteristics

 Age of household 
head

− 0.005 (0.002)** − 0.001 (0.002) − 0.003 (0.002) − 0.004 (0.002)** − 0.001 (0.002) − 0.003 (0.02)

 Gender of house-
hold head

0.05 (0.08) 0.16 (0.07)** 0.21 (0.069)*** 0.04 (0.08) 0.18 (0.07)*** 0.23 (0.07)***

 Education of 
household head

− 0.01 (0.01) 0.01 (0.01) − 0.02 (0.01)** -0.01 (0.01) − 0.001 (0.01) − 0.02 (0.01)**

 Household size 0.04 (0.01)** 0.03 (0.01)** 0.03 (0.014)** 0.04 (0.015)** 0.03 (0.01)** 0.03 (0.01)**

Household Socio-economic factors

 Importance of crop 
farming

0.03 (0.02) -0.01 (0.02) 0.0002 (0.02) 0.02 (0.02) − 0.01 (0.02) − 0.0001 (0.07)

 Importance of 
livestock

0.01 (0.03) -0.03 (0.02) − 0.05 (0.03)* 0.01 (0.03) − 0.03 (0.02) − 0.05 (0.03)**

 Land size 0.10 (0.03)*** 0.06 (0.03)** 0.09 (0.03)*** 0.11 (0.03)*** 0.06 (0.03)** 0.09 (0.03)***

 Income 0.01 (0.01) 0.01 (0.007)* − 0.00 (0.01) 0.01 (0.01) 0.01 (0.007)* − 0.001 (0.007)

 Social capital − 0.01 (0.07) 0.08 (0.07) 0.09 (0.067) − 0.01 (0.07) 0.08 (0.07) 0.1 (0.07)

 Access to credit 0.02 (0.09) − 0.01 (0.09) 0.001 (0.09) 0.03 (0.09) − 0.02 (0.09) − 0.01 (0.08)

 Received weather 
information

0.21 (0.08)*** 0.05 (0.07) 0.14 (0.067)** 0.22 (0.08)*** 0.04 (0.07) 0.13 (0.07)**

 Previous use of 
fertilizer

0.17 (0.07)** 0.22 (0.08)***

ρ12 0.44 (0.1)***

ρ13 0.47 (0.09)***

ρ23 0.66 (0.07)***

 Likelihood ratio 
test

x
2(34) = 88.75 Prob > x

2 = 0.0000

 Number of obser-
vations

258
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In the next section, we discuss these results in detail 
and compare them with those of previous studies.

Discussion
The strong correlation between adoption of crop diver-
sification and adoption of fertilizer is most probably 
because of the anticipated better returns from the joint 
adoption [50]. It may also be due to the different crops 
competing for soil nutrients, compelling the farmers 
to supplement with fertilizers for better yields. Indeed, 
some previous studies have found diversification to 
reduce technical efficiency of the farmers and recom-
mend improved soil management techniques under such 
systems [51]. The complementarity between crop diver-
sification and fertilizer has previously been observed in 
the maize–legume system in Kenya [52], and could also 
be attributed to the resultant increased fertilizer use effi-
ciency due to different rooting systems of different crops, 
leading to uptake of fertilizer nutrients from different 
soil depths [53]. The strong correlation between fertilizer 
and pesticides/herbicides adoption is understandable, 
because the use of fertilizers may also trigger growth of 
weeds, necessitating the use of herbicides. Furthermore, 
the potential good harvest associated with use of ferti-
lizer may call for use of pesticides on the stored harvest. 
Similarly, the complementarity between crop diversifica-
tion and pesticides could be likely attributed to increased 
yield, necessitating prolonged storage period which is 
made possible through pesticides. These results are con-
sistent with those of previous studies in Kenya and Sub-
Saharan Africa [50, 54].

Older farmers have a lower propensity to adopt crop 
diversification. This could be due reduced access to infor-
mation regarding the technology, either because this 
category of farmers is less likely to go out to seek new 
information, especially is agricultural offices are far from 
their locations. It may also indicate that younger farm-
ers are more willing to try new innovations unlike older 
farmers who may be more cautious with new approaches. 
This is consistent with [34, 36] and [50, 54].

Male farmers are more likely to adopt fertilizers and 
pesticides/herbicides. However, gender of the farmer has 
no effect on adoption of crop diversification. The com-
parative advantage of male farmers in adoption of fer-
tilizer and pesticides/herbicides could be attributed to 
control of resources, because these technologies, unlike 
diversification, could be expensive and out of reach of the 
resource-constrained women farmers. Influence of gen-
der on technology adoption has previously been estab-
lished [33, 34].

Land size and household size are positively correlated 
with adoption of the three technologies. It is also possi-
ble that larger household size is a source of family labor 

which is important for crop diversification, and applica-
tion of both fertilizer and pesticides and/or herbicides. 
This indicates that farm labour is more expensive to hire 
and households rely mainly on household labour. Simi-
lar findings have previously been established by [34, 36] 
and [50, 54]. Households with larger land sizes are more 
likely to adopt diversified crops, fertilizers and pesticides 
and/or herbicides. This is not surprising, because more 
land provides opportunity for the farmer to grow a wide 
range of crops, and to cut on demand for farm labour, the 
farmer may rely on herbicides. Because such a farmer 
may have a large harvest, probability of using pesticides 
for storage may also increase. Such farmers may also use 
fertilizers because of the economies of scale or because 
they are able to leverage finances through, for example, 
leasing out land.

Households receiving weather forecast information are 
more likely to adopt MST crop diversification and pes-
ticides and/or herbicides. Perhaps this is because crop 
diversification and use of herbicides may require bet-
ter and early planning. To diversify crops, for example, 
the farmers require to ready a number of seed varieties 
before the on-set of rains. A farmer who is empowered 
with weather information and agro-advisories is better 
placed to do this than his/her counterpart who is not. 
Finally, a farmer who has previously used fertilizer, is 
more likely to use it in the subsequent cropping seasons. 
Most probably this is because the initial use is a chance to 
experiment and when the farmer updates his/her belief 
on the good returns due to fertilizer use, he/she is likely 
to continue using it and even upgrade the intensity of 
application.

Based on these results, we draw conclusions in the next 
section.

Conclusions
The paper analyzed the multidimensional CSA technol-
ogy adoption decisions in the presence of household 
heterogeneities. The technologies and practices include 
diversification of improved resilient crop varieties, fer-
tilizers, and pesticides and/or herbicides. Thus, the 
paper quantified the complementarities among CSA 
technologies and practices while controlling for unob-
served heterogeneities which might be independent or 
correlated with the observable explanatory variables 
which influence household farm technology adop-
tion. Results show that CSA technology adoption deci-
sions exhibit complementarity for the technologies and 
practices analyzed. Conditional on various observable 
household level factors and unobservable heterogene-
ity, we find correlation in adoption propensities among 
crop diversification, fertilizers, and pesticides and/
or herbicides. We also find evidence of unobserved 
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heterogeneity which leads to heterogeneous impact 
of explanatory variables on adoption of different farm 
technologies even among farmers with similar observ-
able characteristics. These heterogeneities could rep-
resent variations in tastes and preferences among 
households for individual CSA technologies and prac-
tices conditioned by extent of risk aversion or perceived 
rate of return to technology adoption. This implies that 
technology diffusion strategies and policies based on 
the univariate analysis may be insufficient in addressing 
household CSA technology adoption process, and may 
contribute to the observed low levels of adoption.

These findings provide critical insights which may 
be useful in scaling CSA technology adoption and dif-
fusion among smallholder farmers. For example, com-
plementarity among technologies shows that policy 
instruments that affect one technology are likely to 
influence other related technologies. Thus, diffusion 
can be improved by providing and promoting these 
technologies as a package (bundling). Diffusion could 
further be enhanced through targeted credit access 
to poorer households, enhanced farmer experiences 
through demonstration (e.g., using smart farms), 
improved access to weather information and agro-advi-
sories, and promoting technologies which are friendly 
to women, the old and other marginalized groups.
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