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Abstract

This paper studies whether the absence of locally adapted seed varieties constrains the
productivity and incomes of farm households residing in small, agro-ecological niches. We
empirically examine the disruption of the maize seed market in Western Kenya that took
place when public sector foundation breeding and social impact investment capital came
together and allowed a local seed company to expand and target a niche area with adaptively-
bred maize varieties. The three-year RCT reveals that these seed varieties increased farmer
yields and revenues, both for better-resourced farmers (who used non-adapted hybrids and
fertilizer prior to the intervention) as well less well-resourced farmers (who did not). This
theoretical and empirical evidence suggests news ways for thinking about seed systems in
areas typified by high levels of agro-ecological heterogeneity.
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1. Introduction

Since 1960, agricultural productivity in sub-Saharan Africa has grown much more slowly
than in other regions in the developing world. In 1960, cereal yields in sub-Saharan Africa
were just below those of yields in Asia and Latin America. By the early 1990s, this yield gap
had more than tripled to 0.6 tons per acre, and by 2017, the gap had doubled again to over
1.2 tons per acre (Carter et al., 2021). The gap is largely attributable to the region’s failure
to adopt improved green revolution cereal varieties and other complementary inputs (Even-
son and Gollin, 2003); fewer than half of Sub-Saharan African farmers employ improved
varieties, in contrast to near universal adoption elsewhere. The puzzle of this persistently
low adoption rate has motivated a large literature, which identifies a range of constraints
to adoption, ranging from behavioral biases and other internal or psychological constraints
(Abay et al., 2017; Duflo et al., 2011), to information (Carter et al., 2021), risk (Dercon and
Christiaensen, 2011; Karlan et al., 2014), and biophysical and other external resource con-
straints (Marenya and Barrett, 2009; Suri, 2011). This paper explores an alternative, and
ultimately complementary, explanation for this puzzle, highlighting supply-side constraints
to the adoption of green revolution varieties appropriate for adoption in sub-Saharan Africa.

In many ways, Kenya is an exception to the sub-Saharan African pattern of low adoption
of improved cereal varieties. By the early-1990s, if not earlier, a large majority of Kenyan
farmers had in fact adopted hybrid maize varieties. However, this high average rate of
adoption obscures important heterogeneity across regions of Kenya. As shown in Figure 1,
in Kenya’s two largest maize growing regions, the highland and transitional zones, adoption
rates have been above 75% since the 1970s. These hybrid adoption rates contrast with the
mid-altitude zone, where this rate has barely crept above 25% in the years since 1970.> This
mid-altitude zone is relatively small, constituting only 11% of Kenya’s maize area, and yet
is home to substantial numbers of Kenya’s poor farm households (Hassan, 1998).

Possible explanations for this persistent pattern of low hybrid adoption in Kenya’s mid-

altitude zone include that it is not biologically possible to develop hybrids that perform well

IThroughout this paper we use the agro-ecological zones for maize production in Kenya developed by
the International Center for Improvement of Maize and Wheat (CIMMYT) (Hassan, 1998). These zones are
defined by length of the maize growing season, which itself depends in large part on temperature (degree
days), as well as rainfall and altitude. This paper focuses on the main zones for maize production: the
highland tropical (henceforth, highland) zone composed of farms at or above 1600-2900 meters in altitude,
the moist transitional (henceforth, transitional) zone from 1200-2000 meters in altitude, and the moist mid-
altitude (henceforth, mid-altitude) zone from 1110-1500 meters in altitude. Figure 1 is constructed based
on the best available data from these zones, which came from Gerhart (1975), Hassan (1998), TAMPA2
(2004), TAPRA (2010), and the baseline survey for our study.
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Figure 1: Persistently low adoption of improved maize in Kenya’s mid-altitude zone.

and are profitable to adopt in the area given its soils, altitude and growing season. If correct,
this explanation would imply that an effort to develop and introduce hybrids adaptively bred
for this area would not result in any demonstrable yield or economic gains for farmers. A
second explanation is that local seed adaptation is possible, but that a confluence of supply
and demand factors sustain a market equilibrium in which no investment in seed adaptation
takes place. If this perspective is correct, then disruption of the constraints that sustain
this equilibrium would be expected to lead to substantial gains for producers.

Empirically distinguishing between these explanations, and better understanding the
limits facing farmers in Kenya’s mid-altitude and perhaps other small agro-ecological zones,
is unfortunately not straightforward. While we are unable to experimentally manipulate
the entrance of new seed companies across a sample of niche geographies, we are able to
experimentally test the key implication of these competing explanations by taking advantage
of the rapid expansion of a local seed company focused on creating maize varieties specifically
adapted for western Kenya, including the mid-altitude zone.

Prior to the time of our experiment, the seed company in question, Western Seed Com-
pany, benefited from a public-private partnership with the International Center for Im-
provement of Maize and Wheat (CIMMYT) to freely use CIMMYT’s parent seed lines to
innovate varieties specifically adapted for the mid-altitude zone. In the mid-altitude zone,
the key attribute needed for locally adapted varieties is the ability to mature during the

short growing seasons. However, Western Seed’s seed breeding and replication operations



were limited by capital constraints, similar to other local seed companies in the region
(Langyintuo et al., 2010). Western Seed’s capital constraint was relaxed when a social im-
pact investor (Acumen) provided Western Seed the funds to radically expand its breeding
and seed multiplication operations. This expansion in turn permitted the research team to
conduct a randomized control trial to measure the farmer impacts of introducing Western
Seed’s locally adapted varieties.

In line with the second explanation above that, absent disruption, demand and supply
factors sustain a low innovation equilibrium, the RCT reveals that the introduction of West-
ern Seed varieties caused substantial yield gains for maize farmers in the mid-altitude zone.
Outside of this zone, we find that the new seed varieties provided by Western Seed performed
no differently than the improved varieties already available in the market. Digging deeper,
we note that Figure 1 suggests the presence of substantial heterogeneity in the mid-altitude
zone, with a minority of farmers using hybrid maize, while the majority do not. Guided by
a formal model of variety adoption, we unpack these average treatment effects and explore
the differential impact of the introduction of Western Seed varieties on these two groups.
For farmers who historically did not use improved maize varieties, our intention to treat
impact estimates reveal that the availability of Western Seed varieties increases yields by
21% on average, a large effect despite these farmers using little to no complementary inputs
like fertilizers.? However we would expect farmers who historically used improved seeds to
have done so in part because they had the resources to invest in complementary inputs like
fertilizers. We find this to be true empirically, and that these farmers realize an even larger
average yield gain of 47% due to the availability of Western Seed varieties.

Stepping back from Kenya, sub-Saharan Africa is known to be comprised of a wide-
variety of different agro-ecologies. We cannot in this paper pin down the extent to which
the broader sub-Saharan African pattern of low use of green revolution technologies can be
attributed to small or niche agro-ecologies for which locally adapted improved varieties do
not exist. But our results point to a public-private seed sector model that potentially offers
benefits across the wealth spectrum of African cereal farmers.

The remainder of this paper is structured as follows. Section 2 presents a model of

seed variety choice by low farm households both before and after the introduction of locally

2With net compliance rates 14% for this group, impacts on those who actually adapted the seeds are
substantially higher, as discussed later in the paper.



adapted varieties and provides insights for the design of the subsequent empirical analysis.
Section 3 introduces the western Kenya study area and lays out the design for the RCT made
possible by the capacity expansion of Western Seed. Section 4 presents average treatment
effects for the mid-altitude zone as well as for other zones included in our study. Section 5
undertakes the key heterogeneity analysis, identifying the impacts within the mid-altitude
zones on farmers that had and had not been prior users of (non-locally adapted) hybrid
seeds. The final section concludes with reflections on implications for seed systems in areas

with substantial agro-ecological heterogeneity.

2. Seed Variety Choice in a Niche Agro-Ecological Zone

As a prelude to our analysis of the experimental introduction of locally adapted maize
seeds into Kenya’s mid-altitude zone, this section uses a model of a small farm household to
provide microeconomic intuitions along two dimensions that help situate and structure our
analysis. The first concerns the demand-side constraints that might create the stable baseline
scenario scene in Figure 1 in which only a modest minority of mid-altitude farmers adopted
the then available hybrid maize seeds that had been bred for higher altitude environments.
The second, and related dimension concerns the the heterogenous impacts that we would
expect to see upon the introduction of the locally adapted seed technology into this baseline
scenario.

The farm household model rests on the assumption that maize is produced according to

the following function:

y () =0(ag +aif) Vf <[

where the variety indicator superscript v takes on the value of r for retained local seed, n
for non-locally adapted hybrid (NLA) variety, and a for locally adapted hybrid variety. The
term f? is the per-acre intensity of fertilizer applied to variety v and f° is the agronomically
optimal fertilizer rate.® @ is a multiplicative shock term, with support [0 — (ﬂ and E (0) = 1.
Assigning a price of p,, for maize, a farmer who devotes H" hectares of land to variety v

will earn the following net income (i.e., less input costs):

YV = H® (0agpm — s°) + (0¥pm — pf) ¥)

31n reality, returns to fertilizer, oy, vary with soil quality (Tjernstrom 2017) and farmer skill (Laajaj and
Macours, forthcoming). Adding in these additional dimensions of farm or farmer heterogeneity would add
complexity, but little additional insight.



where sV is the per-acre cost of seed for variety type v, and ps is the price of fertilizer.
Appendix A discusses the logic of this linear specification, which is based on the assumptions
that maize exhibits increasing returns to nutrition at low nutrient levels and that farmers
optimally manage fertilizer application rates.

Using this notation, we assume the following stylized characterizations of the three seed

technologies.

o Retained local variety (r)
The per-hectare cost of local seeds, s, is low (since farmers can save grain from the

previous harvest). Fertilizer application is not profitable in expectation (p; > afpm,).

e Non-Locally adapted hybrid variety (n)
The cost of NLA seeds is higher than local seeds (s™ > s"), and while this variety is
fertilizer-responsive (af'p,, > py), its unsuitability to the local environment means that

it is less profitable than local varieties without complementary fertilizer application,

ie. ((afpm — s™) < (afpm — s")).

e Locally adapted hybrid variety (a)
Also more costly to the farmer than retained seeds, we assume that these varieties are

no more costly than the NLA hybrid (s™ > s* > s").

Building on this stylized production structure, the remainder of this section models the
adoption of improved seed varieties both before and after the introduction of locally adapted

hybrids.

2.1. Seed Variety Choice in the Baseline Scenario

We first consider the optimal choice of seed variety when farmers can only choose be-
tween varieties r and n. With reference to the RCT described in greater detail below, this
choice corresponds to the baseline scenario. Appendix B writes down a formal, two-period
optimization problem for a risk averse farmer with an initial endowment of planting season
cash-on-hand, zg, that she must use to finance the purchase of seeds and fertilizer and cover
family consumption expenses over the growing season. In addition, the farmer can save a
portion of her initial endowment as a buffer against future income shocks, using an informal
savings technology that has an interest rate less than the farmer’s rate of discount. The
farmer may exhibit a degree of skepticism about hybrid varieties and behave as if the pro-

duction parameters for the hybrid technologies are a fraction \ of their true value, 0 < A < 1.



Such technological skepticism could reflect prevalent suspicions about the quality of agri-
cultural inputs (Bold et al., 2017) or a more general lack of experience with hybrids and of
opportunities to learn their true value on-farm or through one’s social network.? Finally,
the model assumes that there are minimum scales of adoption based on the assumptions
that farmers will not buy a partial (opened) bag of seed or fertilizer because of concerns
about input counterfeiting.’

As a way to quickly gain intuition about this model, Figure 2 displays the results from
numerical analysis of the optimization model for farmers spread across the two-dimensional
space defined by cash-on-hand (the z-axis) and technology skepticism (the y-axis). All farm-
ers are assumed to have an identical 2 acres of farmland on which they can cultivate maize.
Table Al in the appendix lists the specific price, productivity, and preference parameters
which have been chosen to be match the reality in Kenya's mid-altitude zone. The NLA
hybrids cost 10 times as much as retained seeds and are not profitable to adopt without
fertilizer given the Table A1l parameter values. A kilogram of nitrogen fertilizer applied to
the NLA hybrid returns 20 kilograms of additional maize. This figure is at the low end
of the estimates reported in the review paper by Jayne et al. (2018), and is intended to
capture what it means for a variety to be non-locally adapted. In financial terms, a dollar
of fertilizer returns $1.20 worth of maize under the NLA technology under our data-based
price assumptions. Note that this rate of return is 4-times the farmer’s assumed 5% rate of
discount. Adopting the NLA technology at the minimum scale (2 kg of seed and 10 kg of
fertilizer) would cost $88. Expected gross agricultural income for the two-acre maize farmer
using exclusively retained seeds would be $240, with only $8 in total planting (seed) costs.

In Figure 2, the solid (black) contour line divides the endowment-skepticism space into
two groups: Group 1 in this baseline scenario does not adopt NLA hybrids, whereas Group
2 adopts them and applies fertilizer. As can be seen, only farmers with more than $325 of

planting season cash-on-hand will adopt the NLA technology, even if they are not skepti-

4As modeled here, skepticism could emerge from a lack of learning as captured by models of learning
about productivity (Besley and Case, 1993 and Munshi, 2004), in contast to target input models of learning
(Foster and Rosenzweig, 1995 and Conley and Udry, 2010). For example, Munshi (2004) underscores how
local heterogeneity slowed the diffusion of improved varieties in India because it hampered social learning
about the value of these new technologies. Empirically, there is ample evidence of such skepticism in settings
similar to ours. In their study of an input subsidy program designed to encourage experimentation with
improved varieties and fertilizer, Carter et al. (2021) find that in their baseline data farmers massively
under-estimate the returns they would receive from using improved inputs compared to what they actually
experienced once they were induced to try out the new inputs.

5In our study area, Western Seed and other companies faced such significant problems of counterfeit seeds
(unscrupulous individuals would collect used seed bags and refill them with local seeds) that they began
enclosing tickets that could be used to certify seeds authenticity through an SMS-based message system.



. |
. |
S |
AN i
" !
. / }‘
\‘\\\ \! Group 2

0.9 RN Baseline adopters.
< Baselingrr?gr? 13 . > Adopt locally adapted hybrids.
I3 -adopters. Apply fertilizer.
@ Adopt locally adapted !
.E hybrids. |
o Do not use fertilizer. !
Zos8 \\\ Group 1c
- A Baseline non-adopters.
3 \\ Adopt locally adapted hybrids.
E N Apply fertilizer.
S5 Group 1a AN

\,

o Baseline Non- \

0.7 adopters. A

Do not adopt locally \\
adapted hybrids. AN
\\\\
0.6 >
100 200 300 400 500 600

Cash-on-Hand, zg

Figure 2: Hybrid seed adoption patterns (Case 1 parameter values).

cal (A = 1). As skepticism increases (i.e., as A decreases), farmers do not adopt the NLA
technology unless cash holdings are even higher. A farmer’s reluctance to invest is of course
being driven both by borrowing constraints (investment comes at the cost of consumption
whose marginal utility is high for low wealth farmers) and the fact that they must autar-
kically manage risk through informal savings. Optimal savings rates vary from 5-20% of
the cash endowment, despite the fact that the farmer’s discount rate exceeds the assumed
non-positive rate of return on informal savings. For those who do optimally adopt, their
agricultural production on average increases by a factor of two, although the financial gains
are more modest.

While this fairly simple model could be extended to consider dynamic issues (especially
the dynamics of learning about new technologies), it does provide insight into the forces
that likely keep households both poor and skeptical when facing the modest returns offered
by an NLA technology. Depending on the distribution of the population across the zy — A
space, the number of people adopting the NLA hybrids could be relatively modest, as has
been the case for the last 50 years in Kenya’s mid-altitude zone. Note that even a temporary
input subsidy program of the sort studied by Carter et al. (2021) might have modest impact
in the presence of NLA technology even if it successfully induced the kind of learning and
reduction of skepticism found by those authors. In summary, the effective size of a niche

market can be made even smaller by the confluence of poverty and skeptical inexperience



Table 1: Benefits from introducing an adapted hybrid in a niche agro-ecological zone.
Adapted Hybrid More Non-Adapted Hybrid More

Fertilizer Responsive Fertilizer Responsive
(af > a?) (af < a?)
Adapted Hybrid Outperforms Case 1 Case 2
Retained Variety without Fertilizer (Groups 1 & 2 Benefit) (Group 1 Primarily Benefits)
(aGpm — 8% > appm — s7)
Retained Variety Outperforms Case 8 Case 4
Adapted Hybrid without Fertilizer = (Group 2 Primarily Benefits) (Neither Group Benefits)

(agpm — 5" < agpm — ST)
Group 1 farmers are those who do not adopt hybrids in the baseline scenario
whereas Group 2 farmers do.

with improved technologies.

2.2. Technology and Variety Choice Following the Introduction of Locally Adapted Hybrids

So how might the introduction of locally adapted hybrids operate in this environment
where the farming community is divided between those who did and did not adopt NLA
hybrids bred for other agro-ecological zones? Table 1 considers four possible cases depending
on the impact of the local adaptation on the key productivity parameters, af and af. In
Case 1, the locally adapted variety outperforms the retained variety even when fertilizer
is not used, and it also outperforms the NLA variety when fertilizer is used. In this case,
introduction of the technology would benefit both Group 1 and Group 2 farmers. Case 4
is the opposite case, with the locally adapted variety outperforming neither retained nor
NLA varieties under these conditions. The off-diagonal cases (2 and 3) are where the the
locally adapted variety outperforms one type of seed-fertilizer combination, but not the
other. The experimental introduction of locally adapted varieties to both Group 1 and
Group 2 farmers will allow us to ultimately distinguish between these cases when new,
locally adapted varieties were introduced into Kenya’s mid-altitude zone.

As a prelude to that empirical analysis, we use the model in Appendix B to explore the
expected impact of the introduction of a doubly successful (Case 1) locally adapted hybrid
variety. Figure 2 displays the result of the optimization analysis for this Case 1 scenario
in which the locally adapted hybrid outperforms local seeds without fertilizer and exhibits
a higher marginal return to fertilizer than the NLA hybrid. The specific parameter values
used for the numerical analysis assume that the gain without fertilizer over retained seeds

is 87% in expectation for the locally adapted variety, and that the returns to fertilizer with



this variety are 25% higher than returns to fertilizer using the NLA hybrid.°

Under this scenario, the portion of the space where farmers optimally rely on retained
seeds shrinks to the area to the south and west of the broken line contour lines. This group,
labeled Group la in the figure, is still too poor, skeptical and risk-constrained to adopt the
locally adapted variety despite its relatively modest entry cost of $40. To the north and
east of Group la are two sets of farmers who adopt the locally adapted hybrid, with the
more capital-constrained Group 1b adopting the improved seeds, but not purchasing any
fertilizers. The introduction of the locally adapted hybrid induces Group 1c to both adopt
the variety and apply fertilizer. Compared to their baseline state and assuming optimal
adoption behavior, these groups would experience production increases of 10% (Group 1b)

and 80-100% (Group 1lc) under these parameter values.”

Expected net revenue (value of
production minus seed and fertilizer costs) increases by about 8% for Group 1b and about
65% to 70% for Group lc. Note that these farmers experience large costs increases as they
switch to much more expensive hybrid seeds and, in some cases, begin to purchase fertilizer.

Finally, under the Case 1 parameter values, Group 2 farmers would optimally adopt
the locally adapted varieties, with expected production increases of 30-50%. Because these
production impacts reflect optimizing behavior, underlying income and expected utility also
increase for all groups. Expected net revenue increases for Group 2 farmers are slightly
larger than the expected production increases as Group 2 farmers have no little change in
costs when they switch from non-adapted to adapted hybrid (their costs only increase by
the amount of the additional fertilizer they optimally purchase).

While these specific figures are of course artifacts of the numerical assumptions, they
do illustrate the structural impact heterogeneity that could accompany the introduction
of locally adapted varieties in an area like Kenya’s mid-altitude zone. A simple estimate
of the average treatment effect of the introduction of a locally adapted hybrid would be a
data-weighted average of these separate effects, with the weights of course depending on
the distribution of the farming population across the wealth-skepticism space. Note further
that, under different parameter cases, average treatment effects will be pushed toward zero

even when the technology is effective for a sub-set of farmers (e.g., in Case 3 in Table 1,

6The parameters imply that fertilizer has average value-cost ratio of 1.6, which is in line with the Jayne
et al. (2018) review of the literature on returns to fertilizer on maize in East Africa.

7Optimal adoption behavior is typified by only partial adoption, with improved seeds applied to a portion
of the farm area and fertilizer intensity typically increasing with liquidity.



only Group 2 and a portion of Group lc would benefit).

3. Empirical Context and Experimental Design

In the 1960s, the government of Kenya supported research and development of hybrid
maize for the highland zone, which covers almost one-third of Kenya’s maize-growing areas
and has high agricultural potential (Gerhart, 1975; Hassan, 1998). Significantly less invest-
ment was made to develop varieties for other regions, including the mid-altitude zone. Seed
market liberalization in the 1990s allowed the entry of major multi-national seed companies
into the Kenyan market, although their focus was also on varieties tailored to the highland
zone. Figure 3 reflects this regional pattern of seed adaptation and innovation. Data from
the Kenyan Plant Health Inspectorate Service, which reports verified yields for certified
varieties when grown at their recommended altitude and season length, shows that by 2010
there were a number of varieties yielding between 3.5 and 5 tons/acre in the highland zone.®
In contrast, until the introduction of Western Seed varieties (indicated by red squares in
the graph), there was only a modest number of registered varieties that yielded more than
3 tons/acre in the smaller, mid-altitude zone.

This regional pattern is consistent with a model in which the large national and multi-
national seed companies face fixed costs for adaptive breeding that discourage investment
in varieties adapted for smaller, or niche, agro-ecological zones. While local seed companies
based in these smaller zones would be expected to have lower fixed costs than outside firms
(assuming they already know the particularities of their zone), they typically do not own
the “parent” seed lines needed for successful adaptive breeding. They are also likely to
face binding capital constraints.” Appendix C below further discusses these key features of
varietal innovation which can explain persistence of a low innovation equilibrium in niche
agro-ecologies.

The gap in hybrid maize adoption across regions of Kenya illustrated in Figure 1 was the
focus of an in-depth study to chart a path for future maize research by CIMMYT (Hassan,
1998). The study recommended that CIMMYT develop parent lines for maize varieties that

can mature during the shorter growing seasons typical of the mid-altitude zone of western

8 As discussed in note 1 above, the different agro-ecological zones are not defined exclusively in terms of
geography, and hence the lines demarcating zones in Figure 3 are displayed as fuzzy boundaries.

9 Adaptive breeding is a multi-year process which requires firms to cover the costs of experimentation and
variety identification as well as the waiting time for seed certification as agencies to grow and evaluate new
varieties.

10
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Figure 3: Yields and recommended planting altitude for registered maize varieties as of
2010.

Kenya. Subsequently, public investment in research and development, as well as reforms
to seed markets, spurred private investment in innovation and product markets.!® The
shift in public-sector research by CIMMYT laid the groundwork for private firms, such as
the Western Seed Company, to develop maize hybrids for the mid-altitude zone of western

Kenya.

3.1. Ezpansion of Western Seed and the Randomized Controlled Trial

With its new varieties, the geographic footprint of Western Seed maize hybrids slowly
expanded over time from the transitional zone into the mid-altitude zone near Lake Victo-
ria.!! However, Western Seed’s seed multiplication and market expansion was constrained
by its available capital (Partners). In 2008 and in 2010, two impact investment organizations
(Pearl Capital Partners and Acumen Fund) made debt and equity investments in Western
Seed totaling $3 million with the intention of rapidly tripling Western Seed’s seed supply

capacity. Within a few years, this new supply capacity was on-line, opening the door for

10In the early 1990s, the seed market in Kenya was liberalized.
HTegemeo Institute’s TAPRA data set allows us to see the expansion of Western Seed hybirds into the
mid-altitude zone between the 2004 and 2010 TAPRA survey rounds (TAMPA2, 2004; TAPRA, 2010).

11



both Western Seed’s geographic expansion and coincidentally creating a unique opportunity
to establish an RCT around the introduction of locally adapted hybrids.

In partnership with Western Seed and Acumen, the research team established a research
design that would allow identification of the impact of the introduction of Western Seed
hybrids in new areas in western and central Kenya. Specifically, Western Seed had resources
to establish 100 new demonstration plots at key points across these regions for the 2013
planting season. Each demonstration plot was designed to provide information to villages
within a 5 to 10 mile radius of the plot and the sites were spaced with that distance in mind.
At the research team’s request, Western Seed identified 125 potential demonstration plot
sites (25 more than they wanted) with the understanding that the team would randomly
allocate up to 25 sites to a control group where no demonstration plots nor marketing would
take place.

Figure 4 maps the study sites across central and western Kenya. The background shad-
ing on the mapping shows the approximate altitude ranges of highland areas (above 2000
meters), transitional areas (1500-2000 meters) and mid-altitude areas (below 1500 meters).
While these altitude designations do not completely describe Kenya’s agro-ecological zones
(see footnote 1), they give insight into the geography of the study area. Each study site is
marked by the symbol corresponding to its actual agro-ecological zone classification based
on Hassan (1998).

Each site typically contains 3-5 villages within its zone of influence. The easterly, central
sites all lie within the transitional zone, while the western sites are divided between the
mid-altitude, transitional, and highland zones. For purposes of the analysis that follows, we
group the two highland sites with the western transitional zone sites. The 36 sites randomly
selected for the study were grouped into matched pairs based on physical proximity, altitude,
and climate. One member of each pair was then allocated to the seed treatment and one to
control status. The timeline in Figure 5 displays the full life of the intervention and study.
A random sample of 50 farmers was selected for interview in each site, resulting in a total
sample size of 1800 farm households.

The seed treatment consisted of three components. The first component was the es-
tablishment of demonstration plots for the 2013 main maize season so that nearby farmers

could observe the performance of the Western Seed varieties.'? The second component was

12The primary maize growing season in western Kenya stretches from March to September; some farmers

12
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Figure 4: Study sample in western and central Kenya.

the provision of a small sample packet to farmers to try on their own farm for that same
season. A Western Seed marketing representative visited each community to distribute the
packets and provide further information on the Western Seed hybrids. Sample packets had
250 grams of seed, enough seed to plant one-fortieth of an acre. Farmers were asked to
plant their trial packet separately and to keep track of its performance, which most did
(see Tjernstrom (2017)). Given the small size of the seed packet, we expected it to inform
farmers’ future planting decisions, but not to influence their yields or income for the 2013
maize growing season. The third and final component was the offer to pre-order Western
Seed hybrids and have them delivered to their village prior to the 2015 maize season. As
discussed below, this third element was added following low uptake of Western Seed seed
varieties in 2014.

In addition to the core seed treatment, we also implemented a fertilizer intervention
for the 2014 maize season that gave fifty kilograms of high-quality fertilizer to randomly
selected farmers in both treatment and control sites in the western study areas. At each

site, the research team held a public lottery amongst survey participants, with half receiving

also plant a second maize crop in October, although this second season is typically less productive and
receives fewer inputs from most farmers who plant it. The primary maize growing season in central Kenya
is the October planting, with a less productive season from March to September.

13



Seed information & Eertilizer

Sample pack Lottery Seed delivery
2013 2014 2015 2016
Main Maize Main Maize Main Maize
Season Season Season
Baseline survey Midline survey Endline survey

Figure 5: Study timeline.

fertilizer and the others a token gift of cell phone time. The motivation behind this ancillary
intervention was to test the claim that the yield gains with Western Seed varieties are much
greater for farmers applying fertilizer. We did not implement the fertilizer intervention in
the central study area as baseline fertilizer use was quite high.

In summary, in the western study areas, assignment to the treatments randomly divided

a total of 1200 farm households into four equally-sized groups:

1. A Control group;

2. A Seed Only treatment group that received Western Seed information and free 250
gram trial seed packets in 2013 and an option to have Western Seed varieties delivered
(at cost) to their home in 2015;

3. A Fertilizer Only group that received fertilizer in 2014, but received no seed treatment;

4. A Seed and Fertilizer group that received each of the treatments received by groups 2

and 3.

In the central study area, 600 households were divided evenly between groups 1 and 2 only.
As shown in Figure 5, baseline, midline, and endline surveys were held in both the central
and western areas following the 2013, 2014, and 2015 main maize season harvests for western

Kenya.

3.2. Baseline Characteristics and Compliance

Table 2 summarizes baseline characteristics of households in each zone: mid-altitude,
transitional, and central. We restrict the sample to only those households that reported
planting maize in each year of the study, as we do in the subsequent empirical analysis. We

summarize baseline characteristics in levels for ease of interpretation.
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The first column summarizes characteristics of households in the mid-altitude zone.
Prior to Western Seed’s expansion, on average households planted any hybrids in only 26%
of previous 5 main maize seasons, and used fertilizer at the same low rate. Unsurprisingly,
maize yields also are low, at 234 kilograms per acre. Yet maize is central to the livelihoods
of smallholder households in the region; in our sample, households on average plant maize
on 80% of their land. Maize is an important source of income and food for smallholder
households. In the mid-altitude zone, average annual income per capita is low, at 22,800
Kenyan shillings, or approximately 584 PPP USD, with agriculture contributing 34% of
total income, and maize contributing just under half of total agricultural income. This
measure of low household income in the mid-altitude zone is substantiated by a separate
asset-based index indicates that, on average, a household has almost a 1/3 probability of
living on less than 1.25 PPP USD per person per day. Food insecurity is common among
households in the sample, with almost 2/3 of households being food insecure at some point
during the year.

The theory in Section 2 above suggests that, absent well-adapted hybrids, the small
farming population will bifurcate into one group using exclusively local seeds and another
group relying on hybrids and applying fertilizer. The second and third columns of Table 2
divide up mid-altitude respondents based on their pre-intervention use of hybrids. Hybrid
users are those who had planted hybrids in at least 4 of the 5 pre-study main maize seasons.
Hybrid non-users are those who planted hybrids in less than 4 of those seasons.'® As can be
seen in the table, the smaller hybrid-users group almost exclusively relies on hybrids, and
applies fertilizer almost 60% of the time (and in almost all of the main maize seasons). The
larger non-users group rarely uses hybrids and uses fertilizer at about one third rate of the
users group. As expected, yields are much higher at baseline for the hybrid users group,
at 342 kilograms per acre compared with the non-user group average of 211 kilograms per
acre.' Yields for both of these group fall well short of the potential mid-altitude yields of
3-4 tons per acre shown in Figure 3. Incomes for the users group are about 50% higher than
incomes for the non-users group, due in large part to greater non-agricultural income. This

finding is consistent with the model in Section 2, which suggests that liquidity constraints

130f the 700 households in the mid-altitude zone, we categorize 125 as users of hybrids in the seasons
preceding the study. This includes four households that planted maize in fewer than 4 of the 5 pre-study
main maize seasons, but planted hybrids in each of the seasons in which they planted maize.

14Two mid-altitude households have missing data for past hybrid use, which is why the observations for
the non-user and user samples do not sum to the total number of observations in the mid-altitude sample.
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play a major role in determining who does and who does not adopt hybrid seeds. Predicted
poverty and food insecurity are lower for the hybrid user group.

Columns 4 and 5 of Table 2 report characteristics of farms in the higher altitude tran-
sitional zone in both western and central Kenya. Consistent with Figure 1, hybrid and
fertilizer use are uniformly high and maize yields top those of even hybrid users in the
mid-altitude zones, as would be expected given that existing hybrids are better adapted to
this agro-ecological zone. Incomes are higher and poverty indicators are lower than in the
mid-altitude zone, especially for farmers in the central region who are able to grow coffee
and other cash crops and who correspondingly get much less of their agricultural income
from maize. While farmers in the transitional zone are largely better-off than those in the
mid-altitude zones, material well-being is still low relative to global standards.

The lower portion of Table 2 reports compliance with the seed treatment, defined as
the percentage of farmers who responded to the informational treatment and purchased
a Western Seed variety during the midline and endline seasons. Regression estimates of
compliance are reported in Appendix D. In 2014, compliance by the treatment group was
modest on average in each zone, ranging from 5%-25%. Field reports indicated a number
of factors that conspired to lower uptake that year.'® These challenges motivated a seed
delivery program in 2015. Adoption in 2015 was 5-6 percentage points greater than adoption
in 2014 for each of three agro-ecological zones. The different intensity of treatment in 2014
and 2015 of course could lead different types of households to adopt Western Seed hybrids
in those years; because of this, in Section 5 we report separate estimates for the endline
year.

Finally, our ability to make inferences from the RCT critically depends on the assump-
tion that the random assignment of households to treatment groups is uncorrelated with
household characteristics, both observable and unobservable. To shed light on the validity
of that assumption, Appendix E presents balance tables for observable characteristics for
our sample. In general, baseline differences between treatment groups are not large in mag-
nitude relative to average baseline levels in the control group. Balance on observables gives
us confidence that omitting these variables from our estimation will not bias our treatment

effect estimates. However, our treatment effect estimates may be biased if a baseline variable

15 Adoption in 2014 was lower than anticipated due to a number of factors, including the former parastatal
Kenya Seed subsidizing its seeds, offering added incentives to agro-dealers to sell Kenya Seed. In addition,
Western Seed faced challenges in expanding their seed promotion to new regions like central Kenya.
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Table 2: Baseline characteristics and compliance.

Mid-Altitude Transitional
All  Non-Users Users Western Central
% Main Maize Seasons used Hybrids  26% 11% 96% 84% 83%
% Main Maize Seasons used Fertilizer 26% 20% 56% 81% 92%
Dry Maize Yield (Kg/Acre) 234 211 342 553 428
Acres Farmed in Total 1.65 1.58 1.97 1.92 1.29
Acres Planted to Maize 1.32 1.29 1.44 1.32 0.76
Income Per Capita (100 Kenya Sh.) 228 210 305 351 507
% Net Income from Ag 34% 37% 22% 36% 69%
% Gross Ag Income from Maize 43% 42% 44% 39% 22%
Poverty Probability 32% 33% 26% 32% 13%
% Food Insecure 66% 70% 47% 63% 44%
% Credit Constrained 35% 34% 39% 32% 22%
Compliance: % Using Western Seed
2014 (Midline), Treated 16% 12% 33% 25% 5%
2014 (Midline), Control 1% 1% 2% 16% 1%
2015 (Endline), Treated 20% 18% 33% 31% 10%
2015 (Endline), Control 2% 1% 8% 17% 0%
Observations 589 482 104 428 508

Notes: “Non-Users” are households that did not plant hybrids in at least 4 of the 5 pre-study main maize
seasons and “Users” are households that planted hybrids in at least 4 of the 5 pre-study main maize
seasons.

with modest imbalance across treatment groups is strongly correlated with the dependent
variable. Since this is most likely to be true for baseline levels of the dependent variable,
we estimate analysis of covariance (ANCOVA) specifications that control for baseline levels
of dependent variables. Finally, balance on baseline measures of household characteristics

gives us confidence that we also have balance on household characteristics that we cannot

observe.

4. Average Effects on Yields by Agro-Ecological Zone

This section uses data from our RCT to test whether Western Seed’s adapted improved
seed varieties increase farmer yields. To account for differences in socioeconomic status and
maize seed markets across agro-ecological zones, we estimate the effects of Western Seed
hybrids separately for each zone. We find large impacts in the mid-altitude zone, but little
to no impact in the transitional zones of western and central Kenya.

To identify the impact of Western Seed maize hybrids on maize yields of smallholder
farmers in our study areas, we estimate average treatment effects of the random variation
in access to Western Seed varieties. In the mid-altitude and transitional zones, following

McKenzie (2012) we estimate average treatment effects on maize yields, y;yspi, using a
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pooled analysis of covariance intention to treat (ITT) specification.!® The specification for

farm 4 in village v, site s, matched pair p, and time period ¢ is:

Yivspt = 50 + Bly’iovsp + 51[3; + 5217;F7jsp + 53 [IZZ X Ii}:;sp} + [,Up + Eivspt] 7t = 17 2 (1)

where y?vsp is baseline maize yields; I, Zg and IiFvsp are binary indicators for assignment to
the Western Seed and fertilizer treatments respectively; u, is a matched pair fixed effect
included to account for stratification of the seed treatment following Bruhn and McKenzie
(2009); and e;yspt is an error term. In the central region, where there was no fertilizer
lottery, we estimate Eq. (1) after eliminating the terms involving Ig)sp.

In the main body of the paper, we report results for impacts on physical maize yields,
measured in kilograms per acre (kg/ac). Appendix G reports the results of estimating Eq.
(1) for net maize income per acre instead of physical yields.!” The results largely parallel
the yield results, and will be discussed later. To lessen the role of outliers, we transform
yields using the inverse hyperbolic sine transformation (IHST). The lower half of the each
table reports the implied percentage effects of the different treatments following the method
of Bellemare and Wichman (2020).'8

We cluster our standard errors at the level of treatment stratification, following Cameron
and Miller (2015) and de Chaisemartin and Ramirez-Cuellar (2020). Our experimental de-
sign, however, has two treatments, each stratified at a different level, with fertilizer stratified
by village and seed stratified by site. But clustering by site would give only 18 clusters in
our full sample, and fewer than 20 clusters may lead to biased standard errors (Cameron
and Miller, 2015; de Chaisemartin and Ramirez-Cuellar, 2020). Bias from having few clus-
ters would be exacerbated by the fact that there are fewer than 18 sites in each of our
sub-samples: the mid-altitude zone (7 sites), the western transitional zone (5 sites), and

the central transitional zone (6 sites). Therefore, we cluster standard errors at the level of

stratification for the fertilizer treatment, the village. In Appendix G, we report results using

16Qur preferred specification estimates a single set of treatment effects by pooling observations from both
of the post-treatment years of observations. When separating observations by these two post-treatment
years, treatment effect estimates are qualitatively similar to the estimates from our preferred specification,
both for the analysis in this section as well as the heterogeneity analysis in the subsequent section.

17Net maize income is defined as the value of production minus the cost of seeds and fertilizers.

18For example for the seed treatment, the estimated percentage change is calculated as exp((fl 70.5&51 )—1,

where 6'? is the estimated variance of 4;. As shown by Goldberger (1968), this estimated percentage change

1
is upwardly biased, but this bias vanishes asymptotically. While this point appears to have been overlooked
by Bellemare and Wichman (2020), it does raise issues about the reliability of this measure in small samples.
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an alternative approach recommended for experimental settings with few clusters, random-
ization inference, which is based on design uncertainty in our experimental design rather
than sampling uncertainty. Randomization inference supports the conclusions that we draw
from our clustered standard errors in the main text of the paper.

Table 3 reports the estimated coefficients for Eq. (1) by agro-ecological zone. For the
mid-altitude zone, we estimate that the seed treatment increased average yields by 25%.
Given that these are intention to treat estimates (with a compliance rate of 16% as reported
in Table A2), the actual yield increases experienced by those who adopted Western Seed
because of the seed treatment (impact of the treatment on the treated) is approximately
six-times greater, indicating substantial yield gains among adopters of Western Seed. That
said, the post-treatment difference between agronomically-potential yields in Figure 3 and
average realized yields in our sample only closes from 90% to about 80% with this doubling
of yields.

Given that the mid-altitude area is one with relatively low hybrid use, these average
impacts of Western Seed likely come from two sources: First generation adoption effects
from the intervention inducing households to switch from local varieties to hybrid varieties,
and second generation adoption effects from the intervention inducing households to switch
from other hybrid varieties to Western Seed locally adapted hybrid varieties. In the next
section, we explore this issue further to distinguish the magnitudes of these two effects.

Table 3: Effects on maize yield (IHST of kg/ac).

Mid-Altitude Transitional
All Farms Western — Central

Seed Treatment, o 0.23* -0.17 0.10
(0.13) (0.12)  (0.15)
Fertilizer Treatment, d» 0.23%* 0.11 -
(0.11) (0.09) -
Seed*Fertilizer Treatment, o5 -0.23* 0.20 -
(0.14) (0.12) -
Baseline Yield, /3 0.11%%* 0.15%F%  (0.20%**
(0.03) (0.02) (0.05)
Percent effects
Seed Treatment 25% -17% 9%
Fertilizer Treatment 26% 11% -
Control mean 5.97 6.86 6.27
Observations 1178 856 1016
R-squared 0.07 0.06 0.11

Pair indicator variables included as controls.
Standard errors clustered by village.
* = 10% significance, ** = 5%, *** = 1%
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In addition to the primary seed treatment effect on yields in the mid-altitude zone,
the other striking result in Table 3 is the negative interaction effect between the seed and
fertilizer treatments. As discussed in Sub-Section 3.1 above, in-kind grants of fifty kilograms
of fertilizer were made to randomly selected study households in order to see if relaxing
constraints to fertilizer acquisition might boost returns to the seed treatment. If access to
fertilizer had proven not to be a constraint, we might have expected to see the impact of the
fertilizer grant, both alone and in combination with the seed treatment, to be zero. Instead,
Table 3 shows a positive effect of the direct impact and a negative impact of the interaction
effect. Given how we have defined our treatment assignment variables, the impact of winning
the fertilizer lottery in seed treatment zones is the sum of the coefficient on fertilizer plus
the coefficient on the interaction term. The estimated coefficients imply a point estimate
of nearly zero additional impact for lottery winners versus lottery losers in seed treatment
areas. This stands in stark contrast to our expectation that the coefficient on the interaction
terms would be positive given the expectation that improved varieties are more fertilizer
responsive than local, retained varieties.

In order to better understand this unexpected outcome, we look more closely at the im-
pact of the different treatments on fertilizer use in Appendix H. There we find substantially
greater midline leakage (or sharing) of fertilizer from lottery winners in seed treatment com-
munities than in non-seed treatment communities. During the midline season, the fertilizer
use differential between winners and losers in seed control communities is 25 kg, whereas
it is only 10 kg in the seed treatment communities. This apparently differential leakage of
fertilizer from lottery winners suggests there were greater rates of social taxation of “windfall
fertilizer” in seed treatment sites. Given this configuration, it is unsurprising that house-
holds that benefited less from the fertilizer treatment in seed treatment communities than
in control communities. As detailed in Appendix H, this differential rate of taxation likely
explains an important fraction of this puzzle. As further discussed in the appendix, other
explanations are possible (e.g., shared fertilizers went disproportionately to those who knew
how to use them effectively), but our data do not allow us to test these other explanations.

Finally, while we do see significant impacts of the seed treatment in the mid-altitude
zone, in the transitional zone the estimated treatment effects on yields are relatively small
and are not significantly different from zero at even the ten percent level. Recall that hybrid
use was already quite high in this zone prior to the study, and that net compliance was also

quite low (see Table 2).
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5. Heterogeneous Effects on Yields by Past Hybrid Use

As seen in Table 3, we find that the introduction of Western Seed varieties impacts
maize yields in the mid-altitude zone. Given that prior adoption of hybrids in this area was
modest, the question remains whether the observed impacts reflect the fact that Western
Seed varieties outperform local varieties as well as other commercially available hybrids
(largely bred for higher altitude maize-growing areas). The theoretical model developed in
Section 2 is silent on the question as to which group will benefit most from a well-adapted
improved seed: those who make the switch from local, unimproved seed or those that switch
from less well-adapted improved seed. Using stylized assumptions, the model does show that
the impacts could be quite different for these groups and therefore that the just estimated
average treatment effects may obscure important differences across farmer types. To gain
empirical purchase on this variation, this section splits our mid-altitude sample between
households that consistently used hybrids prior to the study period and those that did
not (see Table 2). In terms of the theoretical model summarized in Figure 2, this section
compares impacts of Group 1 farmers with impacts on Group 2.

Table 4 displays the ITT estimates for Eq. (1) for the hybrid users and hybrid non-
users sub-samples. The bottom panel of Table 4 reports that the estimated impacts of the
seed treatment are 21% for the non-user group and 47% for the user group, with only the
latter estimate attaining conventional levels of statistical significance. As shown in Table
2, net compliance for the users group was 31% in the midline and fell to 25% at the time
of the endline (with the decline driven by a substantial uptick in Western Seed use by the
control group). For the non-users group, net compliance was only 11% in midline, and rose
to 17% in the endline following the ancillary seed delivery intervention. This lower level
of compliance explains at least in part the smaller magnitude a of the ITT estimate for
the non-users group. For the users group, the estimated 47% ITT impact translates into a
robust impact for those who actually adopted the seeds.

Given the compliance issues that especially surrounded the midline year, the research
team implemented an ancillary seed delivery service, as described in Sub-Section 3.2 above.
While the delivery was less effective than anticipated, it did boost compliance among the

non-users group.'® The second and fourth columns of Table 4 thus present separate estimates

19Phone orders for the seed were quite high, with 55% of treatment farmers ordering seed. Unfortunately,
at time of delivery, only 16% of treatment farmers bought seed via the delivery intervention. Many farmers
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Table 4: Heterogeneous impact of locally adapted improved varieties in the mid-altitude zone (IHST of
kg/ac).

Mid-Altitude Zone
Hybrid Non-Users Hybrid Users
Pooled Endline Pooled Endline

Seed Treatment, o 0.20 0.26* 0.40**  Q.78%**
(0.15)  (0.15)  (0.16)  (0.21)
Fertilizer Treatment, oo 0.22 0.18 0.35%*  (0.54%*
(0.13)  (0.14)  (0.16)  (0.21)
Seed*Fertilizer Treatment, 65  -0.21 -0.21 -0.25 -0.44*
(0.17)  (0.18)  (0.24)  (0.26)
Baseline Yield, 3; 0.12%%%  0.09%*  0.02 -0.02

(0.03)  (0.04)  (0.05)  (0.05)

Percent effect

- Seed Treatment 21% 29% 47% 113%
- Fertilizer Treatment 23% 18% 39% 68%
Control mean 5.92 6.03 6.13 5.98
Observations 964 482 208 104
R-squared 0.06 0.03 0.19 0.22

Pair indicator variables included as controls. Standard errors clustered by village.
Users planted hybrids in 80-100% of main seasons (2007-2012).
* = 10% significance, ** = 5%, *** = 1%

for the endline year data only. As can be seen, for the non-users group, the estimated impact
rises and becomes statistically significant and indicates an ITT treatment effect of a 29%
yield increase. The estimated impact for the hybrid users group retains its significance and
jumps substantially to an implied 113% yield increase.

While these results indicate large and positive average effects of the Western Seed treat-
ment, the question remains how large the yield gains are for farmers who actually adopt
Western Seed. A standard approach to answer this question would be to instrument for
Western Seed adoption with assignment to treatment to estimate a local average treatment
effect. However, the low adoption rates in our sample make treatment assignment a weak
instrument for adoption, as can be seen by the low F-statistics in Table A2. Thus, instru-
mental variables estimation of the local average treatment effect likely would yield biased
point estimates and standard errors. Instead, we approximate the local average treatment
effect by adjusting the percent effect implied by our ITT estimates by the net compliance

rates for each group.?? This approach suggests that compliers with the Western Seed treat-

proved unwilling or unable to pay for the seed despite the fact that it had been made clear that the seeds
were being sold at the market price and not given away for free.

20This admittedly ad hoc approach is intended to approximate the yield gains experienced by adopters
and allow the reader to obtain a sense of the impact of the treatment on the very large yield gap observed
at baseline in the data.
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ment increased yields by 150% among non-users (170% if we use the estimates based on
endline impacts only) and 168% among users (452% endline only). To put these numbers in
context, note that baseline yields for non-user and user groups were 211 and 342 kg/acre,
respectively (Table 2). Compared to these numbers, the estimated percentage changes imply
post-treatment yields for compliers in the non-user groups of 528-570 kg/acre, and 917-1888
kg/acre for the user group.

While these yield increases are large, a substantial gap remains between the yields real-
ized by farmers in our sample and the potential yields shown in Figure 3. While it is a truism
that real farmers never obtain the yields obtained on carefully tended pilot and experiment
station plots, the magnitude of the yield gap in part reflects the fact that treated study
farmers’ use relatively low levels of fertilizer and only partially rely on improved seed.?!
Credit, risk, and perhaps behavioral constraints likely help explain these patterns of modest
input use and the residual yield gap.

While these results on physical yields show gains, it is important to ask if yield gains
of these magnitudes are profitable. To gauge the economic impact of the intervention, we
use the survey data to calculate net revenue (the value of production less seed and fertilizer
costs) for each farmer in the sample.?? This net revenue measure does not account for the
value of land nor labor in maize production due to our lack of detailed data on these factors
of production. It is therefore a measure of returns to land and labor rather than a measure
of economic profits.

Using this net revenue per acre measure as the dependent variable, we re-estimate Eq.
(1) to obtain ITT estimates of the impact of the treatments on farm household earnings.
Table 5 estimates heterogeneous impacts of treatment in the mid-altitude zone by baseline
hybrid use.2? The bottom panel of Table 5 reports that the estimated impacts of the seed
treatment are 20% for the non-user group and 76% for the user group, with only the latter
estimate attaining conventional levels of statistical significance. These figures rise to 33%

and 219% if we consider only the endline data, although the former number is based on

21Part of the standard explanation is that farmers are interested in income, not maximizing yields

22Because of high variability in prices reported by farmers, we value each unit of maize production at the
average unit value of maize sold in the sample in a given season. Costs of maize production include costs of
seeds and fertilizers; for each seed variety and fertilizer type, we value each unit at the average unit value
purchased in the sample in a given season. We value fertilizer distributed as part of the study at the average
unit value for the most comparable fertilizer in our sample (NPK 23:23:0).

23 Appendix Table A7 estimates average effects by agro-ecological zone. Unsurprisingly, given the findings
on yield impacts at this level, this table shows a positive (but statistically insignificant) gain from the
treatment in the mid-altitude zone and no economic gain from the treatment in the transitional zones.
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Table 5: Heterogeneous impacts on net revenue per acre in the mid-altitude zone (IHST of ksh/ac).
Mid-Altitude Zone
Hybrid Non-Users Hybrid Users
Pooled Endline Pooled Endline

Seed Treatment, 01 0.22 0.31 0.61**  1.32%*
(0.26)  (0.25)  (0.29)  (0.57)
Fertilizer Treatment, &, 0.04 0.20 0.52 0.84
(0.28)  (0.27)  (0.32)  (0.58)
Seed*Fertilizer Treatment, 65  -0.07 -0.17  -1.10*  -1.51
(0.33)  (0.34)  (0.64)  (0.98)
Baseline Economic Yield, 3;  0.07* 0.00 -0.02  -0.06

(0.04)  (0.02)  (0.04)  (0.05)

Percent effect

- Seed Treatment 20% 33% 76% 219%
- Fertilizer Treatment 0% 18% 61% 95%
Control mean 8.90 9.05 9.11 8.80
Observations 964 482 208 104
R-squared 0.02 0.01 0.10 0.11

Pair indicator variables included as controls. Standard errors clustered by village.
Users planted hybrids in 80-100% of main seasons (2007-2012).
* = 10% significance, ** = 5%, *** = 1%

a statistically insignificant coefficient. That said, in line with the yield results, these ITT
point estimates signal that both groups of farmers likely benefitted financially from the
seed treatment. These financial figures place the impacts squarely in Case 1 of Table 1
above, with both an intercept and a slope effect such that Western Seed varieties benefits
both farmers previously using retained varieties and farmers previously using non-locally

adapted hybrid varieties.

6. Conclusion

While the average Kenyan farmer deviates from the sub-Saharan African pattern of
low hybrid maize adoption, the mid-altitude zone of Kenya more closely resembles the
rest of the continent: persistently modest hybrid use over the last 50 years. Moreover,
prior to the experiment reported here, the only hybrid varieties available to mid-altitude
farmers were those adapted to Kenya’s higher altitude regions. One simple explanation
for this pattern is that it is not possible to breed high productivity maize varieties for the
mid-altitude environment. Another explanation is that while such innovation is possible,
a confluence of demand and supply patterns may create an equilibrium in which no firm
innovates these varieties given the cost and other constraints that they face. From this

perspective, large-scale seed companies do not supply well-adapted hybrid varieties to small
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markets. Neither do local seed companies, who may enjoy informational cost-advantages
for innovation, but are constrained by their lack of capital. When varieties adapted to the
local, niche agro-ecology are not available on the market, our theoretical model of seed
variety adoption indicates that adoption of the available (non-adapted) hybrids will be low
and restricted to better-resourced and more knowledgable farmers within the niche market.
Absent locally adapted hybrids, farmer productivity and incomes stagnate, especially among
the poorest farmers. Pre-intervention yields appear to be only about 10% of what appears
to be agronomically possible.

Against this backdrop, an external infusion of impact investor capital to a local seed
company based in Kenya’s mid-altitude zone allowed us to explore the impacts of disrupting
this seed market equilibrium. By 2010, Western Seed had developed and registered hybrid
maize varieties—building on publicly-provided parent seed lines from CIMMYT—and were
supplying high-performing locally adapted seed varieties to the mid-altitude niche market.
The impact investment capital allowed the company to rapidly expand its seed breeding and
production capacity and expand its marketing to the mid-altitude and the (higher altitude)
transitional zone. In collaboration with Western Seed, we established a three-year RCT to
study the impact of offering the new seed varieties.

The key findings from the empirical analysis are that the new varieties offered substantial
benefits to farmers located in the mid-altitude region. On average, the ITT estimate of the
yield impact implies a 25% increase for farmers in the mid-altitude treatment group. Given
the modest compliance rates, the actual impact on adopters was substantially higher. In
the higher-altitude zones where Western Seed also expanded, the yield benefits are both
statistically negligible, consistent with the expectation that the seed sector has already
adapted varieties for these larger and more lucrative zones.

Consistent with our theoretical model, the data reveal that prior to the experimental
introduction of Western Seed hybrids, farmers in the mid-altitude zone could be divided
into two groups: a larger group (82% of the sampled farmers) who almost never use im-
proved seeds nor apply chemical fertilizer, and a smaller group (18%) who almost always
use improved seeds and fertilizer. While our statistical power suffers as we sub-divide the
mid-altitude farmers into these two groups, we estimate that the yield impacts on farmers
already using hybrids are actually larger than those on the farmers who switched from local,
unimproved seed varieties. In the last year of the RCT, ITT estimates indicate that the

physical productivity increases were 29% for those who rarely sued hybrids, and 113% for
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prior hybrid adopters who are also able to apply fertilizers to their maize. While large,
these figures are well within officially registered yield potential of these varieties in the mid-
altitude region, even after accounting for experimental compliance rates that range between
about 15 and 30%. Estimates of the net-revenue gains from the seed treatment are positive
and broadly similar to the reported yield increases.

Stepping back, these results indicate that productivity- and income-enhancing opportu-
nities were being left on the table by the prevailing seed system. While our data do not allow
us to test the performance of different seed systems per se, the patterns that we observe
are consistent with a theoretical model in which small agro-ecological niches will remain
underserved absent the multiple partnerships that allowed Western Seed to expand (specif-
ically public investments in foundation seed and impact investment capital). Our results
cautiously suggest that such a hybrid system has much to offer other areas of sub-Saharan
Africa where average cereal yields lag far behind the technological frontier, as they do in
Kenya’s mid-altitude region.?* These observations do not say that the other constraints
discussed in the introduction do not matter. Indeed, even the better resourced treated
farmers in our study, who regularly buy some fertilizer, are getting only half of the yield
that is technologically available in this region. However, better adapted and more profitable
improved varieties do have consequential impacts for farmers, and might ultimately alter
their ability to overcome these other constraints.

Entry of new actors into niche breeding may transform innovation markets for agricul-
tural technologies in regions like mid-altitude Kenya to more closely resemble the present
in regions like transitional and highland Kenya, where many firms compete in hybrid de-
velopment. Such a change would shift research priorities toward studying the implications
of competition and product differentiation between firms on the productivity and welfare
of agricultural households in these environments. From this perspective, our finding that
locally adapted varieties offer important benefits to both poor and better-resourced farmers
indicates that such adaptive breeding, whatever its source, can offer substantial economic

and social benefits.

240ur model in Appendix C assumes that local companies have lower fixed costs of hybrid development
due to greater knowledge of the local growing conditions. While we believe this assumption approximates
the case of hybrid development in Kenya in the early 2000s, recent advances in genetics and big data analysis
may tilt the cost advantage in local adaptation in the favor of large multinational firms that can realize
economies of scope from drawing on genetic markers and data from agronomic test trials in agro-ecological
environments around the world. Time will tell whether these new advances suffice to incentivize niche
adaptive breeding for the large firms that dominate the global hybrid maize market.
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Appendix A: Linear Returns to Fertilizer

As Section 2 describes, standard agronomic practice recommends that farmers who can-
not apply the optimal amount of fertilizer to their entire crop, should apply the optimum
rate to a portion of their crop rather than applying fertilizer at a diluted rate to the entire
crop. Using a simple economic model that has roots in the efficiency wage literature’s por-
trayal of the response of human work capacity to nutrition (see Bliss and Stern, 1978), this
appendix shows that optimized returns to fertilizer will be linear under profit maximization
whenever the farmer is constrained in her purchase of fertilizer.

Figure A1 graphs the additional production per-hectare (g) that occurs as fertilizer inten-
sity (f) increases under the assumption that marginal returns to fertilizer exhibit increasing
returns over a range and then diminishing returns thereafter. Without fertilizer, farmers
receive a fixed amount «p, and ¢(f) is the additional output received in addition to the
base, no fertilizer amount. In the figure, the slope of the ray from origin is the average
product of fertilizer (q/f), or the bang for the buck spent on fertilizer. As can be seen by
visual inspection, f* is the fertilizer intensity that maximizes additional production per-unit
fertilizer given the S-shaped production function. No other intensity will give more. We
denote the slope of the ray that intersects the function ¢ at input level f* as «;.

Consider the case where f* = 100 kg/ha and a farmer with one hectare of maize has
only 50 kg of fertilizer, then she will maximize output and income by concentrating the 50
kg on 0.5 hectare and putting zero fertilizer on the rest. As can easily be confirmed visually,
alternative allocations (e.g., 50 kg/hectare on her entire maize plot, yielding a fertilizer
intensity of f?) will yield less output for the same input expenditure because it fails to fully
exploit the increasing returns portion of the returns to fertilizer function, ¢(f).2> That is,

for this case of constrained access to fertilizer:
0.5¢(0) + 0.5¢(f*) > 0.5g(¢) + 0.5¢(f* —¢), Ve.

For this case, when fertilizer is optimally applied, marginal returns to additional units of

fertilizer will always be a constant «;, not because marginal returns do not change, but

25This argument is exactly identical to the initial contributions to the efficiency wage literature in which
an employer (who is indirectly buying nutrition by paying workers a wage) will never pay a worker less
than the efficiency wage because worker productivity falls off more quickly than cost when descending the
increasing returns portion of the efficiency wage curve.
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slope=gq/f = a3
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q(f)

Output per Hectare, ¢q

Fertilizer Intensity, f f*

Figure Al: Returns to fertilizer.

because the farmer optimally adjusts fertilizer application to obtain the constant, maximal
return. Once the farmer can apply fertilizer at intensity f* on all her land, further use

of fertilizer will face diminishing returns as beyond that level, the function ¢(f) is strictly

concave.

This intuition can be captured by the following profit maximization problem:

Maz Pn@ —psF (2)
subject to :
Q = Tyq(F/Ty) + (T — Ty) q(0)
prF <K (3)

Tf<T

where py is the price of fertilizer and K is the working capital available to purchase fertilizer.
Note that this simple specification allows any number of possible outcomes, including zero
use of fertilizer (F,T; = 0), which will occur when a1p,, < py; and, use of fertilizer in
excess of f* (Ty =T and F > f*T), which will happen when K > p;Tf* and a1p,, > py.

As discussed in Sub-Section 2.1, the relevant case for low income small scale farmers, who
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cannot borrow against their future income to buy fertilizer, is that K < pr f*. For these
farmers, the optimized production function they face can thus be written as ag + a1 f, with
constant marginal returns to fertilizer. As further analyzed in Sub-Section 2.1, variety choice
and the decision whether or not to use any fertilizer will be based on those linear returns

for liquidity constrained farmers.

Appendix B: Modeling the Demand for Improved Seed Varieties

We assume that the farming input and consumption choices of a household with H units
of land, zg units of cash-on-hand and technology pessimism parameter \ are guided by the

following two-period expected utility maximization model:

 Max u(er) + BEg [u(c2)] 4)
Hv, IV, fv. S,

subject to :

c1 < 29— Z H? (57j+pffv) *Sl

v=r,n,a

ca <Y 4+ (1+1r)S; + Z HOX pp, (o + a7 f)

v=r,n,a
> men

v=r,n,a

H(Hf"—F) =0,V

I°(HY —H") > 0,Vv

Y >0,Yu

where u(.) is a concave utility function, S is savings carried forward from period 1 to 2 at
interest rate ¢, and 8 < 1 is the per-period discount factor. We assume that the discount
rate underlying 3 is strictly greater than r¢ such that individuals will only save to manage
period 2 risk. The indicator variables, I/ and IV, take on the value of 1 when, respectively,
fertilizer and area devoted to variety v become strictly greater than 0. These constraints
allow us to impose the restrictions that amounts of improved seed and fertilizer must at a

26 Y

minimum be one bag. is the technology pessimism parameter that is less than or equal

to 1 for improved varieties, and equals 1 for retained local seed varieties. The stochastic

26In principal, this seed bag integer problem should continue, but as our analysis only concerns the
adoption decision, we will ignore that aspect of the problem.
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Table Al: Parameter values for numerical analysis.
Technology Parameters

Retained NLA Hybrid Adapted Hybrid Seeding Min  Min Land
g of oy af % of Rate Seed  Fert H
240 kg/acre 5 240kg/acre 20 450 kg/acre 25 10kg/acre 2kg 10 kg 2 acres
Prices ($US) Utility Parameters Production Shock
Maize, ppy Df s" s" s" Function p 8 y"oeg 0~ N(1,1)
0.5/kg $8/kg $4 $40 $40 (11;,) =7 16 0.95 $5 foro<6<2

specification is given in the main body of the paper.

While this model is amenable to general analysis, its implications for purposes of this
paper can be most easily gleaned through numerical analysis that we base on parameter
values that are faithful to the empirical reality in our study in Kenya. Table Al lists the
parameter values used for the numerical analysis presented in the main body of the paper.
The prices reported in the table reflect the values reported by farmers in our survey.?” Note
also that fertilizer becomes a break-even investment for variety v if af = 16. Under the
numerical assumptions given in the table, fertilizer is profitable in expectation for both

improved varieties, but is not profitable for the local variety, r.

Appendix C: The Supply of Agricultural Innovation to Niche Markets

If at least some farmers would be willing to adopt locally adapted seeds (as would be true
in all but Case 4 in Table 1), then what accounts for the 50 years of a low and stagnant hybrid
adoption rate in Kenya’s mid-altitude zone? One explanation is that improved varieties
cannot be successfully adapted to this region (Case 4 in Table 1). If this were the case,
we would expect the experimental introduction of putatively locally adapted varieties to
show zero, or at least non-profitable impacts. But if such varieties can be developed (Cases
1-3), then what explains their 50-year absence from Kenya’s mid-altitude zone? In this
section, we consider key features of the seed industry which can explain the failure of seed
companies to undertake technologically feasible adaptive breeding for small, agro-ecological
niches, especially when populated by farm households of the sort modeled in Sub-Section
2.1. Upon request, the authors can provide a formal model of profit-maximizing innovation
that captures the intuitions offered in this appendix.

One factor that influences the economics of seed innovation is how the firm obtains

27Study respondents receive about $0.26 for a kilogram of maize, pay $0.35 to purchase local seeds for
planting and $2.00 per kilogram of nitrogen. Non-Locally adapted hybrids sell for $2.10-$2.40 per kilogram,
while the locally adapted variety sold for $1.95 per kilogram.
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parent lines for local adaptive breeding. If parent lines are owned and maintained by the
firm itself, then the firm pays no royalties for using the parent varieties. Given the high cost
of developing and maintaining parent breeding lines, this option is only available to large,
multinational firms. Smaller firms can access parent material by purchasing use rights from
other private sector firms at a royalty cost per-kilogram of adapted seed produced. In
addition, firms may have the option to use without royalty parent seed produced by the
public sector.2® When public sector breeders make parent lines freely available, firms can
avoid paying royalty costs for parent material.

Given access to parent seed lines, firms incur a non-trivial fixed cost to breed seed
varieties for the local agro-ecology. These costs are related to not only acquiring farm land
on which to experiment, but also to acquiring the knowledge about local conditions that
limit crop performance. We assume that local firms, which typically emerge from farms
already producing in the local area, have a fixed cost advantage over multinational or other
non-local firms who need to both acquire land and learn about the particularities of local
farm production.

Given these characteristics, the profit-maximizing firm’s decision of whether to innovate

locally adapted seed varieties depends on the following two constraints.

o FEffective Market Size: The presence of fixed costs implies that firms will not innovate
for a market unless expected sales are large enough to warrant payment of the fixed

costs.

e Capital Constraints: The adaptation of seeds is a multi-year process of testing and
ultimately regulatory approval, meaning firms need to be able to finance up-front

royalty and fixed costs.

Given these constraints, a zero innovation equilibrium can emerge for markets that are too
small to interest large firms, and capital constraints are too severe for small firms, preventing
them from exploiting their fixed cost advantage. In this case, disrupting this equilibrium
and providing locally adapted varieties to a niche agro-ecology would require relaxation
of financial constraints for local firms and/or partnerships between local firms and public

sector breeders who provide royalty-free access to parent seed lines. In the case of Kenya,

28The public sector has long filled this role, which has, for example, contributed to regional differences in
the development and adoption of hybrid maize in the United States (Griliches, 1960; Kantor and Whalley,
2019). In developing countries, public sector investments are supplemented by investments by international
organizations through the CGIAR networks, in particular CIMMYT for maize.
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Western Seed not only had a partnership with a public source of quality parent line seed,
it also received a major infusion of social impact investor capital (not otherwise available
on the market) that allowed the firm to rapidly expand its seed multiplication capacity. As
the empricial sections of this paper explore, the expansion of this seed company gave us the
opportunity to explore whether the seed system in Kenya was indeed leaving money on the

table by failing to realize profitable innovation of locally adapted improved maize varieties.

Appendix D: Effects on Inputs by Agro-Ecological Zone

Table A2 displays average effects of treatment on input use by agro-ecological zone. As
is the case throughout our empirical analysis, observations are of households observed in all
survey rounds and pool both rounds post-treatment.

In the mid-altitude zone, the seed treatment increases adoption of Western Seed Com-
pany maize hybrids by 16 percentage points on average across the post-treatment rounds.
The fertilizer treatment has no effect on adoption of Western Seed Company maize hybrids.
The seed treatment has no effect on use of inorganic fertilizer use on maize. The fertilizer
treatment increases fertilizer use on maize substantially; given that fertilizer use is mea-
sured in THST of kilograms per acre, the point estimate of 0.99 implies roughly a doubling
of fertilizer use on average across the post-treatment rounds.

In the transitional zone of Western Kenya, the seed treatment increases adoption of
Western Seed Company maize hybrids by 9 percentage points on average across the post-
treatment rounds. This relatively low net compliance is due in part to the high rate of
adoption of Western Seed Company maize hybrids in the control group. The seed treatment
does not have a statistically significant effect on use of inorganic fertilizer use on maize. The
fertilizer treatment has a positive but not statistically significant effect on use of inorganic
fertilizer use on maize. The smaller magnitude and statistical significance of this effect in
the transitional zone relative to the mid-altitude zone is due in part to the relatively high
use of fertilizer in the transitional zone absent treatment.

In the transitional zone of Central Kenya, the seed treatment increases adoption of
Western Seed Company maize hybrids by 7 percentage points on average across the post-
treatment rounds. The seed treatment does not have an effect on fertilizer use that differs
from zero with statistical significance, which is not surprising given that fertilizer use is high

in the transitional zone absent treatment.
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Table A2: Effects on input use.

Mid-Altitude Transitional-Western Transitional-Central

WSC  Fertilizer  WSC Fertilizer wSsC Fertilizer
Seed Treatment 0.16%** -0.02 0.09 0.10 0.07*** -0.18

(0.03) (0.27) (0.07) (0.22) (0.02) (0.17)
Fertilizer Treatment -0.00 0.99*** -0.06 0.31

(0.01) (0.15) (0.04) (0.23)
Seed*Fertilizer Treatment -0.00 -0.12 0.03 0.00

(0.04) (0.28) (0.06) (0.28)
Control mean 0.02 1.63 0.19 3.73 0.01 4.12
Observations 1178 1178 856 856 1016 1016
R-squared 0.11 0.34 0.06 0.06 0.05 0.07
F-statistic 5.82 90.40 5.98 8.18 2.81 2.92

WSC outcome variable is an indicator of adoption of Western Seed maize hybrids (0/1).
Fertilizer outcome variable is inorganic fertilizer used on maize (IHST of kg/ac).
Observations are of households observed in all rounds and pool both rounds post-treatment.
Pair indicator variables included as controls. Standard errors clustered by village.

* = 10% significance, ** = 5%, *** = 1%

Appendix E: Balance Checks in Western and Central

Table A3 estimates how baseline characteristics differ by treatment status in Western.

Table A4 estimates how baseline characteristics differ by treatment status in Central.

Table A3: Balance at baseline, Western (N=1017).

Summary Stats Estimates from OLS

Pooled  Control Seed Fert Seed*Fert
Hybrid main seasons (0-1) 0.51 0.52 0.00 -0.06** 0.06
(0.44)  (0.45)  (0.04) (0.03) (0.04)
Fertilizer main seasons (0-1) 0.49 0.53 -0.02 -0.07** 0.03
(0.46)  (0.46)  (0.04) (0.03) (0.05)
Dry maize yield (kg/ac) 368.49 375.01 7.50 -12.75 -18.17
(425.64) (428.83) (37.21) (26.93)  (40.24)
Acres (maize) 1.32 1.38 -0.26%+* 0.03 0.19
(1.17)  (1.32)  (0.09) (0.10) (0.12)
Acres (total) 1.76 1.82 -0.27** 0.06 0.16
(1.51)  (1.59)  (0.12) (0.12) (0.15)
Income per capita (100 ksh) 279.60 252.91 25.31 10.52 38.22
(391.37)  (347.63) (34.66) (30.42)  (43.33)
Poverty (0-1) 0.32 033 -0.02 -0.00 0.01
(0.23)  (0.24)  (0.02) (0.02) (0.03)
Dietary diversity (0-12) 6.68 6.52 0.28%* 0.07 -0.03
(1.62)  (1.65)  (0.14) (0.14) (0.19)
Food insecure (0/1) 0.65 0.70 -0.07%* -0.03 0.00
(0.48)  (0.46)  (0.04) (0.04) (0.06)

Pooled and Control report means (standard deviations). Seed, Fert, and Seed*Fert

report point estimates obtained by OLS with pair indicators as controls (standard

errors clustered by village). Significance: * = 10%, ** = 5%, *** = 1%
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Table A4: Balance at baseline, Central (N=508).

Summary Stats OLS
Pooled ~ Control Seed
Hybrid main seasons (0-1) 0.83 0.84 -0.03
(0.34)  (0.32)  (0.04)
Fertilizer main seasons (0-1) 0.92 0.92 -0.01
(0.29)  (0.30)  (0.03)
Dry maize yield (kg/ac) 428.46 432.64 -5.14
(489.72)  (515.44) (39.63)
Acres (maize) 0.76 0.74 0.04
(0.70)  (0.70)  (0.08)
Acres (total) 1.29 1.27 0.04
(1.14)  (1.08)  (0.14)

Income per capita (100 ksh) 513.65 430.68  167.41**
(740.83)  (554.21) (70.35)
Poverty (0-1) 0.13 0.13 -0.01
0.17)  (0.18)  (0.01)
Dietary diversity (0-12) 7.63 7.63 -0.01
(1.45)  (1.40)  (0.15)
Food insecure (0/1) 0.44 0.46 -0.03
(0.50)  (0.50)  (0.05)

Pooled and Control report means (standard deviations). Seed reports

point estimates obtained by OLS with pair indicators as

controls (standard errors clustered by village).
Significance: * = 10%, ** = 5%, *** = 1%
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Appendix F: Randomization Inference Tests

In order to conduct randomization inference tests, we define a set of three mutually ex-
clusive dummy variables: D® indicates those farms that were assigned to the seed treatment
but lost the fertilizer lottery; DF are farms that won the fertilizer lottery but were not as-
signed to the seed treatment; and, DS are farms that were assigned to the seed treatment
and won the fertilizer lottery. The specification for farm ¢ in village v, site s, matched pair

p and time period ¢ is:

Yivspt = Bo + P10y + a5 D5 4+ aF DE + aSFDEF + 1, + iusp] ot = 1,2 (5)

where y7, ., is baseline maize yields and 1, is a matched pair fixed effect included to account
for stratification of the seed treatment following Bruhn and McKenzie (2009). The error
term (e;yspe) is clustered by village, the level of stratification for the seed treatment. In the
central region, where there was no fertilizer lottery, we estimate Eq. (5) after eliminating
the terms involving D and D°F.

In the western region, the randomization inference procedure re-randomizes the seed and
fertilizer treatments 1000 times and determines the share of these replications in which the
estimated effects of the re-randomized treatments are greater in absolute value than the
estimates that we obtain from our sample. Each re-randomization follows the stratifica-
tion strategy of our experimental design, with seed randomized within matched pairs and
fertilizer randomized within villages.

In the central region, the experiment only involves the seed treatment. This allows us to
replicate all 64 possible combinations of seed treatment assignments stratified by matched
pair. The randomization p-value is then the share of these replications that produce an
estimate as large as the estimate from our sample in absolute value.

Table A5 gives the estimates of Eq. (5) with p-values based on clustered standard
errors in parentheses and p-values based on randomization inference in brackets. These
results our analogous to the main results in our paper in Table 3; parameter estimates
and p-values based on clustered standard errors for “Seed Treatment Only” and “Fertilizer
Winner Only” are identical to those for “Seed Treatment” and “Fertilizer Treatment” in
Table 3. Randomization inference supports our conclusion that Western Seed varieties
have a meaningful impact in the mid-altitude zone, but not in the transitional zones. For

the mid-altitude zone, p-values from randomization inference indicate that our estimated
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treatment effects of the seed and fertilizer have strong statistical significance, with only 1%
of replications obtaining larger estimates than the estimates that we obtain from our sample.

Table A6 gives the estimates of Eq. (5) for the heterogeneity analysis in the mid-altitude
zone conducted in Section 5. These results our analogous to Table 4; parameter estimates
and p-values based on clustered standard errors for “Seed Treatment Only” and “Fertilizer
Winner Only” are identical to those for “Seed Treatment” and “Fertilizer Treatment” in
Table 4. For hybrid users, p-values from randomization inference indicate strong statistical
significance of the seed and fertilizer treatment comparable to the significance suggested by
our clustered standard errors. For hybrid non-users, p-values from randomization inference
indicate statistical significance of the seed and fertilizer treatments at the 5% significance
level, a much stronger result than when using p-values based on clustered standard errors.
This suggests that, for hybrid non-users, our treatment effect estimates are large relative to
the uncertainty from treatment assignment within the sample, but are not large relative to
the uncertainty from sampling from the general population.

Table A5: Effects on maize yield (IHST of kg/ac).

Mid-Altitude Transitional
All Farms Western  Central

Seed Treatment Only, &° 0.23 -0.17 0.10
(0.08) (0.15) (0.50)
[0.01] [0.07] [0.69]
Fertilizer Winner Only, &% 0.23 0.11
(0.04) (0.25)
[0.01] [0.25]
Seed Treatment & Fertilizer Winner, &% 0.23 0.13
(0.05) (0.16)
[0.01] [0.15]
Baseline Yield, 3; 0.11 0.15 0.20
(0.00) (0.00) (0.00)
Observations 1178 856 1016
R-squared 0.07 0.06 0.11

Results obtained by ordinary least squares estimation.
All specifications include pair indicator variables as controls.
P-values from clustering standard errors at the village-level in parentheses.

P-values from randomization inference in brackets.
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Table A6: Heterogeneous impact of locally adapted improved varieties in the mid-altitude zone (IHST of
kg/ac).

Hybrid Non-Users Hybrid Users
Pooled Endline Pooled  Endline

Seed Treatment Only, &~ 0.20 0.26 0.40 0.78
(0.19) (0.08) (0.02) (0.00)
[0.04] [0.06] [0.02] [0.01]
Fertilizer Winner Only, &% 0.22 0.18 0.35 0.54
(0.11) (0.21) (0.04)  (0.02)
[0.03] [0.19] [0.06] [0.03]
Seed Treatment & Fertilizer Winner, &% 0.21 0.23 0.49 0.88
(0.09) (0.05) (0.02) (0.00)
[0.04] [0.10] [0.00] [0.00]
Baseline Yield, Bl 0.12 0.09 0.02 -0.02
(0.00) (0.03) (0.69) (0.72)
Observations 964 482 208 104
R-squared 0.06 0.03 0.19 0.22

Results obtained by ordinary least squares estimation.
All specifications include pair indicator variables as controls.
P-values from clustering standard errors at the village-level in parentheses.

P-values from randomization inference in brackets.

Appendix G: Impacts on Net Revenue Per Acre by Agro-ecological Zone

For completeness, this appendix reports estimates of the financial impacts of the inter-
ventions when we explore impacts by agro-ecological zone, akin to Table A5 in the main
body of the paper. Consistent with these zone level yield results, Table A7 shows a positive
(but statistically insignificant) gain from the treatment in the mid-altitude zone and no

economic gain from the treatment in the transitional zones.
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Table A7: Impacts on net revenue per acre by agro-ecological zone (IHST of ksh/ac).

Mid-Altitude Transitional
All Farms Western — Central

Seed Treatment, &1 0.26 -0.63%%  -0.04
(0.22) (0.29) (0.33)
Fertilizer Treatment, o 0.11 0.05 -
(0.23) (0.18) -
Seed*Fertilizer Treatment, 3 -0.26 0.75%* -
(0.30) (0.30) -
Baseline Economic Yield, 81 0.05 0.06  0.14%%*
(0.03) (0.04) (0.04)
Percent effects
Seed Treatment 27% -49% -9%
Fertilizer Treatment 9% 4% -
Control mean 8.94 9.91 8.60
Observations 1178 856 1016
R-squared 0.02 0.03 0.06

Pair indicator variables included as controls. Standard errors clustered by village.
* = 10% significance, ** = 5%, *** = 1%

Appendix H: The Fertilizer-Seed Interaction Puzzle

As discussed in Sections 4 and 5 in the main body of the paper, households that received
both the seed treatment and won the midline fertilizer lottery, seem not to have gained
from the latter additional intervention. In contrast, households in control areas that did
not receive the seed treatment but who did win the fertilizer lottery appear to have ben-
efited substantially from the grant of fertilizer. Table A8 shows that at least part of this
puzzling finding is apparently due to a greater sharing of fertilizer by grant recipients in
seed treatment areas. As can be seen, the 50 kg grant of fertilizer to lottery winners in
control areas (no seed treatment), increased their mean midline fertilizer use from 9 kg to
44 kg. In seed treatment areas, midline fertilizer use by lottery winners increased by 10
kg less (increasing to only 34 kg).2? This finding suggests that fertilizer lottery winners in
seed treatment areas shared more of the windfall fertilizer grant with their neighbors. This
suggestion is corroborated by the figures in Table A8 on midline fertilizer use by households
that did not win the fertilizer lottery.3°

We see a similar pattern if we simply look at fertilizer used on maize (Table A9). The

29The figures reported in Table A8 are means from the different survey rounds. A regression analysis
of the impact of the treatments on fertilizer use that mimics Eq. (5) gives estimates that are nearly
indistinguishable from the differences shown in the table.

30Note that all fertilizer lottery winners were survey respondents, whereas communities contained many
non-surveyed farmers who did not win the fertilizer lottery. It is thus not surprising that the measured
spillover increments to lottery losers is smaller than the apparent net sharing by lottery winners.
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Table A8: Fertilizer use (kg) by survey round and treatment assignment in the mid-altitude zone (sub-sample
means).

Survey Round No Seed Treatment Seed Treatment
Y Lottery Losers  Fertilizer Lottery Winners  Lottery Losers  Fertilizer Lottery Winners
Baseline 9.4 9.0 12.4 8.1
Midline 19.2 44.3 24.7 34.3
Endline 14.1 18.7 16.9 15.3

Table A9: Fertilizer use on maize (kg) by survey round and treatment assignment in the mid-altitude zone
(sub-sample means).

Survey Round No Seed Treatment Seed Treatment
Y Lottery Losers  Fertilizer Lottery Winners  Lottery Losers  Fertilizer Lottery Winners
Baseline 8.1 7.3 11.4 74
Midline 17.2 40.0 23.2 31.9
Endline 13.2 16.1 15.4 13.7

gap between fertilizer lottery winners and losers in seed treatment communities is about 1
kg smaller (8.7 versus 9.6) when looking at fertilizer used on maize versus fertilizer used on
all crops. It is of course this differential use of fertilizer driven by the lottery that is the
basis for identifying the impact of winning the lottery in seed treatment communities.

One explanation for this greater sharing of windfall fertilizer in seed treatment areas is
that the seed treatment information campaign in treatment sites emphasized the importance
of fertilizer to improving maize yields (especially when applied to hybrids). It would there-
fore not be surprising if fertilizer lottery losers in seed treatment sites put greater pressure
on winners to share their windfall fertilizer than losers would have done in control sites.
Given this sharing pattern, it is unsurprising that the added benefit of winning the fertilizer
lottery in seed treatment areas was smaller than the benefit in seed control areas. Specifi-
cally, note that even if fertilizer lottery winners in seed treatment communities gave away
10 kg more of their windfall fertilizers, the data still indicate that these winners used 9 kg
more fertilizer on maize than their lottery-losing neighbors (32 kg versus 23 kg). In control
communities (no seed treatment) the fertilizer use gap on maize between lottery winners
and losers was two and a half times higher than in seed treatment communities (winners
used 40 kg versus losers who used 17 kg).

So how much of the seed-fertilizer interaction puzzle can in principal be explained by this
pattern of differential sharing? Using the stylized parameters in Table A1, we can roughly
gauge the likely impact of this differential sharing on the yield differential between fertilizer
lottery winners and losers in both seed treatment and control areas. Those parameter
values assume that 1 kg of fertilizer returns 5 kg additional maize yield when fertilizer is

applied to local varieties, whereas it returns 25 kg of additional maize when applied to
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locally adapted improved varieties. Using these and the other values in the table, we find
that winning the fertilizer lottery in seed control areas would have boosted yields by 37%
given the observed patterns of fertilizer use and sharing (note that Tables 3 and 4 estimate
percentage changes). In contrast, the midline yield boost for fertilizer lottery winners in seed
treatment areas would have been only 19% after taking into account the partial compliance
in seed treatment areas.>! If we perform the same calculations for the endline year (using
the figures for endline fertilizer use in Table A8 which show that differences between lottery
winners and losers largely disappear) we find that the differences are smaller than at midline
(8% for the seed control areas and -2% for the seed treatment areas).

The estimates in Table 3 based on the actual experiment pool data across the midline
and endline seasons and hence estimate an average impact of the different treatments across
these two seasons. Averaging our back of the envelope calculations for the impact of winning
the fertilizer lottery across the two years implies a 23% gain in seed control areas and 8%
in seed treatment areas. The 23% calculated gain in control areas is an artifact of our
assumption about the fertilizer responsiveness of traditional varieties, but almost exactly
matches the 25% statistical estimate shown in Table 3.32 The 8% gain for lottery winners
in seed treatment areas is larger than the 0% estimate implied the estimated coefficients in
Table 3, although the 95% confidence interval around the 0% point estimate would clearly
contain 8% given the magnitude of the estimated standard errors.

While this pattern of differential sharing seems able to explain much of the fertilizer-
seed interaction puzzle, there are other possible, non-mutually exclusive explanations. One
is that the shared fertilizer went to those with the most experience and greatest capacity to
properly apply and benefit from fertilizers (who could be imagined to most heavily demand
the windfall fertilizer from lottery-winning neighbors). In contrast, lottery winners were
randomly selected farmers, many of whom had never used fertilizers on their farms. This
pattern could further explain the reason why fertilizer lottery winners did not seem to benefit
as much as would be expected. Unfortunately, our data do not permit any further analysis

of this question.

31In conformity with the figures in Table 2, we assume that only 20% of farmers in seed treatment areas
adopt the locally adapted hybrids, with the remainder using retained local varieties. The partial adoption
of improved varieties would lower this differential further.

32For example, if we assume that the fertilizer responsive of local seeds is 10 kg of maize per-kg of fertilizer,
the calculated yield difference between lottery winners and losers increases to 33% rather than 23%.
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