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Abstract: Resistant cultivars offer a pathway to sustainable intensification by maintaining yields and
reducing inputs in the face of disease pressure. Past studies of economic returns to crop breeding
research for disease resistance measured farm-level benefits, by comparing yields for improved
resistant varieties (RVs) to susceptible traditional varieties. This approach will poorly approximate
actual research benefits if non-RV pest management options exist, because it does not account for
farmer pest control behavior. We propose a unit cost model that controls for farm-level yields
and pesticide inputs. The model estimates the difference in unit variable costs (UVC), with and
without disease pressure for RV adopters and non-adopters, while holding pest control inputs, farm
characteristics, and other factors fixed. We apply the model to data from 136 bean farmer households
in northern Ecuador, where RV research is ongoing and fungicide use is widespread. We find no
difference in UVC, with and without disease pressure for non-adopters. For adopters, UVC is
24% lower with disease pressure than without. This translates to an ex-post net present value (NPV)
of USD 698,828 and an internal rate of return (IRR) of 17%, compared to an NPV of USD 887,391 and
IRR of 29%, when accounting for yield differences only. The results oblige impact assessments to
account for changes in yields and input costs when pest management is an option.

Keywords: agricultural research; bush bean; Ecuador; impact assessment

1. Introduction

The economic surplus method of impact assessment provides a valuable tool for
evaluating the returns to agricultural research expenditures [1,2]. Early studies implement-
ing this approach used principles of partial equilibrium analysis and welfare economics
to quantify the benefits of agricultural research investments made in breeding the high-
yielding crop varieties that brought about the Green Revolution [3,4]. Subsequent studies
found positive and often sizable (>50%) returns to agricultural research expenditures on
crop breeding over the following decades [5–7]. The economic surplus method remains
a standard tool for evaluating agricultural research impacts today, albeit with numerous
methodological improvements [1,8]. Policy makers use information about the economic
returns to agricultural research to allocate scare research funding and resources.

A subset of this literature applies the economic surplus method to agricultural research
expenditures on plant breeding for disease resistance [9–11]. Breeding for disease resistance
offers a pathway to sustainable agricultural intensification, particularly for smallholder
crop producers [12,13]. Central to this article, the potential avenues for research benefits
from disease resistance breeding efforts differ from those for other modern crop varieties.
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High-yielding varieties, such as those that fueled the Green Revolution, typically sought to
increase yields compared to local varieties, by increasing genetic yield potential, often in
combination with increased fertilizer, water, and tillage. In contrast, improved resistant
varieties (RVs) seek to increase yield productivity compared to traditional varieties (TVs), in
cases where the latter is susceptible to pest pressure by providing damage control services.
RVs will avert some yield loss in the face of pest pressure compared to TVs due to the
embodied resistance traits and may also reduce the need for costly and potentially harmful
chemical inputs.

However, challenges to accurately quantifying farm-level research benefits arise be-
cause RV adoption often occurs in combination with changes to pest management practices.
Suppose pest control options other than genetic resistance are absent or infeasible. In that
case, an estimate of the yield difference between RVs and TVs provides a sufficient basis
to estimate research returns, as was the case for previous research on RVs bred to combat
wheat foliar disease [9,11,14]. In contrast, if RVs substitute for other pest control inputs,
such that they reduce the quantities applied (that is, RVs are input-saving in addition to
yield-increasing) then two avenues of potential benefits from disease resistance breeding
research exist. Impact assessments of agricultural research expenditures to develop RVs
must consider the effects of management behavior on input costs and yields. This observa-
tion is an extension of Morris and Heisey’s [15] recommendation to separate the effects of
genetic improvements and input management when assessing research returns.

In this article, we propose a unit cost model that controls for differences in farm-level
yields and pesticide inputs. Previous approaches will poorly approximate actual benefits
if non-RV pest management options exist, because they do not account for farmer pest
control behavior. Management behavior is likely to be heterogeneous across producers due
to differences in disease pressure or risk aversion, where some producers continue to apply
pesticides despite the presence of embodied resistance traits. Ignoring the input-saving
dimension of RV adoption altogether may result in underestimating the actual research
benefits, on the one hand. In contrast, failure to account for heterogeneity in producer input
responses to resistance traits (or lack thereof) may overestimate the actual level of benefits
attributable to RVs, on the other. To our knowledge, no previous study has investigated
the returns to disease resistance research in a context where detailed survey data on pest
control practices are available.

We contribute to the literature on impact assessment and research on estimating the
returns to disease-resistant breeding, more specifically, in three ways. First, we develop a
conceptual framework for evaluating the returns to RV research, where pest management
is an option. Second, we propose a unit variable cost (UVC) model to estimate farm-
level differences for RV adopters and non-adopters, with and without disease pressure.
Third, we illustrate the model using farm-level survey data from Ecuador to assess the
economic impact of RV bean breeding (Phaseolus vulgaris), in a setting where fungicide
use is widespread. The approach provides an improved measure of farm-level RV bene-
fits compared to the conventional approach that uses experimental yield data alone, by
accounting for heterogeneity in genetic yield potential, averted yield losses, and input cost
savings across a sample of actual bean farmer households. We find that RVs in northern
Ecuador provide substantial economic benefits at the farm level. The return to RV bean
research expenditure is large and competitive with alternative investments. Analyzing
yield differences alone overestimates research returns.

2. Returns to Disease Resistance Research When Pest Management Is an Option

The economic surplus approach to impact assessment measures the returns to crop
breeding research by comparing the gross annual benefits of newly released crop cultivars
to the incremental research costs incurred to develop those cultivars [1,2]. Gross annual
research benefits equal the increase in economic surplus attributable to the diffusion of
new crop cultivars, as determined by partial equilibrium analysis. Incremental research
costs include expenses associated with breeding new cultivars (e.g., experimental trials,
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operating expenses, personnel salaries) that would not have been incurred otherwise. Some
incremental costs arise before the release of a new cultivar and it begins to generate benefits.
Therefore, assessing the returns to breeding research involves tracking annual net benefits
over time, discounting into present values, and computing summary metrics, such as Net
Present Value (NPV) or Internal Rate of Return (IRR).

2.1. Gross Annual Research Benefits

Figure 1 illustrates the gross annual research benefits for a single production cycle in a
small open economy. The perfectly elastic demand curve is appropriate for export-oriented
agricultural commodities in the context of less developed countries [1] and we employ it
here to match our case study of breeding research in Ecuador in Section 3, below. Before
the release of new cultivars, the market is in equilibrium, with price P∗ and output Q0∗.
Producers with a marginal cost of production below P∗ realize benefits by selling at a higher
price. The sum of these benefits is economic surplus and corresponds to the area above the
without-research supply curve S0 but below P∗, denoted by area a. Some producers only
supply output at prices above P∗ and do not produce.
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Figure 1. Supply shift resulting from adoption of an improved crop variety in a small open economy.

Following their release, the diffusion of new cultivars increases productivity, and the
supply curve shifts from S0 to S1. Producers who sold output before can now sell more at a
lower unit cost, and some new producers also enter the market, such that output increases
from Q0∗ to Q1∗. The elastic demand curve implies that total economic surplus increases
by the area b + c. This increase entirely accrues to producers, with consumers left no better
or worse off. In the economic surplus approach to impact assessment, this increase in
surplus provides a direct measure of gross annual research benefits. The overall size of
these benefits is determined by several factors, including the extent of cultivar diffusion, the
price elasticities of supply and demand, and the magnitude of the supply shift parameter K.
Whereas impact assessment studies typically draw diffusion and elasticity estimates from
secondary sources; measuring K is often of interest to analysts.

2.2. Supply Shift Parameter

The direction of the supply shift in Figure 1 can be stylistically interpreted as either
horizontal or vertical. A horizontal shift implies an increase in output while production
costs remain unchanged (e.g., due to the release of a “yield-enhancing” cultivar). In contrast,
a vertical shift implies a decrease in production costs while output remains unchanged
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(e.g., due to the release of an “input-saving” cultivar). These single-factor explanations
lend convenient interpretation to K; however, assessing the returns to disease resistance
research, when pest control is an option, requires a careful analytical approach.

Accurate determination of the supply shift parameter K depends on the empirical
measure of farm-level RV research benefits used. Most previous impact assessments of
crop genetic pest resistance research use experiment data comparing RV yields with those
for local susceptible varieties. This approach is appropriate for the case where pest control
options other than RVs do not exist or are not used, because the benefit of RV research will
exactly equal the yield saved. The assumption implicit in these studies is that pest control
costs for RVs and susceptible TVs are zero, or otherwise equal, and constant such that the
difference in unit production cost between them offers an unbiased estimate of K.

By comparison, for the more general case, where RVs are used in combination with
other pest control inputs, this approach may overestimate farm-level RV research benefits,
because yield saved will be a function of both the RV adoption decision and the level of
inputs applied. The actual incremental benefits of RV research would, thus, equal some
combination of averted input costs and averted yield loss where the latter is less than if
no pest control inputs had been available. To obtain an unbiased measure of K for use
in an impact assessment, one must know both yields and pest control costs for the with-
and without-research scenarios. The overestimate could be significant if a considerable
proportion of the cropped area already receives pest control treatment.

2.3. Unit Variable Cost (UVC) Function

Indirect cost and profit functions are commonly used to evaluate the economic implica-
tions of emerging crop technologies and management practices [16,17]. The UVC function
(where UVC = VC/Y is the dependent variable (USD/kg), VC is variable cost (USD/ha),
and Y is yield (kg/ha)) is one approach to integrating averted yield losses and input cost
savings into a single measure of farm-level research benefits. Holding plot size fixed, the
function is decreasing in total output and increasing in input prices. The approach is also
advantageous because it captures tradeoffs between yield maintenance and input cost
savings, as faced by real farmer decision makers. In particular, surveys give more accurate
information on farm-level benefits than experimental data alone, especially in the frequent
case where experiments fail to compare RVs to TVs under active pest management.

To model differences in UVC for RV adopters and non-adopters, with and without
disease pressure, other factors that also potentially influence production costs must be held
constant. A conceptual model describing the UVC function follows:

UVC = f (W, T|A, D, L, H, Z) (1)

where W is a vector of input prices, T is total bean output, and A, D, L, H, and Z are covariate
matrices representing the RV adoption decision (A), pest pressure (D), plot characteristics (L),
farm household characteristics (H), and community-level fixed factors (Z), respectively.
The inclusion of A and D allows us to examine differences in UVC for RV adopters and
non-adopters, with and without disease pressure. The variables in L and H control for
agronomic factors and cultural management practices that may influence production costs.
Variables in Z control for unobserved factors that differ between communities but remain
constant within communities, such as infrastructure and market access.

3. Data and Methods

We use the model to assess the returns to Ecuador’s national bean breeding research
program for the Mira and Chota river valleys from 1982 to 2006. While dated, we chose
this timeframe based on the availability of unique survey data that includes information on
field-level yields, input use, pest and disease pressure, and RV adoption status, in addition
to farm and farm household characteristics. Moreover, Ecuador’s experience with breeding
for disease resistance in the common bean is representative of efforts on highland food
crops throughout the Andean region [18].
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3.1. Study Area Description

Dry bean production in the Mira and Chota river valleys of northern Ecuador histori-
cally accounts for over 40% of national production and constitutes the mainstay of house-
hold nutrition and cash income for bean-producing households [19,20]. Mono-cropped
bush bean varieties dominate the area, rather than pole bean varieties that are grown in
polyculture and are more typical of Ecuador’s other bean-producing regions. Area bean
producers and consumers recognize several dry bean market classes that vary according
to grain color, pattern, and size. The two most prominent are the red mottled and purple
mottled classes, which have a high demand in export markets due to their popularity in
neighboring Colombia.

In the early 1980s, Ecuador’s national agricultural research institute, the Instituto
Nacional Autónomo de Investigaciones Agropecuarias (INIAP), initiated a maintenance
breeding research program to increase bean productivity in the Mira and Chota valleys. In
particular, they bred for resistance to bean rust (Uromyces appendiculatus) and anthracnose
(Colletotrichum lindemuthianum) diseases, which had been identified as the principal pro-
duction constraints [21]. INIAP scientists obtained disease-resistant genetic parent material
from the International Center for Tropical Agriculture (CIAT) and implemented trials at
national experiment stations to evaluate their performance. Five RVs belonging to the red
mottled market class were released from 1986 to 1995 (Table 1).

Table 1. Disease-resistant bean varieties released by INIAP, Imbabura and Carchi, Ecuador, 1986–1995.

Variety (Release
Number)

Year of
Release

Market
Class

Resistance to Bean
Rust

Resistance to
Anthracnose

Paragachi 1986 Red Mottled Susceptible Susceptible
Cargabello (INIAP-404) 1987 Red Mottled Susceptible Tolerant
Imbabello (INIAP-411) 1991 Red Mottled Intermediate Susceptible
Yunguilla (INIAP-414) 1993, 2004 Red Mottled Intermediate Resistant
Je.Ma. (INIAP-418) 1995 Red Mottled Resistant Resistant

3.2. Household Survey

The data come from a 2006 household survey. The population was bush bean-
producing households in the Mira and Chota valleys 1200 to 2400 m above sea level.
The survey was conducted from October to December 2006 with questions about the Jan-
uary to March production cycle of the same year. The instrument underwent two rounds of
pre-testing before the survey, with pre-test participants excluded from the study population.
The survey followed a clustered, double-stratified sampling design [22]. This design pro-
vided two practical advantages over a purely random sample. First, village-level clustering
was cost-effective given the rugged topography of Ecuador’s northern Andean sierra region.
Traveling from village to village saved enumerator time and resources compared to visiting
geographically dispersed households selected at random. Second, stratification permitted
targeting sub-groups, such as households with previous interaction with INIAP’s breeding
program, that are relatively rare in the population.

The first stratification was the degree of previous exposure to INIAP extension inter-
ventions. Four villages that hosted INIAP participatory research trials called CIALS, plus
eight other villages with prior INIAP bean pest management training were automatically
included. An additional 18 villages without prior INIAP intervention were also included
and were selected at random from an area frame developed by the survey team. The second
stratification occurred within CIAL villages and distinguished households by CIAL mem-
bership. In CIAL villages, three CIAL member households and four non-CIAL member
households were interviewed. In non-CIAL villages, four households were interviewed.
Specific households were selected at random from a list developed by enumerators with
village leaders. Whenever this was not possible, households were selected from separate
village sectors with households related to community leaders and other survey partici-
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pants excluded. In total, 132 households from 30 village clusters were interviewed. All
households solicited for interviews consented to participation in the study.

3.3. RV Adoption Rates

The survey recorded the bean varieties grown in 2006. The 132 surveyed households
grew 26 distinct bush bean varieties from seven market classes, including all five red
mottled RVs released by INIAP from 1986 to 2005. To corroborate that households correctly
identified the variety planted, survey enumerators obtained visual confirmation by ob-
serving saved seed or visiting a bean plot planted from saved seed. Because the sampling
design resulted in unequal household selection probabilities, adoption rates representative
of the target population were obtained using survey weights following [22].

Varieties belonging to the red mottled and purple mottled market classes accounted
for over 78% of land area cultivated to beans (Table 2). Among the land area sown to a red
mottled variety, 45% was planted with an RV. Similarly, 10% of the land area sown to a
purple mottled variety was planted with an RV. It is important to note that red mottled RVs
(introduced in 1986) were near the saturation phase of their diffusion process at the time of
data collection. In contrast, purple mottled RVs (introduced in 2004) were in the very early
stages of diffusion.

Table 2. Survey-weighted bush bean adoption rates by market class, Imbabura and Carchi,
Ecuador, 2006.

Market Class Estimated Bean Area Number of

% of Total Hectares Households

Red mottled 68.4 21,090 2893
Purple mottled 12.3 3784 519
Yellow 6 1837 252
Solid black 5.8 1793 246
Solid red 5.8 1790 246
White <1.0 <300 <50
Pink mottled <1.0 <300 <50
Other/mixed <1.0 <300 <50
Total 100 30,816 4227

Notes: Estimated land areas are calculated using survey weights. Total bean area is from [23]. Number of bean
farmer households is from 2001 [19]. Traditional varieties made up 55% of land area for the red mottled class, and
RVs 45%.

Logistic functions are a widely used method of estimating diffusion rates for agricul-
tural technologies, conditional upon the expectation that the S-shaped diffusion pattern
holds [15,24]. A similarly shaped diffusion pathway is plausible for RVs in Ecuador, given
that bean seed is self-pollinating, easily multiplied in producer fields, and frequently ex-
changed among farm households. To obtain annual estimated adoption rates, we used the
transformed logistic expression

ln[Ct/(Cmax − Ct)] = δ + γt (2)

where Ct is the cumulative adoption rate at time t expressed as a proportion, Cmax is the
adoption ceiling (maximum cumulative adoption rate) also expressed as a proportion, and
δ and γ are parameters to be estimated, respectively. The advantage of this approach is that
annual adoption rates over time, i.e., the diffusion pathway, can be obtained using as few
as two data points and an assumption of the maximum potential adoption ceiling.

3.4. Empirical Tests for Farm-Level RV Benefits

We estimated an empirical unit cost function that captures heterogeneity in yields and
pest control costs among individual producers. This measure is advantageous because it
captures the economic benefits of averted yield losses and input cost savings as observed
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by real farm decision-makers. It is also consistent with the use of fungicide as a damage
control input [25,26]. Let the unit variable cost (UVCi) ($/kg) for household I be defined as

UVCi =
n

∑
j=1

wjixji

Yi
(3)

where j represents the set production inputs expected to vary with adoption and pest
pressure, xj is quantity of input j applied (kg a.i. per hectare where a.i. is active ingredient),
wj is input price ($/kg a.i.), and Y is bean yield (kg/ha). Applied to the case of northern
Ecuadorian dry bean producers who have long used fungicides to control bean rust and
anthracnose, the set of inputs expected to vary includes bean seed, fungicide, and insecti-
cide. Insecticides are included because most bean producers apply these inputs jointly with
fungicides in a single application. All other inputs such as land preparation, fertilizer, and
labor are not expected to vary based on the RV adoption decision and are treated as fixed.

Regression methods allow for differences in UVC for RV adopters and non-adopters to
be compared, conditional upon a set of explanatory covariates. The dependent variable is

UVCi = (1− Ai)UVCi0 + Ai(UVCi1) (4)

where Ai is a binary indicator of RV adoption equal to one if adoption occurs and zero
otherwise, UVCi0 is unit variable cost without RV adoption, and UVCi1 is unit variable
cost with RV adoption. Next, UVC is modeled as a function of adoption status, disease
pressure, and other covariates

E[UVC] = β0 + β1 A + β2D + β3 A× D + β4W + β5T + β6L + β7H + β8Z + u (5)

where A is as defined, D is a disease pressure indicator, and W, T, L, H, and Z are co-
variate matrices as defined in Equation (1), and u is a random error with mean zero.
To inform the economic impact assessment, we tested for differences in UVC with and
without disease pressure separately for RV adopters and non-adopters. The parameter
β2 captures the difference in UVC with and without disease pressure for non-adopters
(i.e., E[UVC|A = 0, D = 1]–− E[UVC|A = 0, D = 0] = β2). Similarly, the linear combination
β2 + β3 captures the difference in UVC with and without disease pressure for adopters
(i.e., E[UVC|A = 1, D = 1]–− E[UVC|A = 1, D = 0] = β2 + β3). Specifically, we test whether
these estimates are different from zero as H1: β2 = 0 versus β2 6= 0 and H2: β2 + β3 = 0
versus β2 + β3 6= 0, respectively.

The parameter β1 and linear combination β1 + β3 are also of interest and capture
the difference in UVC between RV non-adopters and adopters with and without disease
pressure, respectively. However, we do not estimate a causal model and cannot attribute
differences in UVC to RV adoption alone. In addition to differences in observable covariates
between adopters and non-adopters, unobserved factors (e.g., spatial plot distributions)
may also affect adoption and unit costs.

3.5. Variable Descriptions

Data used to estimate farm-level RV research benefits are limited to the 73 households
who reported planting a red mottled variety and who provided complete input application
records. Table 3 presents descriptive statistics for the dependent and explanatory variables
grouped by conceptual categories from Equation (1). Explanatory variables included RV
adoption (A) and disease and insect pest pressure (D). Information on disease and insect
pest pressure was obtained via a survey question asking farmers to compare the level
observed in 2006 to an average year. Responses are assigned a value of one if producers
indicated 2006 was an above-average year for disease (insect) pressure and zero if they
indicated 2006 was an average or below-average year for disease (insect) pressure.
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Table 3. Variable descriptions and descriptive statistics, Imbabura and Carchi, Ecuador, 2006.

Variables by Category RV Adopters RV Non-Adopters Mean

(n = 44) (n = 29) Differences

Mean SD Mean SD p-Value

Dependent variable:
Unit variable cost ($/kg) 0.15 0.13 0.17 0.12 0.53

Management variables:
High disease pressure (1 = yes) 0.23 0.42 0.40 0.49 0.16
High insect pressure (1 = yes) 0.23 0.42 0.24 0.44 0.89

Price variables:
Fungicide ($/kg active ingredient) 0.70 0.30 0.82 0.45 0.15
Insecticide ($/kg active ingredient) 1.37 0.43 1.31 0.27 0.50
Bean seed ($/kg) 0.82 0.22 1.00 0.31 <0.00 ***

Output variable:
Total bean production (kg) 1629 2184 1106 535 0.22

Plot characteristics:
Plot size (ha) 1.08 1.21 0.98 0.58 0.65
Altitude (meters above sea level) 1975 303 2124 337 0.05 *
Loam soil (1 = yes) 0.32 0.47 0.59 0.50 0.02 **
Irrigated plot (1 = yes) 0.93 0.25 0.97 0.19 0.54
Sharecropped plot (1 = yes) 0.43 0.50 0.34 0.48 0.46
Rented plot (1 = yes) 0.09 0.29 0.07 0.26 0.74

Household variables:
Age (years) 45 13.0 49 15.0 0.21
Pest management seminar (1 = yes) 0.32 0.47 0.34 0.48 0.82

Community-Level Variables:
Chota valley (1 = yes) 0.73 0.45 0.45 0.51 0.02 **
Prior extension intervention (1 = yes) 0.41 0.50 0.51 0.51 0.37

Notes: p-values are for a mean difference t-test between RV adopters and non-adopters assuming equal variances;
*** = significant at a 1% level, ** = significant at a 5% level, * = significant at a 10% level.

Input price variables (W) include bean seed and fungicide and insecticide active
ingredient. Fungicide and insecticide prices are calculated as input cost divided by the
kilogram weight equivalent of active ingredients applied. Mean difference test results
indicate that RV adopters paid less, on average, per kilogram of fungicide active ingredient
and bean seed than did non-adopters. One explanation for why seed bought by RV adopters
cost less is that some local, susceptible varieties are scarce but in high local demand due to
local taste preferences. The output variable (T) is calculated as kilograms of bean produced
per unit of land area.

Plot characteristics (L) control for plot size, altitude, soil type, and tenure arrangement.
An increase in plot size holding output fixed may decrease unit costs due to economies of
scale or reduced input intensity in larger fields. Altitude is correlated with precipitation,
such that producers at higher altitudes may have lower unit costs from increased soil
humidity. Land tenure variables indicate whether the plot is sharecropped or rented as
opposed to owned. The only significant difference among plot characteristics is that a
greater proportion of non-adopters have plots with a loam soil texture than a non-loam
(e.g., clay or sandy soil) soil texture.

Household characteristics (F) include age of the household head and previous atten-
dance at a pest management seminar, two observable factors that proxy for pest control
management ability. Finally, community-level factors (Z) control for relative location within
the study area and previous INIAP extension intervention within the community. Both
locations in the Chota, as opposed to Mira, valley and exposure to INIAP extension may
indicate improved access to information about RV performance.
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3.6. Impact Assessment Analytical Framework

We next integrated the unit cost function into the established analytical framework for
impact assessment of agricultural research. The diffusion of new crop varieties generally
follows an S-shaped pattern. This observation was first recognized in early adoption
analyses of hybrid corn [27,28]. The S-shaped pattern arises due to low but increasing initial
adoption levels, followed by more rapid adoption as information about the technology
spreads, and ending with a period of slowed adoption as the technology reaches its
maximum level of acceptance. The logistic function expresses diffusion as:

Ct =
Cmax

1 + e−(δ+γt)
(6)

where Ct is the cumulative adoption rate at time t expressed as a proportion, Cmax is the
adoption ceiling (maximum cumulative adoption rate) also expressed as a proportion, and
δ and γ are parameters that describe the intercept and curvature, respectively. A similarly
shaped diffusion pathway is plausible for RVs in Ecuador, given that bean seed is self-
pollinating, easily multiplied in producer fields, and frequently exchanged.

The incremental change in economic surplus following RV adoption for a small open
economy (area b + c in Figure 1) is given by

∆ESt = PtQtKt(1 + 0.5Ktε) (7)

where ∆ESt is the change in economic surplus observed at time t, P is the exogenous market
price (USD/kg), Q is beans produced (metric tons), ε is the supply elasticity of demand
(unitless), and Kt represents the downward shift in the supply curve that results from RV
adoption (USD/kg) [1]. Furthermore, we define the time-path Kt as

Kt = ∆UCt × It × Ct (8)

where ∆UCt is the proportional change in farm-level unit costs, It is the proportion of bean
area afflicted by disease infestation, and Ct is cumulative adoption in year t.

The small open economy model is appropriate for the bean subsector in northern
Ecuador, given the export-oriented nature and the relatively small quantity produced.
For example, Ecuador exported to Colombia a total of 11,500 metric tons in 1998, or
approximately 8% of Colombia’s total annual dry bean consumption [29]. By comparison,
total bean production in Ecuador’s Imbabura and Carchi provinces during this same year
was only 5400 metric tons [23]. Summary indicators of overall economic impact including
NPV and IRR are calculated by comparing the increase in economic surplus with the proper
research and outreach expenditures.

4. Results and Discussion

We report results in three sections, first focusing on the UVC regression results and
implications for the farm-level benefits of RV adoption. Second, we report on the bean
cultivar adoption survey and estimation of RV diffusion pathways. Finally, we calculate
and discuss the estimated returns to Ecuador’s maintenance breeding research program.

4.1. Farm-Level Benefits

Farm-level differences between RV adopters and non-adopters are estimated using
the UVC model in Equation (5) and covariates in Table 3. The model is specified using
a log–log functional form and coefficients are interpreted as elasticities. We selected the
form based on a MacKinnon, White, and Davidson test that rejected the linear model in
favor of the log–log model but not vice versa. A Bruesch–Pagan test for heteroskedasticity
is not rejected at conventional levels (Chi-square statistic 1.89, p-value 0.1693) and the
regression results in Table 4 are estimated using OLS. The results for the model with all
respondents (N = 73) indicate that many factors influence UVC. The signs on adoption
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and disease pressure are positive, suggesting that these factors may increase UVC, al-
though neither are significantly different from zero. For non-adopters, we do not observe
significant differences in UVC, with and without disease pressure, and fail to reject H1:
β2 = 0 (F-statistic 0.51, p-value 0.48). A likely explanation is the tendency for producers to
control for pests on a prophylactic or calendar basis, rather than in response to observed
pest pressure.

Table 4. Unit variable cost function for red mottled bush beans, Imbabura and Carchi, Ecuador, 2006.

All (N = 73) Adjusted (N = 70)

Variables by Category Coefficent Standard
Error Coefficent Standard

Error

Management Variables:
Adopted RV (1 = yes) 0.16 0.12 0.24 0.10 **
High disease pressure (1 = yes) 0.11 0.15 0.09 0.13
Adopted RV × High disease pressure (1 = yes) −0.40 0.21 * −0.35 0.17 **
High insect pressure (1 = yes) −0.06 0.10 0.05 0.09

Price Variables:
Log of fungicide price ($/kg active ingredient) 0.25 0.10 ** 0.24 0.08 ***
Log of insecticide price ($/kg active ingredient) 0.01 0.20 −0.05 0.16
Log bean seed price ($/kg) 0.88 0.15 *** 0.81 0.13 ***

Output Variable:
Log of bean output (kg) −0.68 0.07 *** −0.73 0.06 ***

Plot characteristics:
Log of plot size (ha) 0.41 0.09 *** 0.53 0.07 ***
Log of altitude (meters above sea level) −0.51 0.29 * −0.70 0.24 ***
Loam soil (1 = yes) 0.03 0.09 0.05 0.08
Irrigated plot (1 = yes) 0.07 0.21 0.14 0.17
Sharecropped plot (1 = yes) −0.14 0.10 −0.09 0.08
Rented plot (1 = yes) Household Variables: 0.38 0.18 ** 0.45 0.14 ***
Log of age (years) −0.07 0.16 0.10 0.13
Attended pest management seminar (1 = yes) 0.08 0.10 −0.02 0.08

Community-Level Variables:
Chota valley (1 = yes) −0.02 0.11 0.07 0.09
Previous INIAP extension intervention (1 = yes) −0.25 0.09 *** −0.15 0.08 *

Constant 7.11 2.21 *** 8.06 1.80
R2 0.77 0.85
F(18, 54) 10.31 16.02
Prob > F <0.00 <0.00

Notes: Dependent variable is natural log of unit variable cost. p-values are in parentheses; * = significant at 10%;
** = significant at 5%; *** = significant at 1%. Adjusted regression model excludes three observations based on the
Cook’s Distance threshold for identifying influential outliers.

In contrast, we found a significant difference in UVC, with and without disease pres-
sure, for RV adopters and reject H2: β2 + β3 = 0 (F-statistic 4.00, p-value 0.05). Combining
the coefficients on disease pressure and RV adoption × disease pressure implies that RV
adopters have 29% lower UVC when faced with disease pressure than without. As expected
for a cost function, UVC is increasing in fungicide and seed price and decreasing in output
when holding plot size is fixed. Given that the model controls for disease pressure, altitude
likely serves as a proxy for the effect of precipitation. Communities exposed to prior INIAP
extension also had lower UVC, on average, than did communities without prior extension.
This may be a result of improved pest management practices due to INIAP intervention, or
it may simply capture unobserved differences between communities visited and not visited
by INIAP extension personnel.

The statistical significance of the regression coefficients is robust to estimation with
heteroskedastic standard errors (results not shown). As indicated by the results in the final
two columns of Table 4, the results are also robust to the removal of influential observations,
as identified using the Cook’s Distance statistic. In this later model, the positive coefficient
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on RV adoption without disease pressure becomes positive. The difference in UVC with
and without disease pressure for RV adopters also declines, from 29% to 11%.

4.2. Ex-post Research Returns

Assessment of ex-post returns to RV research expenditures for the 25-year period
from 1982 to 2006 includes a four-year lag (1982–1985), during which research costs were
incurred but no benefits realized. Values for Pt, Qt, and Ct are obtained from available data
sources. Prices from 2000 to 2005 are from the wholesale market in Ibarra, located 30 km
from the survey area [30]. The USD 0.60/kg price represents the average price for the red
mottled market class over this period, after adjusting for inflation, and a 20% mark-up
by wholesalers. Production totals for the provinces of Carchi and Imbabura are from
1990 to 2005 [23]. Production in prior years is assumed to equal the average production
during 1990–1995, based on the experience of INIAP in the region. When estimating Ct, we
assume that the adoption rate is 45% in the year of the household survey (2006) (Table 2)
and 1% in its year of release (1986). Predicted adoption rates along the diffusion path are
calculated using regression estimates for δ and γ. This method ensures a lower-bound
estimate of RV diffusion by restricting cumulative adoption to be increasing for all years [1].

Expenditure records from 1982 to 1998 provided information to determine INIAP’s
incremental research costs, attributable to the development and maintenance of disease-
resistant bean cultivars. As described in [31], input from senior INIAP staff allowed for
a decomposition of these records into expenditure shares for operating costs and human
resource costs (i.e., plant-breeders and support staff). We allocated 60% of INIAP’s total
annual bean research expenditures to the RV breeding program and 40% to 80% of bean
breeder and technical assistant salaries. These expenditures include financial support
provided by CIAT for INIAP’s adaptive breeding program from 1990 to 1998.

Due to variability and uncertainty in the remaining impact assessment parameters,
sensitivity analysis was conducted for a range of possible values. As reported in Table 5,
the baseline scenario represents the most likely parameter values. By contrast, parameter
values used in the conservative and robust scenarios provide lower- and upper-bound
return estimates, respectively. The baseline value for ∆UC is set equal to the proportional
reduction in UVC from Table 4, multiplied by the proportion of total production costs,
represented by seed, fungicide, and insecticide inputs. Previous research in the Mira
and Chota valley indicates that these three cost components represent 46% of total bean
production costs [20].

Table 5. Parameters used in the ex-post economic impact assessment of red mottled RVs, Imbabura
and Carchi, Ecuador, 1982–2006.

Parameter Description
Scenario

Conservative Baseline Robust

∆UC Difference in unit production costs for RV adopters (%) −9 −11 −13
I Bean area with disease infestation (proportion) 0.56 0.66 0.76
ε Supply elasticity 0.2 0.7 1.2
R Discount rate (%) 10 8 6

Conservative and optimistic ∆UC values are determined by setting ∆UC at ±2 per-
centage points from the baseline value. Baseline values for discount rate, r, and price
elasticity of supply, ε, are taken from the literature. The baseline value for r is equal to
that used by [10,11], who also evaluated ex-post returns to crop genetic pest resistance
research. Baseline ε is identical to [10], who utilized the small open economy framework to
assess bean RV research returns in Honduras. Baseline disease infestation incidence I is
determined by averaging the share of farmers who reported disease pressure from both
bean rust and anthracnose (0.43) with the share who reported at least one of the diseases
(0.89). Net annual research benefits for the baseline scenario are summarized in Figure 2.
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We found that red mottled RV research for 1982 to 2006 provided a rate of return above
the assumed real opportunity cost of capital of 8%. Baseline impact assessment results
revealed an ex-post IRR of 17% and a payback period of 9 years. Results from the conserva-
tive and robust scenarios range in IRR values from 11% to 23%. Likewise, we found an NPV
of USD 698,828, in constant dollar value, with a range from USD 38,357 to USD 2.16 million
for the conservative and robust scenarios, respectively. A further consideration is that the
evaluation period extends from 1982 to 2006, with no assumption regarding a continuation
of benefits. Some decline in the area planted to red mottled RVs (i.e., dis-adoption) may
occur as RVs for competing market classes are developed [32]. Nevertheless, the stream
of positive research benefits should continue for several years, making these estimates a
lower bound on the ultimate cumulative returns to the research expenditures on RV red
mottled beans.

4.3. Comparison to Unaccounted Pest Control Costs

These results from the field study of RV bean adoption in northern Ecuador provide
pest control cost information that can be used to test the effect of omitting such information
on the calculated return to RV bean research. We conducted a second ex-post impact assess-
ment, using conventional methods for calculating returns to research with experimental
data. Instead of estimating K as in Equation (8), we used yield data alone. Mazon and
Peralta [33] reported a controlled experiment that compared the RV ‘Yunguilla’ with the
local ‘Calima’ variety. The yield for Yunguilla was 1936 kg/ha, whereas Calima yielded
1598 kg/ha. On a proportional basis, the RV yield was 19% higher than the yield for the
local susceptible variety.

The alternative time path for K using experimental yield data is

K =
∆yt

ε
× It × Ct (9)

where ∆yt is the proportional yield difference between RVs and TVs from experimental
data (0.19), and ε, It and Ct are as previously defined and take on baseline values. By
comparison with Equation (8), this formula for K does not account for changes in input
costs. Instead, it converts the difference in yield into a unit cost estimate by dividing by the
supply elasticity of demand [2]. Using this measure for K in an analogous ex-ante impact
assessment of red mottled RVs, we find an IRR of 29% and an NPV of USD 887,391. This
IRR value is 12 percentage points higher in terms of IRR and nearly USD 200,000 higher
in terms of NPV than the original baseline estimate that used the unit cost approach to
measuring K.
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5. Summary and Conclusions

Economic impact assessments provide a tool to measure payoffs from alternative
public investments that is comparable across disparate technologies. In particular, a subset
of this economic impact assessment literature focuses on the returns to crop genetic pest
resistance research. This article presents an analytical model for assessing the returns to
crop genetic pest resistance research, where pest control is feasible. Most previous impact
assessments of crop genetic pest resistance research have estimated the farm-level benefits
of RV research based on experimental yield data alone. While appropriate in a setting where
pest control costs are zero, or otherwise assumed equal and constant, such an approach may
inadequately estimate RV research benefits when pest control is feasible and control costs
are non-zero. Therefore, we proposed unit variable cost (UVC) as an alternative metric to
evaluate farm-level RV research benefits, as it accounts for averted yield loss and input
cost savings.

The results have important implications along conceptual and applied dimensions.
First, ignoring farm-level pest management practices can bias estimates of returns to
research. The UVC approach offers an approach to reduce this bias, relative to disregarding
changes in management practices altogether. Resistance to pests and diseases represents
a critical crop genetic improvement. Where no cost-effective pest management tools are
available, as was the case with wheat rust in many parts of the world in the 1950s and 1960s,
the gains from genetic research can be measured as the economic surplus due to yield
improvement. However, when farmers employ chemical or mechanical pest management
methods, they already capture some of the yield gains from pest control. The value of
benefits is a weighted combination of averted pest control costs and incremental yield gains
over what is possible without genetic improvements. The UVC13pproachch presented
here integrates these elements into a single measure compatible with economic surplus
calculations. Comparing ex-post returns to red mottled RV bean research in northern
Ecuador using yield alone versus unit costs illustrates the potential overestimation that can
result from ignoring farmers’ yield protection through non-genetic means.

The findings also demonstrate the value of INIAP’s bean research and outreach pro-
gram contributions to sustainable agricultural intensification. We illustrated the model
using farm-level survey data from Ecuador to assess the returns to RV bean breeding
research and outreach, in a setting where fungicide use for disease control is widespread.
We found that bean RVs in northern Ecuador provide substantial economic benefits at the
farm level. The return to expenditures on INIAP’s bean research and outreach program in
northern Ecuador is large and competitive with alternative investments. The most immedi-
ate implications regard INIAP’s bean research and outreach program. The IRR of 13% for
red mottled RV beans places Ecuador’s breeding program within the range of comparable
estimates from national and multi-national wheat disease-resistance breeding programs.
For instance, [11] assessed investments in wheat RV research in Mexico from 1970–1990
and estimated an economic return of 13–40%. In a multi-country impact assessment of
wheat RV research, [9] found an IRR of 41% from 1973 to 1990. The exception is [14] who
reported a much larger IRR of 80% for wheat breeding in Nepal from 1960 to 1990.

Finally, the potential for INIAP’s bean research and outreach program to contribute
to other development goals also deserves consideration. First, consider health and envi-
ronmental sustainability. Pesticides in the Mira and Chota valleys, including fungicides to
reduce the level and severity of bean diseases, are traditionally applied on a prophylactic
calendar spray basis, often with little to no protective clothing and without regard for
observed pest infestation levels [21,34]. Significant health risk externalities posed by these
agricultural chemicals are well documented in the region [35]. While the sample size in
this study precluded epidemiological conclusions about the effect of RVs on the incidence
of acute pesticide-related illness, averted illnesses constitute another unmeasured benefit
from the research and diffusion of RV beans. Second, and more recently, breeding programs
in the Andean region have incorporated farmer participatory methods into their breeding
programs to improve local acceptance, and future research could evaluate the economic



Sustainability 2022, 14, 2859 14 of 15

impact of participatory breeding efforts [36,37]. Last, in a region with high indices of rural
poverty, bean production contributes meaningfully to income. With poverty rates as high
as 78% [38], reductions in bean production costs will contribute to poverty reduction. While
a formal treatment of such impacts on poverty lies beyond the scope of this article, others
have analyzed this issue elsewhere with similar conclusions [39,40].
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