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Abstract

We measure the economic impact of varietal improvement and technological change in flue-cured tobacco
across quantity (e.g., yield) and quality dimensions under a voluntary quality constraint. Since 1961, flue-
cured tobacco breeders in the United States have been subject to the Minimum Standards Program that sets
limits on acceptable quality characteristics for commercial tobacco varieties. We implement a Bayesian
hierarchical model to measure the contribution of breeding efforts to changes in tobacco yields and quality
between 1954 and 2017. The Bayesian model addresses limited data for varieties in the trials and allows
easy generation of the necessary parameters of economic interest.
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1. Introduction

Technological change through plant breeding and improved management practices has enhanced
farm productivity and increased agricultural output. The literature on varietal improvement is
well-established and focuses on the attribution of changes in yields to different sources, including
plant breeding advancements that result in varietal yield improvements (Babcock and Foster,
1991; Nalley et al., 2008, 2010; Nolan and Santos, 2012; Shi et al., 2013b; Wang et al., 2021).
Several studies have also recognized the important role of yield risk and empirical linkages
between risk, changes in production technologies, and economic outcomes (Brink and
McCarl, 1978; Chavas et al., 2001; Shi et al., 2013a). However, increased yield potential and
reduced yield variability are not the only attributes of economic significance derived from
breeding-based crop improvement. Breeding efforts may be directed toward other attributes with
consequent impacts on the commercial viability of different crop varieties.

Quality is an important additional dimension of technological change and crop improvement.
In cases where the price is a function of quality, crop breeders can improve farm revenues by
developing higher-yielding varieties, higher-quality varieties, or both. Voon and Edwards
(1991) and Voon and Edwards (1992) measure significant research benefits from quality improve-
ments in hogs and wheat, respectively. Nogueira et al. (2015) find significant welfare impacts of
yield improvement within different classes of wheat. In general, farmers account for different vari-
etal attributes (including quality attributes) when adopting new varieties (Maligalig et al., 2021).
However, the extent to which yield and quality can be simultaneously improved by breeders, or
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whether there are tradeoffs when breeding for multiple varietal attributes, determines the overall
revenue impacts of varietal improvement and the payoffs from public and private breeding
research.

Changes in crop quality can either accentuate or negate returns to changes in crop yield. There
may be points of diminishing marginal breeding gains where further gains in yield cannot be
attained while maintaining or enhancing other varietal attributes valued by consumers. For
instance, Nalley et al. (2018) find that relaxation of quality standards in wheat breeding in
South Africa would have resulted in gains to yield of around 10-20%. Their findings have signifi-
cant economic implications for South Africa’s breeding program, as well as their wheat quality
regulations.

The objective of this study is to determine the contribution of plant breeding and other tech-
nological innovations to changes in both yield and quality of flue-cured tobacco in the United
States (U.S.). We do so through a Bayesian hierarchical model that has some advantages in
the variety trial setting. These advantages are not unique to tobacco but rather follow from
the nature of variety trial data, and models of this type can be used for other crops. As discussed
in more detail below, variety trial data often constitute an unbalanced panel with many groups or
clusters. The Bayesian approach enables more reliable inference about these groups and their asso-
ciated parameters.

Our focus is on tobacco because of a unique voluntary agreement affecting the ability of U.S.
tobacco breeders to change tobacco quality. Flue-cured tobacco breeders have adhered to this vol-
untary constraint on quality since 1963. There is a concern that breeders adhering to the quality
standards have adversely influenced the extent of yield gains derived from conventional breeding.
That is, whether the rules that require breeders to meet tobacco quality constraints have limited
the observed varietal improvements in yields over time. Our empirical setting provides a unique
opportunity to examine whether public and private investments in tobacco breeding have resulted
in improved yields, even in the presence of a regulatory structure that requires them to maintain
quality standards. Findings from this investigation have important implications for the design of
regulations surrounding plant innovation and the future of tobacco breeding.

A growing subset of the literature in production economics has explicitly recognized the impor-
tance of crop quality as an additional dimension of agricultural products (Kawasaki, 2018;
Kawasaki and Lichtenberg, 2013; Kawasaki and Uchida, 2016; Ramsey et al., 2021; Shew et al,,
2018). Quality may include such characteristics as timing and method of sale, but quality in agri-
culture is usually related to physical attributes. For instance, crop grade may depend on color, size,
or other sensory characteristics. These attributes are important to consumers and end-users who
often pay a price premium for high-quality goods. Hedonic studies have demonstrated the eco-
nomic importance of quality in pricing for a wide variety of commodities (Donnet et al., 2010;
Espinosa and Goodwin, 1991; Golan and Shalit, 1993; Hussein and Fraser, 2018; Stiegert and
Blanc, 1997).

Several authors have also investigated trends in tobacco yields and quality over time using field
trial data. Bowman et al. (1984) and Babcock and Foster (1991) measured the contribution of
breeding to flue-cured tobacco yield gains. Bowman et al. (1984) also considered gains in quality
as measured by the percentage of nicotine and total nitrogen in the cured leaf. These authors gen-
erally found that genetic improvements contributed to yield gains, but that the effect of techno-
logical change (other than breeding advances) was larger. Our study contributes to the literature in
several dimensions. First, with the large number of named varieties in their trial data sets, Babcock
and Foster (1991) and Bowman et al. (1984) established aggregate varietal groups to ensure trac-
table estimation. In particular, groups of new and old varieties were established (or compared to a
single check variety) and differences in linear trends between varietal groups were used to measure
breeding contributions to yield. Varietal effects were estimated for groups (or categories)
rather than separately estimating genetic effects for each unique variety. Our study estimates
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variety-specific breeding-based improvements instead of more aggregate “varietal-group” contri-
butions to yield and quality.!

Second, both Babcock and Foster (1991) and Bowman et al. (1984) used variety trial data up to
the middle 1980s. The year 1982 coincided with the release of the highly successful variety K 326.
Around this time, an apparent plateau in the observed distribution of yields occurred. However,
an apparent plateau in the raw data does not necessarily imply a lack of varietal improvement. A
plateau conditional on weather, management practices, and the composition of the tobacco vari-
eties in the trials provides stronger evidence of a lack of varietal improvement. Our study is the
first to consider variety-specific contributions to both quality and quantity, using more sophisti-
cated and scientifically motivated controls for weather, and using a Bayesian methodology that
accommodates the inherent shortcomings of variety trial data.

Lastly, we introduce and implement a Bayesian multilevel model that is well-suited for dealing
with unique features of variety trial data sets widely utilized in the agricultural economics litera-
ture. The Bayesian framework has several advantages in this setting. First, uncertainty around
functions of parameters is relatively easy to compute; credible sets and inferential procedures
are straightforward when measuring breeding contributions to yield and quality. Second, the
Bayesian model deals well with group variables with a limited numbers of observations by bor-
rowing information from other groups when estimating parameters for the groups of limited size.
This is especially important in variety trials where certain crop varieties (i.e., the groups) are only
tested in 1 or 2 years. Third, the use of weakly informative priors can aid estimation, especially in
the case of many so-called nuisance parameters. Even though the Bayesian multilevel model is
applied for flue-cured tobacco varietal trials in this study, the same framework can be applied
in a number of economic contexts (e.g., when using other field trial data or other data types with
richer variety and/or genetic trait information). It is also flexible as it can be extended to incor-
porate additional nonlinearities or covariates at the group levels.

Using data from the North Carolina official variety trials (OVTs) from 1954 to 2017, which
include measurements of flue-cured tobacco yield and cured leaf chemical analysis, our findings
suggest that the Minimum Standards Program has been effective at maintaining the quality stand-
ards of new tobacco varieties developed by breeders, and this quality constraint has not precluded
turther yield improvements from conventional tobacco breeding. This implies that tobacco breed-
ing has not reached a yield plateau even with current quality standards.

2. Quality Constraints in U.S. Tobacco

Tobacco is one of the oldest crops cultivated in the U.S; it was planted and smoked by Native
Americans prior to the arrival of Europeans. Finding growing conditions in Virginia to be advan-
tageous for tobacco production, early British colonists produced large quantities of the crop
(Hawks and Collins, 1993). Tobacco production became so endemic that tobacco leaf was the
only legal currency at times. Tobacco was a fixture in early U.S. agricultural policy with prices
stabilized under New Deal agricultural legislation.

Tobacco in the U.S. can be distinguished by federally designated classes and types; the former is
largely defined by curing method and the latter by leaf characteristics or geographical indicators.
The federal grading system was important in the development of tobacco auction markets as it
allowed for efficient marketing under supply controls. With the advent of contracted production
and the end of the tobacco quota program in 2004, the grade system is of less practical use today
(Dimitri, 2003). The major classes of tobacco are flue-cured, fire-cured, air-cured, dark air-cured,

!Moreover, in Babcock and Foster (1991) and Bowman et al. (1984), strict assumptions were made on yield trends and only
precipitation across the early part of the growing season was controlled. We use more flexible trend and weather specifications.
Moreover, in Babcock and Foster (1991) and Bowman et al. (1984), strict assumptions were made on yield trends and only
precipitation across the early part of the growing season was controlled. We use more flexible trend and weather specifications.
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cigar-filler, cigar-binder, cigar wrapper, and others. Flue-cured tobacco accounts for the largest
portion of tobacco receipts in the U.S. (currently as well as historically) and is the class of tobacco
we consider in this study. Revenue from flue-cured tobacco depends on both the quantity pro-
duced as well as quality. Flue-cured tobacco quality is defined by several factors. From the point of
view of the tobacco buyer, the quality of an individual lot is also related to the way that the leaf will
be blended before the production of the final product. The main end-use for flue-cured tobacco is
in cigarettes, where it is blended with burley and oriental tobacco. Therefore, desirable traits in
flue-cured tobacco leaf are directly related to the suitability of the tobacco for use in cigarettes.
Hawks and Collins (1993) divide the quality attributes of tobacco into physical and chemical prop-
erties. Among important chemical properties are nicotine, sugars, and nitrogen, which can be
precisely measured, and for which minimum acceptable standards have been established.

Several attempts have been made at devising quality indices based on the chemical properties of
tobacco leaf. Some examples by Pyriki (1958) and Bruckner (1936) are reported in Tso (1972).
Quality indices have generally included total alkaloids (of which nicotine is the major part) as well
as reducing sugars. Hawks and Collins (1993) suggest that sugar content can be positively associ-
ated with tobacco quality but only within a certain range. Too high or too low a sugar content
impairs the quality of the leaf and consumer acceptability. Sugar content cannot be considered
alone but must be considered in relation to alkaloid content.

The primary alkaloid in flue-cured tobacco is nicotine. As shown in Tso (1972), tobacco which
has too high or too low a ratio of sugars to alkaloids is either too harsh in flavor and highly irri-
tating, or too mild. The highest quality tobacco will have a ratio of sugars to alkaloids that is within
a defined range. Weybrew et al. (1983) suggest that the optimal ratio of reducing sugars to nicotine
is in the range of 6-9 with Maw et al. (2009) implying a preferred ratio of 10. The ratio of sugars to
alkaloids is the quality measure we use in our empirical analysis.

Quality aspects of tobacco leaf are necessary to understand the historical development of
tobacco markets in the U.S,, particularly standards for new varieties and public/private breeding
programs. The Agricultural Adjustment Act of 1933 established tobacco as a basic crop with the
intention of stabilizing tobacco prices. Early in tobacco program history, price supports were
accomplished through an acreage restriction. Each year, the Secretary of Agriculture would set
the total amount of tobacco acreage, and this number would be apportioned among the states,
counties, and individual producers. The tobacco program would later move to a poundage quota
and was eventually eliminated, the economics of which resulted in several studies (Brown et al.,
2007; Rucker et al., 1995). With an acreage allotment program, limits on the amount of land in
production are thought to have caused production intensification. It has also been suggested that
the acreage quota encouraged breeding of varieties that were exceptionally high yielding but of
poor quality. Concerns about the quality of new varieties of U.S. tobacco, resulting from the acre-
age allotments of 1939, began to grow in the late 1950s. Three varieties (Coker 139, Coker 140, and
Dixie Bright 244) were released in 1954 and 1955. By 1956, at least half of the acreage in North
Carolina was planted to Coker 139 (Bowman, 1996). These varieties had excellent yield potential
but at the expense of quality. They had high sugar content and low total alkaloid content, espe-
cially nicotine. In the OVT dataset used in this study, 6 of the 10 largest sugars to alkaloid ratios
are observed for varieties Coker 139 or Coker 140. These observations have sugar to alkaloid ratios
over 20 in comparison to the optimal ratio of 6-10.

While tobacco manufacturers could refuse to purchase low-quality tobacco, the federal govern-
ment was obligated to make purchases through the Commodity Stabilization Service. Such large
quantities were placed with the Commodity Stabilization Service that, beginning in 1957, the price
support for these three specific varieties was considerably reduced. This required government
workers to be able to identify the variety being grown to ensure that the tobacco was discounted
when marketed. Concern was so great that any farmer reporting a discounted variety grown on his
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farm would have all tobacco from his farm, regardless of variety, considered discount tobacco.
Additional varieties would be discounted throughout the late 1950s and early 1960s and later
termed “discount varieties” or “barn-buster varieties.” Price differences between discount varieties
and acceptable varieties could be large. For much of the life of the tobacco program, discount
varieties eligible for price support received a price roughly 50% less than standard varieties; clearly
a significant discount with major impacts on farm revenues. The response of producers to the
acreage allotment appears to be a textbook case of market intervention, perverse incentives,
and unintended consequences.

Recognizing the increasing popularity of low quality, high yielding varieties, the tobacco indus-
try collectively worked together to institute a program that would control the quality of varieties
being released to the market. The first formal attempt at setting quality standards came at the 1958
Tobacco Workers’ Conference where a Regional Flue-Cured Tobacco Quality Evaluation
Committee was created. The Tobacco Workers” Conference is a gathering of those involved in
U.S. tobacco including private breeders, public breeders, academics, and tobacco industry repre-
sentatives. It was not until the 1961 Tobacco Workers’ Conference that minimum release stand-
ards were approved by a subcommittee on Tobacco Varietal Release Standards. The Minimum
Standards Program came into force in 1963. As noted in Bowman (1996), the initial standards
specified that leaf should be analyzed for nicotine, soluble sugars, and nitrogen, leaf should be
compared to the proposed check varieties Hicks Broadleaf and Vesta 5, smoke results would
be obtained from the tobacco industry, and the tobacco industry would accept the leaf for com-
mercial release.

After 1963, the official check varieties were Hicks Broadleaf and NC 95 and new varieties were
mandated to be plus or minus 15% from the total alkaloids and soluble sugars (among other
chemicals) averaged over the checks. Starting in 1967, the total alkaloid standard was adjusted
to plus 15% and minus 20% of the check varieties due to concerns with increasing nicotine levels.
Given that the primary alkaloid in tobacco is nicotine, the requirements on total alkaloids were
changed to a standard on nicotine in 1970. NC 2326 took the place of Hicks Broadleaf as a check in
1969 and was eventually replaced by K 326. Regardless of minor changes over time, the substan-
tive quality effects of the Minimum Standards Program have remained the same since its
inception.

There is evidence that the standards program, in spite of its voluntary nature, has helped main-
tain quality metrics to a standard acceptable to manufacturers. Bowman (1996) notes that all vari-
eties released under the Minimum Standards Program have continued to be made available for
commercial use and none were retroactively discounted. The voluntary minimum standards are
likely successful because, in spite of any official enforcement mechanisms, reputation effects may
constrain actions of any individual party (Greif, 1993). The tobacco manufacturing and breeding
community are concentrated; as early as 1987, there were only four private breeding organizations
and four public breeders. By 1996, there were seven tobacco companies involved in standards
setting and testing. MacLeod (2007) provides an overview of the many ways that contracts
can be enforced in different institutional settings.

3. Data Description

Our data are drawn from OVT of flue-cured tobacco conducted by North Carolina State
University between 1954 and 2017. North Carolina State University is the only remaining public
flue-cured breeding program in the country. The data are an unbalanced panel with yields and
quality measured for a total of 306 flue-cured varieties, over 63 years, and in seven locations,
resulting in 6,966 variety-location-year observations. Trial locations are shown on a map in
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Figure Al of the online appendix. The varieties included in the OVT data are varieties for com-
mercial release. No commercial varieties of flue-cured tobacco in the U.S. are transgenic; all
genetic modification has been performed through conventional breeding.*

Figure A2 of the online appendix shows a histogram of varieties by the number of years present
in the OVT data. The histogram is strongly right-skewed with the majority of varieties appearing
in the trials less than 5 years. The mean number of years in the sample was 6 with standard devi-
ation of roughly 6 years. In spite of the short lifespan of most varieties, some varieties appear in the
data for an extended period of time. These varieties were included in multiple years either because
they were official check varieties or simply entered in the trials for comparison.

We use the sugars to total alkaloids ratio as a measure of quality. However, information on
sugars and total alkaloids were not collected in every location-year combination. In some years,
sugars were defined as reducing sugars while in others they were defined as soluble sugars. These
are equivalent definitions referring to the way that the sugar content of a sample is measured.
With respect to alkaloids, we observe total alkaloids or various constituent alkaloids, namely nic-
otine and nornicotine. Although tobacco contains a number of different alkaloidal materials, Tso
(1972) suggests that the importance of different alkaloid constituents in commercial tobacco is,
ordered from most important to less important: nicotine, nornicotine, anabasine, etc. To construct
the measure of total alkaloids when not observed, we summed nicotine and nornicotine content.
No cured leaf analysis was available in 1992 and any observations with missing leaf analysis were
dropped in the quality model estimation.’

Weather variables are also utilized in the study and were constructed from data used in
Schlenker and Roberts (2009). This data set is based on PRISM weather data and maps temper-
atures and precipitation to a 2.5 mile by 2.5 mile grid of the contiguous United States. We mapped
the postal address of the experiment stations in the trial data to the corresponding longitude and
latitude, and then to the grid cell containing the experiment station. The only location that could
not be exactly matched was Rural Hall; this location is only in the data from 1954 to 1961. Archival
documents indicated that the trials were conducted on rented land several miles outside of Rural
Hall, NC. The weather data for this location are those at the center of the town. The main weather
variables included in the analysis are three temperature bins containing degree days inside and
outside the optimal growing range for tobacco, as well as total precipitation. All weather variables
are measured over the growing season from May 1 to September 1.

Summary statistics for all variables in the regressions are shown in Table 1. There is variation in
yields over time, location, and variety. The minimum yield was observed at Rocky Mount in 2006
(excluding observations where no yield was recorded due to disease). The maximum yield was
observed at Rocky Mount in 1981 with the variety Speight G-58. There is also variation in quality
as measured by the sugars to alkaloids ratio. The maximum ratio was observed for the discount
variety Coker 140 at Whiteville, NC in 1957. Variation in the weather variables suggests that,
although all experiment stations are located in North Carolina, there is enough weather variation
across space and time to warrant inclusion of observed weather as a control.

Plots of yields and quality ratios over time are shown in Figure 1. In the yield plot (i.e., upper
panel), there is an apparent yield plateau in the early 1980s. Furthermore, the Minimum Standards
Program does not appear to have prevented yield gains up through the 1970s and 1980s. The plot
of the quality ratio indicates that the quality constraints did have the intended effect of driving the
ratio down to acceptable levels. However, any information from these plots is only suggestive. The

’The trials were typically conducted using randomized complete block designs with three replicates per location. The man-
agement practices are best management practices based on recommendations from the extension service; management prac-
tices do vary by location and year. Management practices are designed to reduce yield reductions due to pests, disease, and
other factors. None of the modern trial locations are reported as having significant disease pressure.

3The sugar and alkaloid samples were composited (weighted mean) samples collected after curing. These samples represent
the entire plant (i.e., all stalk positions).
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Table 1. Summary statistics: yield, quality, and weather data

Variable Mean Std. Dev. Min Max
Flue-cured tobacco yield (lbs./ac.) 2,723 497 1,009 4,634
Sugars (%) 16.17 4.29 177 29.44
Total alkaloids (%) 2.92 0.80 0.74 8.29
Sugars to alkaloids 6.30 3.20 0.33 26.01
Low degree days 2,168 25 2,077 2,216
Medium degree days 781 80 554 1,008
High degree days 12 8 1 40

Precipitation (mm.) 484 114 239 857

composition of the varieties in the trials changes over time and is not necessarily indicative of yield
or quality associated with new varieties. Additionally, weather can cause significant variation in
both yield and quality. For instance, 2013 saw low yields and low quality (a high sugars to alkaloids
ratio) due to inadequate rain at the beginning of the season and high temperatures. The suggestive
evidence in Figure 1 motivates the formal econometric analysis described below.

4. Empirical Approach

In both the economic and agronomic literature, varietal improvement can be measured by com-
paring the mean yield of a variety to the mean yield of a check variety. Comparisons are typically
made of mean yield across a single year and several locations. Analysis of variance (ANOVA) is
used because these observations are subject to the same weather patterns, soil quality, and man-
agement practices. Because we are measuring breeding gains over a long period of time and across
many locations, we use a regression-based approach that shares conceptual similarities with anal-
ysis of variance (Gelman 2005). If other sources of variation in yield can be accounted for and
modeled, and given the chosen regression specification and the randomized trial design, then
regression parameters capture the effect of improvements due to breeding, i.e. varietal contribu-
tions to both yield and quality.

We use a Bayesian multilevel linear model to estimate differences in group means across vari-
eties and thereby measure improvements in both yield and quality from breeding. Other studies
have approached similar empirical situations through the use of frequentist mixed-effects models
(Tack et al., 2015). While such models are conceptually similar to a Bayesian multilevel model, the
Bayesian paradigm has several advantages. Constructs of parameters can be derived in a straight-
forward way, and perhaps more importantly, uncertainty surrounding these constructs is just as
easily established.

The greatest advantage of a Bayesian multilevel model—in this case—is that such models use
all available data to estimate parameters for groups with few members (i.e., some individual vari-
eties in this study). Our goal is to estimate group means for each flue-cured tobacco variety after
controlling for weather, location, and other factors. Many varieties included in the trials are
observed in the data only for a few years. Some varieties in our dataset are observed only twice
(i.e., in one year at two locations). Estimation of group-level means for these varieties, if we were to
utilize the limited information for those varieties, would be practically useless in terms of making
inferences about genetic contributions of those specific varieties. The Bayesian multilevel model
splits the difference between local estimation and a completely pooled regression model; this pro-
vides the best estimate of the group means given the uncertainty in the data and the assumptions
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Figure 1. Tobacco Yields and Sugars/Alk. Ratio, 1954-2017.
Note: Dark line is a quadratic trend obtained by regressing yield on year and year squared. Shaded area is suggested ideal range for
sugars/alkaloids ratio.

of the model. The multilevel model converges asymptotically to the within-group regressions
(Gelman and Hill, 2006).

More formally, we define y;; as the yield of variety i at location j in year ¢ in pounds per acre.
The panel data we use are unbalanced and yields can be econometrically modeled as

)’ijtNN(M+ai+Vj+pt+f(th;/3)70'y) (1)

where o; is the variety-varying intercept, y; is the location-varying intercept, and p, is a time-
varying intercept. The function f (-) is what Tack et al. (2015) refer to as the climate function. The
matrix Xj, consists of a variety of weather variables influencing tobacco yields and quality with a
vector of coefficients B. The residual variance is given by 0 and y is a population-level intercept.
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All parameters in equation 1 are given prior distributions as follows
1 ~ N(2723,483)
a; ~ N(0,0,)
vj~N(0,0,)
p: ~ N(O, Up)
B~ N(0,10)
o2 ~ HN(0,483)

where the second parameter of the normal distribution is the standard deviation. The term HN (-)
denotes the half-normal distribution. The priors are weakly informative and assumed to be inde-
pendent; we found that using completely uninformative priors increased computational time but
did not have a substantive impact on estimation results. The coefficients in the climate function
are all given fairly wide normal priors. The prior for the intercept has a location equal to the mean
yield and empirical standard deviation.
There are three group standard deviations that are given hyperpriors. For simplicity, all three

standard deviations are given the same prior with

o, ~ HN(0, 483)

o, ~ HN(0,483)

o, ~ HN(0,483)

resulting again in weakly informative priors.
Similarly, define s;; as the sugars to alkaloids ratio of variety i at location j in year .
The tobacco quality model can then be specified as

log(s;i) ~ N(u + a; + v + pr + f(Xii; B), 0,) (2)

with the other non-quality variables and parameters defined as in equation 1. We model quality as
the logarithm of the sugars to alkaloids ratio because the underlying data is right-skewed and the
ratio can only take positive values. The priors for the quality model are derived in the same way as
those for the yield model and again designed to be weakly informative. In particular,

u ~ N(2,10)
a; ~ N(0,0?)
¥;j ~ N(0,0%)
0: ~ N(0,0?)
B ~ N(0,10)
o ~ HN(0,10).

The priors here are on the scale of the logarithm of the sugars to alkaloids ratio. Note that the

models in equations 1 and 2 are separate models each with their own parameters. For simplicity,

we do not distinguish between the parameters of the model using any change in notation. We

reference either the yield model or the quality model in the empirical analysis that follows.
The hyperpriors for the varying intercepts of the quality model are

o, ~ HN(0, 10)
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o, ~ HN(0, 10)
o, ~ HN(0, 10),

and again derived as in the yield model.

Although the climate function is not germane to the primary question of economic interest in
this study (identifying gains from breeding and technology), it is important to control for observed
weather across time and space to accurately identify mean yields across groups, and consequently
estimate the variety-varying intercepts. This point has been noted by Tack et al. (2015), Lobell
et al. (2011), and Schlenker and Roberts (2006). The climate function is typically specified as
a function of temperature and precipitation, and these are measured either across the growing
season, by month, or by plant growth stage. An important consideration is that the impact of
weather on yields and quality can be nonlinear, and the climate function should be flexible enough
to capture nonlinear effects when present.

We specify the climate function as follows:

f(Xiis B) = Brddig + Brddy + Bzdds, + Bap (3)

which is similar to the specification in Tack et al. (2012) that allows for nonlinearities in the tem-
perature effects. All variables are measured across the growing season for flue-cured tobacco
which we assume is from May 1 to September 1. The variable dd,g is the number of degree days
above 0°C and below 18°C. The middle category captures degree days between 18°C and 32°C, and
the last category captures degree days above 32°C. Flue-cured tobacco is grown on a variety of soil
types and in a variety of climates. The plant is relatively robust to extreme temperatures; Hawks
and Collins (1993) suggests that tobacco performs best with daily temperatures between 65 and 90
degrees Fahrenheit (i.e., about 18 to 32°C). This middle range has been suggested as the optimal
temperature for tobacco growth by Tso (1972). Precipitation (P) is measured as the total cumu-
lative precipitation over the growing season in millimeters.

We fit the models in equations 1 and 2 using Hamiltonian Monte Carlo implemented through
the software Stan. The practical benefit of this computational approach is that it is not necessary to
derive conditional posterior distributions of the parameters.* For each model, we ran four separate
chains with a warmup period of 2,500 iterations and a sampling period of 2,500 iterations. The
draws from the four chains were combined, and inference was conducted on the resulting 10,000
draws. Convergence was assessed using trace plots (shown in the appendix for select parameters),
the number of effective samples, and the Gelman-Rubin diagnostic. Both models appeared to con-
verge with favorable values for the diagnostics. Graphical posterior predictive checks in Figure A3
show the actual distribution of the data plotted alongside 10 samples containing replicates from
the posterior predictive distribution (Gabry et al., 2019). The replicates are simulated from the
posterior predictive distribution with the data used to fit the model. The models do a reasonable
job of generating data similar to the data actually observed.

5. Results and Discussion

The parameters of interest for measuring contributions of breeding are the varying intercepts
associated with a particularly named variety. Figure 2 shows the posterior medians for the variety
intercepts plotted against the first year that the variety appeared in the trials. Dotted lines denote
the year of first appearance (1982) and variety intercept for K 326.

*We accessed Stan using the BRMS package developed by Biirkner et al. (2017). More information about Stan can be found
at the Stan website: https://mc-stan.org/. Hamiltonian Monte Carlo is, like other sampling algorithms, a means of sampling
from a target probability distribution: the posterior in this case. Some details of Hamiltonian Monte Carlo are given in Neal
(2011) and Betancourt and Girolami (2013).
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Figure 2. Variety intercepts: variety-specific genetic contributions.
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Note: Dotted lines denote 1982 and variety K 326. Variety intercept in the yield model is interpreted as lbs./acre relative to the average
yield given by u. Variety intercept in the quality model is interpreted as sugars/alkaloids ratio relative to the average quality given by u.

Many of the varieties developed after 1980 were based on K 326 and this variety took a sub-
stantial share of the market when released. In terms of breeding contributions to yields, K 326 is
special for being particularly high yielding relative to other varieties at the time. A smoothed curve
fit the intercepts by locally weighted scatterplot smoothing (LOESS) is also included in the plots.

Based on the variety intercepts and the slope of the LOESS curve, varietal contributions to
yields improved until around 1981 at which point yield improvement was stagnant (Figure 2).
Only after the year 2000 does the breeding contribution to yields begin to increase again (though
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more rapidly than the pre-1980 period). Three modern varieties are found to be better than K
326 in terms of yield. On the other hand, there is little evidence that the impact of varietal advan-
ces on quality has changed since the introduction of the Minimum Standards Program (e.g., the
flat LOESS curve). The program has essentially eliminated tobacco varieties with high yields and
high sugar to alkaloid ratios like those observed in the late 1950s and early 1960s. Breeders have
followed mandates of the program and their breeding efforts have not significantly altered qual-
ity. This is expected because, unlike yields where more is better ceteris paribus, a large propor-
tion of U.S. flue cured tobacco varieties were already of high quality in the 1950s. Any
differences in quality are likely the result of changes to management practices or normal weather
fluctuations.

We also estimated a piecewise regression for the yield variety intercepts shown in Figure 2. The
break point for the piecewise regression was identified using the algorithm of Muggeo (2008). A
single break point was identified in 2002. Variety intercepts increased at a rate of 0.76 pounds per
acre each year before the break, and 5.20 pounds per acre per year afterwards. Note that few vari-
eties after 2002 have low variety intercepts. The slopes of the regression segments correspond to
average increases in breeding contributions to yield, assuming a linear trend within each segment.
The significant break in 2002 may correspond to changes in the structure of varietal research and
development in tobacco and is consistent with the shape of the LOESS curve.

Figure 3 contains plots of the intercept terms that vary by year. The circles represent posterior
medians while the bars give 95% posterior credible intervals. The time intercepts capture other
factors influencing yield or quality that vary by time, but do not vary by location/plot (e.g., loca-
tion invariant, but time-varying factors). These other factors are not captured by the weather con-
trols or variety intercepts and include changes to management practices and production
technology over time. If the distribution of weather and management practices (or input use)
in a period is assumed to be constant, then trends in the time intercepts are usually interpreted
as technological change. This is clear in the yield model where there is an upward trend from 1954
to 1980. The changes in the time intercepts are larger than those observed for variety over the same
period prior to 1980, which suggests that changes to yields from production technology outpaced
breeding gains in the early part of the sample.

The importance of technological change (exclusive of varietal improvement) over the first third
of the OVT data is consistent with some specific advances made in tobacco production during that
time. The first mechanical harvester was introduced in 1954. Chemical suckering was introduced
in the OVT in 1974. Bowman et al. (1984) indicates that increasingly effective herbicides and
pesticides were also employed during the 1970s. As well, production technologies were introduced
that promoted a better root system for nutrient uptake. All of these technologies had positive
impacts on the yields obtained in the trials, especially in the pre-1980s period.

Figure 4 shows the posterior distribution of the variety intercept for yield for four important
varieties; the comparison here is similar to a comparison of means between a variety and a check.
NC 95 is a check variety introduced in 1961 and used as an early check in the Minimum Standards
Program. K 326, as mentioned above, was introduced in 1982 and many subsequent varieties
incorporate the features of K 326. Coker 139 is a discount variety introduced in 1954, and CC
35 is a modern variety introduced in 2008. CC 35 has the highest varietal contribution to yield
of all varieties in the sample. Measuring advances due to breeding using these three varieties, there
is roughly a 368 pound per acre increase moving from NC 95 to K 326. The breeding improve-
ments embodied in K 326 contribute less than Coker 139—as measured by the posterior median.
However, CC 35 produces roughly 124 pounds per acre over K 326.

Breeding efforts at the frontier can also be measured by the average or maximum genetic con-
tribution of all varieties introduced in that year. These quantities can easily be constructed from
the parameters of the fitted Bayesian model. For instance, the average genetic contribution in the
year of introduction ¢ would be given by
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Figure 3. Time intercepts: technology and management practice contributions.

Note: Time intercept in the yield model is interpreted as bs./acre relative to the average yield given by . Time intercept in the quality
model is interpreted as sugars/alkaloids ratio relative to the average quality given by u.

1
AGCt = (Z) Zleai[t] (4)

where L is the number of varieties introduced in year ¢ and o, denotes the varying intercept of
variety i if introduced in year ¢. If interested in the contribution to yields, then the averaged variety
intercepts are from the yield equation, and similarly for quality measures. Breeding efforts can
vary from year to year and it may be more natural to consider average genetic improvement
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Figure 4. Posterior density of selected variety intercepts for yield.
Note: Variety intercept in the yield model is interpreted as lbs./acre relative to the average yield given by u.

in a given year. Though increased overall efforts in a given year (e.g., breeding and releasing a large
number of new varieties) do not automatically enhance breeding-based gains in yields, more
breeding effort may increase the likelihood of having several high-yield varieties with the best
quality traits. This can consequently push up the overall mean yield for all released varieties.

Another quantity of interest is the maximum genetic contribution across all varieties intro-
duced in that year. The formula would be

MGC, = max(a,-m) (5)

and more clearly represents the best variety in a given year. The maximum genetic contribution
(MGC) recognizes the uncertainty that surrounds research and development. Most varieties intro-
duced may not be meaningful in terms of their contribution to yields or quality (e.g., not all vari-
eties released in a year will be “hits” with the highest yields and the best quality). While it would be
trivial to construct a point estimate of AGC or MGC in a frequentist framework, it would not be
trivial to generate estimates of uncertainty surrounding this quantity in a frequentist context. In
the Bayesian paradigm, on the other hand, we confront no such challenge as the uncertainty of any
function of the parameters is directly ascertained through the draws from the posterior
distribution.

Figure 5 shows the average genetic contribution (AGC) and MGC plotted over time with the
dots again representing posterior medians and the bars giving 95% posterior credible intervals.
AGC increases over time with considerable uncertainty in the estimates. This should be expected
given that we are averaging over all varieties introduced in a particular year. Nonetheless, the
modest increases observed in the AGC plot suggest that overall breeding efforts over time have
resulted in flue-cured tobacco varieties that on average have higher yields (e.g., the mean yield
effects are still positive on average even when aggregating the “non-hit” varieties with the
“hit” varieties released over time). The estimates based on MGC also show increased varietal con-
tribution to yield, but with a more positive upward slope especially after the 1980s. The breeding-
based yield contributions of the discount varieties in 1954 (which constitute MGC in 1954) are
roughly equivalent to the best modern varieties, but the best modern varieties have more favorable
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Note: Variety intercept in the yield model is interpreted as lbs./acre relative to the average yield given by u.

quality characteristics. Hence, the best breeding outcomes have generated notable breeding-based
yield gains without compromising tobacco quality attributes.

The standard deviations for the location, time, and variety intercepts give an idea of the varia-
tion in yields that can be attributed to each factor. Trace plots of the standard deviations, as well as
posterior densities, are shown in Figure 6. In terms of the variances, the year intercepts capture the
most variance, followed by the location intercepts and the variety intercepts. The standard devia-
tion for the variety intercepts is roughly half that of the year intercepts indicating that more of the
variation is captured by changes across years than across varieties. Note that there is also variation
across locations, but the distribution is wide, indicating a high degree of uncertainty.
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Figure 6. Standard deviation parameters.

The relative contributions of varietal improvement (relative to technology) can be obtained
from changes in the variety and time-varying intercepts. Based on plots of yields in Figure 1,
we divide the sample into three periods 1963-1981, 1981-2000, and 2000-2017. We then calculate
the change in breeding contribution (the variety-specific intercept) over this period. The way that
breeding-based yield contribution is defined is important for the results. Babcock and Foster
(1991) measure the contribution as the difference between the two slope coefficients associated
with older, standard varieties versus new varieties; both are estimated in a frequentist framework.
In order to derive the measure of varietal contribution, they impose a strict model of how varietal
improvement occurs as well as being forced to group varieties into two distinct categories.

Because our underlying model is more flexible, we can measure varietal improvement in several
ways. The chosen approach requires a choice of when and how to measure. For the results that
follow, we use AGC and MGC to measure the relative contribution of tobacco breeding, and then
use the year intercepts to calculate the relative contribution of improved management practices
and/or production technology aside from breeding-based advances (over the same time period).
For instance, to measure the change in yields attributable to a variety from 1963 to 1981, we cal-
culate the average MGC over 1980, 1981, and 1982, and then subtract the average MGC over 1962,
1963, and 1964. A similar approach is used to measure the change in yields attributable to
improved management practices and production technology (excluding varietal improvement),
but using the year intercepts. It is important to note that we only use varieties introduced in
the 3 years at the beginning and end of each of the periods.

Table 2 contains the results of these calculations for yields. A similar table of results for quality
is given in Table Al of the appendix; the changes in quality are not substantial with the ratio
remaining within the acceptable range. This approach essentially ignores varieties released in
intervening years. This may account for the negative estimates between 1981 and 2000.
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Table 2. Measured contribution of genetics to changes in yield

Period Genetics Technology Relative Contribution (%)
AGC

1963-1981 38.50 387.74 9.03
1981-2000 —49.75 —225.66 18.06
2000-2017 144.50 12.58 91.99

MGC

1963-1981 51.87 387.74 11.80
1981-2000 —49.09 —225.66 17.87
2000-2017 164.73 12.58 92.91

Note: Columns 1 and 2 denote pound per acre changes in average genetic contribution or maximum genetic contribution between varieties
introduced at the beginning and end of the time periods. Column 3 measures relative contribution of genetics as percentage of change due to
genetics and technology.

Simply put, the varieties introduced in 1980-1982 had greater varietal and technological contri-
bution to yield relative to those varieties introduced from 1999 to 2001. Varieties introduced in
2000 and 2001 had low variety-specific intercepts. The research process does not deliver constant
increases in yield or quality every year, but rather involves experimentation to develop improved
varieties. Therefore, some years may not involve any new varieties with improved yield or quality.
Another explanation for the decline between 1981 and 2002 may be that changes in tobacco policy
resulted in changes to management practices.

Our two salient findings are as follows. First, both varietal improvement and technology con-
tributed to yield gains before 1981, but the contribution of technology is much larger in this earlier
period. Second, in the last period (2000-2017), there was little contribution from technology to
improved yields, but there were significant advancements in terms of breeding. This conclusion is
consistent with estimated break points in a piecewise regression of variety intercepts on time.
These conclusions are also consistent with previous results including those for specific varieties
shown in Figure 4.

Our results above suggest that the contribution of varietal improvement and non-breeding-
based technological change to revenue of the tobacco sector has been substantial. The price of
flue-cured tobacco in 2019 was $1.88 per pound. Using the posterior median of the difference
between the variety intercept of NC 95 (i.e., an old variety) and K 326 (i.e., a new variety), a field
planted to NC 95 would return $692.63 less per acre relative to K326. A similar calculation using
the difference between K 326 and CC 35 (i.e., a new higher-yielding variety) shows that a field
planted to CC 35 would return $232.94 more per acre as compared to K 326. If we use CCC dis-
count rates for low-quality tobacco, Coker 139 has a breeding-based contribution of roughly 302
pounds to yield, but receives only $0.94 per pound due to low quality. Total revenue is still positive
regardless of the price discount but substantially less than revenue received under K 326 by a
factor of roughly 50%. The previous calculations ignore any changes to costs that might occur
between varieties. Given increases in wage rates for agricultural labor and other inputs, public
and private research in tobacco has enabled flue-cured farmers to maintain positive net revenues
and ensured the viability of the industry.

Hedonic analyses or price information from quality-differentiated tobacco sales would allow us
to more accurately distinguish the contribution of quality to revenue. However, with the end of the
tobacco quota program, producers no longer have an incentive to produce varieties with high
yields and low quality. The vast majority of production is now contracted and some production
contracts may specify the variety of tobacco that is to be grown. More generally, contracts provide
a means for buyers to obtain differentiated products and guarantee certain methods of production
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Figure 7. Climate function coefficients.

(MacDonald et al., 2004). While quality is still a determinant of tobacco revenue, our ability to
determine the precise extent to which quality affects revenue is hidden behind the current pro-
duction and marketing systems in tobacco markets.

Although not the main variables of interest in this study, we also examined the effects of the
weather variables on yield and quality, and the results are shown in Figure 7. The resilience of
tobacco yields to high heat is evident. Both medium and high temperatures contribute to increased
yields although there is some uncertainty surrounding the positive estimate for high temperatures.
In contrast, low temperatures have a large negative effect on yields. Although the posterior median
of the coefficient on precipitation is negative, there is also uncertainty as the 95% credible interval
is (—0.2, 0.09). Being grown under best management practices, tobacco in the variety trials was
likely irrigated in periods of low precipitation. The use of irrigation to counteract drought may
result in the uncertainty around the precipitation parameter. We find an asymmetric effect of high
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temperatures on yield and quality that is consistent with the type of tradeoff suggested in Kawasaki
and Uchida (2016) and contrasts with symmetric effects reported in Ramsey et al. (2021). All
temperatures have negative effects on quality, with the most serious for high-temperature degree

days.

6. Conclusions

We examine the contribution of breeding and other technologies to changes in yield and quality of
flue-cured tobacco from 1954 to 2017. Both varietal improvement and other technological change
contributed to yield increases up until 1980 at which point yield potential reached a plateau or
possibly declined. After 2000, yields began to see renewed improvement from breeding advances.
No appreciable changes occurred in quality given the voluntary quality standards agreed to by the
industry. Results indicate that it is possible to make varietal improvements in terms of yield while
maintaining minimum quality standards. Breeding trade-offs between yields and quality levels
were not evident in the flue-cured tobacco OVT data in recent years. Breeders successfully tar-
geted several aspects of the crop, from yield potential to quality, with consequent impacts on rev-
enue received by producers.

Our empirical findings suggest that investments in public and private tobacco breeding pro-
grams have resulted in improved flue-cured tobacco varieties and enhanced yield potential.
However, without information on funding toward tobacco research, we cannot make any defini-
tive conclusions as to changes in net return on investment. The voluntary quality standards in
tobacco did not serve as a barrier to generating further yield gains from breeding. In terms of
policy implications, there is no need to relax industry quality standards in order to achieve yield
gains from varietal improvement. Continued investents in conventional breeding to achieve
higher yields may be warranted even with the current regulatory structure on quality.

It is important to note that none of the varieties of tobacco included in this study are transgenic.
We can reasonably assume that if the market is willing to accept transgenic tobacco, higher-
yielding varieties of high quality might be developed in the future through transgenic breeding.
Several studies with transgenic plants have shown better leaf mass, resistance to environmental
stresses, and better nutrient uptake (Tarczynski et al., 1993; Lopez-Bucio et al., 2000). Advances in
transgenic breeding for tobacco may lead to greater yield potential, which is one route to improved
farm revenues in the face of tightening margins. Nonetheless, whether quality—and farm revenue
—could be maintained through transgenic modification remains an open question.

Although our study provides insight into the economics of tobacco breeding and introduces a
method for understanding yield and quality tradeoffs in breeding programs, it also raises several
limitations and promising future research directions. First, the OVT data in the study do not
include detailed information on management practices and specific genetic traits of each variety.
If we observe location-specific management and genetic-trait variables, these could be included in
the group-level model for the location-varying intercepts. Tack et al. (2017) contains a frequentist
example of this type of hierarchical modeling approach. More detailed information on planting
and harvest dates would also allow improved specification of the climate function. If available,
additional information about variety-specific genetic traits can also serve as additional controls
in the specification, which would help in more accurately estimating specific genetic trait effects.
Second, our study primarily focused on examining the mean yield and mean quality effects of
varietal improvement. It might also be useful to extend the model beyond the mean as in
Tack et al. (2012) and Zhu et al. (2011) and investigate some of the risk implications of crop breed-
ing. Lastly, because yield and quality measures were not available in all years, the econometric
models in our study are estimated independent of one another. While possible to model correla-
tion in the error term or coefficients, little might be gained from doing so given that both
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equations contain the same independent variables (i.e., parameter estimates would be similar,
regardless if both equations are estimated separately or jointly).
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Figure A2. Histogram of appearances in Official Variety Trials (OVT) by variety.
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Figure A3. Posterior predictive checks.
Note: Replicates are drawn using the same data used to fit the models.
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Table Al. Measured contribution of genetics to change in quality

Period Genetics Technology Relative Contribution
AGC

1963-1981 0.02 —0.31 6.06%
1981-2000 —0.02 0.32 5.88%
2000-2017 0.01 0.07 12.5%

MGC

1963-1981 0.03 -0.31 8.82%
1981-2000 —0.03 0.32 8.57%
2000-2017 0.04 0.07 36.36%

Note: Columns 1 and 2 denote sugars/alkaloids ratio changes in average genetic contribution or maximum genetic contribution between
varieties introduced at the beginning and end of the time periods. Column 3 measures relative contribution of genetics as percentage of

change due to genetics and technology.
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Figure A4. Trace plots of selected yield model parameters.
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