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Abstract: Starting in the 1930s, commercial hybrid corn seealgidly replaced the once

predominate open-pollinated varieties planted losnéas. By the mid-1950s almost all corn grown
in the United States was of hybrid varieties. Obsey have argued that the drought tolerant
qualities of these hybrids were a major factoridgarmers’ decisions regarding hybrid adoption,
but there is little statistical evidence to substda this assertion. Hybrid seeds exhibited other
attractive qualities, such as improved performateeng prime weather conditions, resistance to
wind damage, and increased suitability toward meizeal harvesting. Using historical evidence
from Zvi Griliches’s archival records, we reconstrdata on hybrid corn adoption and yields at a
more disaggregated geographic level than previcasylable. We match these data with historical
weather records to measure the extent to whichidydreds mediated the adverse effects of
extreme heat. Our findings suggest that hybrish€grown in lowa from 1928 to 1942 did exhibit

heat tolerance relative to open-pollinated vargeti€his result is unique to lowa as this reduced
temperature sensitivity does not appear when cangaybrid and open-pollinated yields grown in

other states.
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Introduction

The advent of commercially viable hybrid corn seedthe 1930s preceded a rapid rise in
U.S. corn yields over the rest of the™6entury. This technology rapidly spread and quickl
replaced the once predominant open-pollinated segigties grown in the United States. Zvi
Griliches (1957) path breaking work used the exangflhybrid corn seeds to explain patterns in
technological diffusion. Griliches posited that hgbseeds had a fixed productivity advantage over
open-pollinated seeds and increased the potenéll geiling of corns. Hybrid corn spread first
where initial (open-pollinated) yields were higheOther observers including Culver and Hyde
(2001) and Sutch (2008, 2011) claim that hybridnceeeds performed better relative to open-
pollinate seeds principally during conditions obuaght. Academic research, however, has not
determined to what extent hybrid seeds mitigated #&iffects of drought and heat stress

(temperatures generally associated with reduciioosrn yields and drought like conditior?s).

The work of economic historians entails the devedept and re-discovery of novel data
sources. Such archival resources contain reamgaimative records with granular details that not
available in official digitally curated publicatienThrough archival work economic historians can
answer otherwise unanswerable questions. In oarteffo understand the hybrid diffusion story we
have located, digitized, and organized a treastoeetof historical unpublished manuscripts
reporting on the hybrid corn diffusion and performoa at a more granular geographic level than in
U.S. Department of Agriculture (USDA) publicatioridsing unpublished documents contained in
Zvi Griliches’s personal manuscripts and fieldltdata buried in obscure lowa experimental station

reports, we construct a panel of hybrid and opdhrated corn yields. With these records we can

* For corn daily temperature averages in excess dieg@ees Centigrade are associated with redudtiaren yields
(Schlenker and Roberts 2009, Schauberger et ar)2Bktreme temperature shocks are often strongjgsdor
drought like conditions. We also use drought mezsas reported in the Palmer Drought Severity IfB®SI) as an
alternative measure of weather stress.



ascertain whether or not hybrid seeds exhibitedigitotolerance or if Griliches’s assumption that

hybrid seeds increased only the yield potentiaavh were correct.

Understanding the relative performance of hybridogen pollinated corn seeds during
periods of drought informs our understanding of thechanisms driving the technological
diffusion. The Pioneer Hi-bred Company introduckd first successful commercial hybrid corn
seeds in early 1930s during a period of extremm fdistress, historically low commodity prices,
and adverse weather conditions. While hybrid seeds two to three times more than their open-
pollinated counterparts, these new hybrid seedsllyapeplaced open-pollinated corns. If hybrid
corns exhibited drought tolerance, then thosesti@iuld potentially explain the rapid diffusion of
hybrid seed technology in response to the disttagsed by the Dust Bowl droughts of the 1930s.
Contemporary observers have argued that the droreghstant characteristics of hybrid seed
technology and farmers’ experiences with the DustvBn the 1930s accelerated hybrid adoption

(Dowell and Jesness 1939; Crabb, 1947).

Past research studying hybrid corn adoption staits the path-breaking work of Zvi
Griliches, (1957; 1958; 1960; 1980). Griliches'salyses posited that profitability of the new seed
technology, as captured by expected yield improvesjedrove adoption. Even though hybrid
seeds diffused across the Cornbelt and Great Riairsg a period of historically extreme drought,
Griliches does not investigate the effect of weathe adoption. In his preferred specification,
Griliches assumed that the new hybrids were supgithe existing open-pollinated varieties by a

multiple that did not vary significantly, over timnacross regions, or by weather conditions.

More recent research contests Griliches’s acconthtsaggests that drought shocks in 1934
and 1936 accelerated hybrid adoption (Culver ande{y®001; Sutch, 2008, 2011). Sutch notes

hybrid seed remained relatively expensive during 930s -- a period of historically low



commodity prices -- and that the geographic paté¢he take-off of hybrid corn diffusion shows a
dependence on local weather conditions. Narratw@eace adds supports. To cite one example, a
New York Times headline read in 1940: "50% of Corn Crop in Hgb8pecies.....Agricultural
Marketing Service Lays its Popularity to DroughtsiRéance® Indeed, Sutch (2008, 2011)
highlights the USDA'’s role in promoting adoptiontofbrid seed technology and argues that hybrid
corn seed’s tolerance to drought conditions madetéchnology more salient for farmérsThe
economic stress of the Great Depression and exttemeghts of the 1930s eroded the wealth of
farmers. One would expect slower hybrid adoptiodasrsuch circumstances. Richard Hornbeck’s
(2012) study of the Dust Bowl finds that many oé thdaptive responses to the Dust Bowl were
relatively slow. In comparison, from 1931 onwardSUfarmers rapidly adopted hybrid corn and
these varieties eventually completely replacedahee dominant open-pollinated varieties. This
switch towards hybrids may have mitigated someatheerse effects of the Dust Bowl. Switching to
hybrids was costly-- hybrid seed was far more egpenthan open-pollinated seeds (Olmstead and
Rhode, 2008). Nevertheless, the varieties produmedhybrid breeders promised beneficial
qualities, included higher yields, shortened threetito maturity, stronger root systems, thicker

stalks, disease resistance, and drought tolerance.

* New York Times, 10 Sept. 1940. The text noted the hybrid’s athges of both drought resistance and higher yields.
> Another critique of Griliches’s account of hybridfdsion came from Robert Dixon. Dixon (1980) obsaat that the
diffusion process continued through the late 196651960s beyond the ceiling levels that Grilickeployed. Dixon
reanalyzed the extended annual state-level datajd=ring that diffusion to reach nearly 100 pet@most

everywhere by the end of the period. Grilichestleling approach has also been criticized. Da2@d38) has

cogently argued that it lacks micro-foundationg libgistic form is simply assumed, not derived framunderlying
economic model.



Factors Driving Hybrid Adoption and the (Potential) Yield Advantage of Hybrid Corn Seeds

The story of hybrid corn has been told many tim€salbb, 1947; Fitzgerald, 1990;
Kloppenburg 1988; Olmstead and Rhode, 2008). Fon@uists, the starting point is Griliches
(1957). In his seminal article, Griliches (195Talzed this “invention of a way to invent” and
maps estimated parameters of diffusion processeicbmomic variables of supply and demand. He
views the diffusion process as primarily a shiftween two equilibria over time, rather than as a
shift of equilibria. He fit logistic curves to amal diffusion data for states and crop reporting
districts, reducing the differences across regimnsgifferences in three parameters-- the origins,
slopes, and ceilingsThe origin represented the year (relative to 1948¢n diffusion in an area
crossed the 10 percent adoption threshold. Griictedated the origin date to “availability” of
hybrid seed, and more specifically to supply-soeds included the profitability of seed producers,
the cost of innovation, and potential market dgnsitie related the slope (or speed of diffusion)
and ceiling levels to demand-side forces, spediyica the profitability to farmers of using thewe
seed. Griliches found the estimated speed of amoptas rather uniform but declined as one
moves away from the center of the Cornbelt. Thgiordate and ceiling level also declined with

distance from the center.

Griliches (1957) argued the diffusion process cdddnterpreted in a way consistent with
rational, long-run profit-seeking behavior by sgedducers and farmers. He made no reference to
adverse weather shocks or to the drought-resistanaiities of hybrid varieties According to his

preferred specification, hybrids promised a timed aegion-invariant yield increase -- in the range

® The analysis covered 31 (out of 48) states, a@d(a8t of 249) crop reporting districts in the periup to 1956. The
USDA's Agricultural Marketing Service made availekinpublished data for the crop reporting distriédsiliches
restricted analysis to observations between 0.d3a96 of his estimated ceiling level, K. The icgjlwas estimated in
an admittedly ad hoc way by picking the K that nsattee resulting diffusion curves plotted on logigiraph paper
look linear.



of 10-15 percent-- over existing open-pollinatediettes. He further argued that including the
changing advantages of the new seed, the pricesrofoutput, or the prices of hybrid seed, would

add "nothing of significance" to the explanatidrihe diffusion procesS.
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Figure 1. Nominal Prices ($) of Open-Pollinated Y@Rd Hybrid Corn Seeds. Sources: Pioneer Compadilyives;
USDA (1963). Prices paid by farmers for seed: gpsi@ason averages, 1926-1961: September 15 pk#8£3.,1961 by
states and United State¥atistical Bulletin No. 328. GPO: Washington, DC

Griliches tabulated but did not use USDA data om phices (per bushel) of hybrid and
open-pollinated seed by state (Box &%le argued that the hybrid seed prices did not vary
significantly across space and could be ignoredisnanalysis of the rate of diffusion (which was
modeled as a transition between two equilibria)s teatment of hybrid seed prices is problematic

for several reasons. The leading seed companipscialy in the early periods, possessed some

8 It should be noted that in the mid-1950s GrilicHasnot have access to low cost computing poweptwuct his
econometric analysis. His records show calculatimade by hand. This helps explain why he sougttt s
Earsimonious specification.

Griliches relied on a USDA publication entitledet& Crops.” These are essentially the same asDAY$963).



market power to set hybrid prices. The farmer'span decision did not rely on the hybrid corn

price alone, but the hybrid seed price relativetter prices, for example, relative to the price of
open-pollinated seed. In Figure 1, the averageepof hybrid seed at the state level is

approximately between two or three times greatan tthe average price of open-pollinated seed.
Over the 1937-57 period, the coefficient of vadatiof the price of hybrid seed across states
averaged approximately 10 percent. The coefficagntariations of the ratio of hybrid to open-

pollinated seed was substantially higher, averaghgercent. Griliches also ignored changes over
time. In the late 1930s, hybrid seed cost abdutiBies as much as open-pollinated seed. By the
mid-1950s, the ratio had fallen roughly in half,aeout 1.8 times. Griliches tabulated but did not
use state-level data on seeding rates (Box*59pgain, he argued the cross-state variation is

negligible. The coefficient of variation of seedirages in bushels per acre was around 18.7 percent.

The path-breaking work of Griliches inspired a vimes scholarly response (see Skinner and
Staiger 2007). Ryan and Gross (1943; 1950) hadwxad an earlier study of how lowa farmers
learned about hybrid technologies and how peeceffimfluenced their adoption decisions. They
found that younger and more educated farmers addpibrids more readily than older or less
educated farmers. They also highlighted the ingmm# of drought conditions on adoption. In a
series of papers, fellow rural sociologists debatét Griliches about the forces driving diffusion
(Skinner and Staiger 2007, 254). Everett Rogedd (@ observed that Griliches abstracted from the

contagion-like learning effects that are commordgdito justify the logistic form.

Richard Sutch (2008; 2011) revisited the earlyudifbn of hybrid corn, emphasizing the
role of adverse weather shocks. Sutch (2008) arthadnarketing campaigns and drought stresses

(and the 1936 drought in particular) caused farm®raake the costly switch from open-pollinated

9 These data were based on USyricultural Satistics, 1945, 1949, 1950.



to hybrid corns. These of commercial hybrid seed reduced the self&aficy of farmers at a time
of severe market stress, plausibly increasing ri8ltch asserted that the early hybrid varietiegewe
not inherently superior to available open-pollimhseeds and that farmers were rightly slow to
adopt the expensive seeds in the late-1920s ang-X¥80s. Sutch (2008) wrotéDuring the
Depression hybrid seed was selling in lowa for 8@aGushel. Since a bushel of seed would plant
two acres, a farmer would have to expect a findmea of $3.00 an acre to be tempted to pay full
price. Expecting no more than 32 cents per bugirethe crop when sold, the advantage of hybrid

seed would have had to approach 9 bushels perratrthe 4-6 seen in the lowa field tests."

Sutch (2008) argued the adverse weather shockseaiid-1930s, in combination with an
intense USDA propaganda campaign, convinced Midwesiarmers to adopt the new seed. He
notes the conflict of interest that hybrid piondéenry A. Wallace faced serving as USDA
Secretary while retaining ownership of Pioneer H{yﬂﬁ Other observers in the 1930s, including
the Chicago Tribune, were even more critical, arguing the yield-enlagcseed increased crop
output at the very time that federal farm prograrag, by Wallace, sought to reduce output through

acreage restriction.

Narrative evidence suggests farmers readily notiketihybrid corn with the dry conditions
better than open-pollinated corn planted nearbg.oAe farmer put it, in these very bad years, the
hybrid corn was the last to die (Urban, 1975). Smgout the 1936 Dust Bowl drought, Sutch
(2011) performed an analysis of hybrid diffusionstate-level data in the Cornbelt in the 1930s and

argued that 1936 drought hastened the adoptiorylofids through learning effects. Sutch was

' Sutch (2008) noted commaodity prices were low arad seed was expensive. His analysis did not natestred
prices were endogenous, set according to markelittmms. Nor did he address the subsidies hybradl ggoducers
gave farmers to adopt hybrids. One strategy usexkby sellers used to promote adoption was taliyinffer farmers
enough hybrid seed to plant half a field and tadkgment as the difference in yields at the end efgitowing season.
2 Pioneer was one of the leading commercial seed anieg; other leadings hybrid producers at the tirolided
DeKalb, Funk Farms, and Pfister.



hampered by the lack of comprehensive geographideltentralized data. He was able to identify
records on hybrid and open-pollinated seed prodtctonly from lowa. With our new data (or
more accurately, newly recovered old data), we seekidress these issues afresh and study hybrid
performance from the late 1920s through the 195@ombining our data sources together allows
us to construct a panel of hybrid corn yields, opelinated yields, yield differences, hybrid
adoption rates temperature exposure, and precipitatt the Crop Reporting District and Year

Level for the regions where hybrid seeds firstudiéfd™*

Building our new Panel Data Set
Data on Hybrid Corn Adoption

The hybrid corn adoption data used in this reseprofect come from unpublished USDA
data and notes contained in Zvi Griliches’s archis@llection held at the Special Collections
Library at Harvard Universitﬁﬁ These data, on the percentage of maize acreageteglin hybrid
seed, are available at the level of Crop Reporbigjrict (CRD). These detailed records-- drawn
from a grid of roughly nine entries per state-- Besed on unpublished data from the USDA's
Agricultural Marketing Service. We have recovetieése series for use for the first time since the
1950s. Many previous researchers had to rely enU8DA’s state-level data fromgricultural

Satistics.

The CRD diffusion data were compiled from a sethahd-written spreadsheets for the

1944-1955 period (Box 58), from typed sheets fotted CRDs in United States in 1959 (Box 60)

13 We thank Richard Sutch for making us aware the d&¥#@l diffusion data were available in the Griksharchives.
14 Crop Reporting Districts are relatively equivalemtontemporary Agricultural Statistics Districts.

15 papers of Zvi Griliches, ca. 1930-2000. Collettidentifier: HUGFP 153. Harvard Library. We thablane
Griliches for allowing access to these materials. Mdve also sought data at the USDA and AAA cadblestat the
National Archives and at the National Agricultukdtbrary.
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and for Ohio CRDs for the 1935-1954 period (Box,%8)d from very carefully marked diffusion
graphs drawn by Griliches's own hand (Box 58). graphs indicate the annual rate of diffusion by
crop reporting district for each state on a 100p¢or finer) scale covering the period from first
diffusion to 1954/55. The numbers derived from theppgs match exactly those from available non-
graphical source¥,

The adoption data allow us to define the regiomtdrest for this study. Figure 2 visualizes
how hybrid corn rapidly diffused across the U.SrCBelt and United States in the years following

its initial introduction.

(1947,1951)
(1945,1947]
(1941,1945)
(1938,1941]

. [1935,1938]
Y 1 - Nodata

Figure 2. Crop Reporting District Map, Years WheybHd Corns Exceed 10% of Planted Corn. Source: [@ieah
from Zvi Griliches’s Archival Records.

6 We have data for the northeastern states from d845lowever, this data does not cover the perfaghdy hybrid
adoption in northeastern states. We are seekisggplement these data but have not been successiul search of
other archival sources. Griliches did collect map€RD data from the Agricultural Adjustment Adnstiation for the
1938-41 period (Box 57). The AAA data have morteesive geographic coverage than the AMS dataGhiiches
chiefly used. Where there is overlap, the diffeemnare relatively minor.
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Data on Yields of Hybrid and Open-Pollinated Corns

The yield data used in this empirical inquiry cofmrem two primary sources. The first
source is the data from experimental from trial$omva from 1928 to 1942. These trials compared
the relative performance of hybrid seeds to opdhirated seeds, are reported in Zuber and

Robinson (1941, 1942). These were the sourcesStitah investigatet.

The second source of information on yields is utipbhbd data held in the Griliches
archives. Griliches collected voluminous data oe dlifferential yields achieved by hybrid seed
relative to open-pollinated seed. The data inchirderesults of state yield trials and AAA surveys,
and well as some vyield data are at the sub-stegt (Boxes 57, 60} The CRD data that Griliches
actually used in his analysis were derived from ABtGdies of "identicals," covering the period
from 1939 on (Box 59). For early adopting stateshsas lowa and lllinois, the series are short
because little open-pollinated seed was grown #itemid-1940s. Griliches used the AMS series
chiefly in summary form. Note these data do naivaldirect measurement of the effects of the

weather shocks (e.g. droughts) of the mid-19304t tl8e lowa experimental trial yield data do.

Thus, Griliches’s archival records provide two swas for comparing hybrid and open
pollinated yield differences. For some CRDs, averhgbrid and open pollinated corn yields are
available for selected years between 1937 to 1B#jure 3 presents the regions this data covers

and the differences between hybrid and open-padohgields by quartile.

7 Sutch (2011) described ratios from lowa Corn Yibésts as representing all varieties tested. Butlha are in fact
for section varieties, the subset of varieties reténto tests in all three districts in a sectiétecords from lowa
reports average yield for all and section variefiesl 928 to 1932 ratios for all and the sectiobs&i are reported. The
average hybrid to open-pollinated yield ratio wal089 for all varieties entered but 1.095 for settiarieties. A
further issue with the test data in the locatiothef test districts and trial locations changesr¢inally) over time.

How these inconsistencies affect the comparisomdear, a priori.

18 The sub-state regions covered do not always asndirectly into CRDs
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Figure 3. Average Hybrid Minus Average Open-Poligth Corn Yield per Acre, quartiles, 1937-1941. $eur
Griliches’s Archival Records.

An alternative measure for the difference betwedsrilyand open-pollinated yields comes
from yield “identicals.” These are average differesmcén hybrid and open-pollinated corn seeds
grown on the same farm within an CRD. These “idaf” are more consistently documented in
Griliches’s archival records. The identical data eeported from 1939 to 1953 and have broader
geographic coverage than the alternative yield dathare presented in Figure 4. With both the
seed type vyield specific data and “identicals” dttare is a broad geographic coverage. The
tradeoff with these data is they cover a time peatdost a decade after hybrids had initially

entered the market.
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Figure 4. “Yield Identicals” per Acre, quartile939-1953. Source: Griliches’s Archival Records.

The rediscovery and rescue of the yield data, s¢ipgropen pollinated and hybrid yields
by crop reporting district, again demonstrate th&i® of archival research. Zvi Griliches was a
preeminent researcher who collected and analyzegdtiment evidence relevant to his study. He
knew the importance of making direct comparison$efytields of corn varieties under comparable
settings, at the same time and in the same placecolteted data from experiment station trials
and real-world production of identical farms. Iis Imodel, the yield difference drove adoption and

hence Griliches sought independent measures gfabe

Data on Weather
The weather data used in this study also come fweonsburces. The first is the Palmer

Drought Severity Index (PDSI) derived from the Glbblistoric Climatology Network (Menne et.
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al. 2012.) The second source is the measuremeeigierature and precipitation from Wolfram

Schlenker’s Detailed Daily Weather Data for the pous United State's.

We use the Palmer Drought Severity Index to meathaeffect of drought on hybrid and
open-pollinated seed performance. The index is abzed around zero with values greater than
zero associated with abnormally wet conditions dospecific region and values less than zero
associated with abnormally dry conditions for ac#fieregion. Values on the index between -1 and
-2 denote mild drought conditions, values betweiand -3 denote moderate drought conditions,

and values less than -3 denote extreme droughitomml

Extreme deviations in temperature are also ofteretaied with drought shocks. The second
measure of weather stress used in our analys&ripdrature and precipitation data derived from
gridded weather data. These data were compiledpamdded by Wolfram Schlenker (Columbia
University) and Michael Roberts (University of HaijaThe data is based on the PRISM weather
dataset and is an updated version used in SchlemkeRoberts (2009). The raw data consists of
daily minimum and maximum temperatures as wellotal fprecipitation on a 2.5 by 2.5 mile grid
of the continental United States. For each CRDuse this gridded data to calculate the average
daily minimum and maximum daily temperature alonghwdaily total precipitation. We then
construct growing degree days in accordance tonagnacally observed heat sensitivity in corn
yields, heat in excess of 29 degrees CentigradeldSier and Roberts 2009, Schauberger et al.
2017). For each growing season, defined as labtimg April 1 to September 30, we calculated the

total number of Moderate Growing Degree Days anldixe Growing Degree Days.

Tmax—Tmin

_ T lf Tmax—Tmin > Tbase
1) GDD = 2 base 2
0 lf max2 min < Tbase

¥ We thank Michael Roberts for recommending that se this source.
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Equation 1 defines a Growing Degree Day, GDD, as #élverage daily temperature
calculated between the daily maximum temperatiigg, and daily minimum temperatur@y,n,
minus some base temperatufge. A Growing Degree Day measures the amount of égadsure
crops receive during a specific day and takes aevaf zero for days beloWh.s Following the
example of Schlenker and Roberts (2009), we diffttaie between two measures of heat exposure
for corn for each CRD for each year from 1920 t63.9sing GDD. We first sum up the number of
GDD between 10 and 29 degrees Centigrade duringgitbeing season as Moderate Growing
Degree Days. This calculation assumes a base tatapernf 10 degrees Centigrade. We sum days
with average temperatures in excess of 29 degreesigtade as Extreme Growing Degree Days
(and assume a base temperature of 29 degreessircdldulation). In addition to these heat

measures, we also total the amount of precipitatimmg the growing season.

Empirical Analysisof Our Panel Dataset

Summary Satistics

Tables 1 and 2 describe the two unbalanced sancplestructed for the analysis. In the
Hybrid and Open-Pollinated Yields sample, most dat for the years 1939 to 1941 and does
coincide with the end of the Dust Bowl drought wavEhe yield identical data ranges from 1939 to
1953, has broader geographic coverage, and moiabildy in its measures of heat exposure and
precipitation. The difference between hybrid cond apen-pollinated yields is on average 10.8
bushels of corn per acre. The yield identical fiadsmaller difference between hybrid and open-

pollinated corns grown on the same farm of 6 bspet acre.

Table 3 summarizes the lowa experimental trial d@a 1928 to 1942. The ratio of hybrid

corn yields to open pollinated yields ranges frorm%o 153.4 and is on average 114.3. These data
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suggest that hybrid corn seeds outperformed op#imgted corns by 14.3% between 1926 and

1941. This average is consistent with Griliche$&nas?°

Empirical Method and Results
To assess the relationship between drought arld performance of hybrid and open-

pollinated corns we run the following regressiordfication:
1) yit = glMD + QZEDI'II + al‘ + yt + git

The variabley;, denotes the natural log of the corn yields, yidiliflerence, or yield identical in
CRDii in yeart. In the lowa trials datay;,, denotes the ratio of hybrid yields divided by ope
pollinated yields. These outcomes are regressednoderate and extreme drought indicator
variables constructed from the PD#®1D;; andED,;. We construct these drought indicators from
the average PDSI over the growing season (Apr8dptember). Time invariant effects specific to
each CRD are controlled for using CRD fixed effeetsand a quadratic time treng, controls for
potential underlying trends, such as concurrentnglsa in technology, shared across CRDs.
Heteroskedastic standard erragg, are clustered at the state (or CRD) level to actior potential

correlation in the errors shared across CRDs flmmsaime state.

To assess the effects of heat exposure on the pettbrmance of hybrid and open-

pollinated corns we run the following linear regries specification:
2) vy = 0;MGDD;; + 6,EGDD;; + 8,Prec;; + 8,Prec? + a; + y; + &

The specification using growing degree days follothe predominant paradigm used in the

agricultural economics literature. The outcomestdrest are regressed on moderate and extreme

%% As Sutch (2011) notes, Griliches did not fully dtetle yield gaps reports in the lowa Corn YielcsTdata because
the farmers engaged in the test program were liketyepresentative of the farm population andeadd yields
substantially higher than those commonly prevailing
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degree daysMGDD;; andEGDD;;. Annual growing season precipitatiaPyec;;, and the squared

value of precipitation measure the effects rairtfia upon corn yields.
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Figure 5. Hybrid to Open-Pollinated Corn Yield Ratilowa Trials Data, 1926-1941. Source: Authabulation

lowa Experimental Farm Results, 1926 to 1942

Much of the foundational work developing commertighrid corn seeds occurred in lowa.
We use experimental farm data from Zuber and Robi($641;1942) to study the relationship
between heat stress and the performance of hybmnt eelative to open-pollinated corns. The data
from the lowa corn yield tests allow us to study inylperformance when commercial hybrids are
introduced and novel. They also let us study lyperformance during early waves of the Dust
Bowl droughts. Figure 5 suggests that hybrid ygdformance in lowa was much greater in 1936,
a year of extreme Dust Bow! drought, relative torepellinated seed lines. It appears the pattern

in hybrid to open pollinated yield ratios startstuift upwards in 1936. Both the floor and average
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of the ratios also increases until 1942. Theyast yields for open pollinated corns are repoited
lowa stations is 1942. This is because hybrid @ed technology had come to dominate corn

production in lowa by that time.

In Table 4 we regress the lowa yield ratio agaihgt moderate and extreme drought
indicator variables. Moderate drought does not seemave a differential effect on the relative
performance of hybrid seed corn relative to opdiinated corn. Both specification (1) and (2) find
that extreme drought increases the relative pedao® of hybrids to open pollinated by 21.5 and
41.7 respectively. These increases are statistisahificant at the 1% level. In Table 5 we regres
the lowa yield ratio against the temperature anecipitation data. We find results that are
consistent with Sutch’s (2011) arguments aboutdhe drought played in diffusion. Specification
(1) finds that moderate growing degree days deeréas relative performance of hybrids and the
effect is statistically significant at the 1% leval 100 unit increase in moderate growing degree
days decreases the ratio by 2.3. The statistigalifgiance of the negative effect of moderate
growing degree days is sensitive to the choiceuafdgative time trends versus year fixed effects.
The coefficients for extreme growing degree dayswskthat the relative performance of hybrids
increased during periods of extreme heat. In satibn (1) a 100 unit increase in extreme
growing degree days increases the ratio by 21.5 @ndt1.7 in specification (2). In both
specifications the coefficients are statisticaliyngficant at the 1% level. These results suppat t
narrative accounts that hybrid corns performed mbetier than open pollinated corns during

period of drought.



19

(50
S
N
S -
2
‘@
C
]
o
S
o4
T T T T T T
0 20 40 60 80 100
X
Open Pollinated

Hybrid

Figure 6. Kernel Density Plots of Hybrid and OpesiliRated Corn Yields, Various Ranges Between 19841.

Source: Authors’ tabulation

80

o 4
T
40 60

Open Pollinated

Hybrid
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Between 1937-1941. Source: Authors’ tabulation
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Variety Specific Yield and Yield Identical Regressions

The yields of hybrid seed corns and open-pollidiaeed corn appears to have a fixed gap
on average. The kernel density plot of variety gpegields in Figure 6 suggests that hybrid seeds
shifted the yield distribution to the right. Limmtj the sample to CRDs experiencing a drought in a
year provides a similar pattethFigure 7 presents kernel density plot of varigigcific yields and
the peaks of the distributions are in similar lomas to Figure 6. The distribution of yields during
droughts shifts probability mass towards the left there does not appear to be a stark contrast
between the two figures suggestion drought specifgor in hybrid seeds relative to open-
pollinated seeds. Our regression analysis usinlgl pecific data provides evidence that further

suggests that hybrid seeds were not necessarilyghtaolerant relative to open-pollinated seeds.

Columns (1), (2), and (3) in Tables 6 report tHeaf of moderate and extreme drought on
hybrid and open-pollinated corn yields. These Welde averages per acre of specific seeds within
each CRD. Column (4) reports the effects of tentpeeaand precipitation on yield “identicals,”
which is the average difference in hybrid and opeltinated yields for farms where both seed
types were grown. The results from columns (1) &)dsuggest that moderate drought did not
strongly reduce hybrid or open pollinated yieldstr&me drought decreases both hybrid and open
pollinated yields and the effects are significarthe 5% level and below. Nevertheless, the extreme
drought indicator variable does not find a strotagistically significant change in either the yield
gap or yield “identical” variables. Table 7 providen alternative specification where quadratic time

trends are replaced with year fixed effects.

Tables 8 and 9 report the relationship between ipwegree days and precipitation on the

measures of hybrid versus open pollinated perfoomaim Table 7 the results from columns (1) and

! We define drought as moderate or worse on the Rdbmmight Severity Index (a value less than -2.)



21

(2) suggest that corn yields increase for both idylnd open-pollinated corns under moderate
GDD. However, the regression coefficients essdptile same and suggest that 100 additional
moderate GDD increase corn yields by approxima&o (the coefficients are statistically
significant at the 1% level). Column (3) preserdme evidence that hybrid corns perform better
relative to open-pollinated corns. The yield gapgween the two hybrid and open-pollinated
varieties increases with additional moderate GDBhva 100 unit increase in moderate GDD
increasing the yield gap by 0.48% (this result tatistically significant at the 5% level when
standard errors are clustered at the CRD levelg rBEsults for yield “identicals” in column (4)
corroborate this result and suggest a 100 unieas® in moderate GDD increase the yield gap by
0.42% (this result is statistically significanttae 10% level under both state and CRD clustered

errors).

Extreme growing degree days negatively affect lbéhperformance of hybrid and open-
pollinated corns. According to columns (1) andiRYable 8, a 100 unit increase in extreme GDD
reduces hybrid corn yields per acre by approxingafdl.3% and reduces open-pollinated corn
yields by 66.2% (both coefficients statisticallgrsficant at the 5% level). However, there is no
statistically significant difference in the gap Wween the two varieties observed in column (3).
According to the yield “identicals” regression inlemn (4), additional extreme growing degree
days reduce the performance of hybrids relativeopen-pollinated corns. An additional 100
extreme GDD reduces the yield “identicals” by 30.4%6s effect is statistically significant at the
5% and 1% level depending on clustering). Onlgotumn (4) does total precipitation during the
growing season appear to affect the observed diiter in hybrid corn and open-pollinated corn
yields. In columns (1) through (3) we find no sftally significant relationship between corn
yields and changes in precipitation. This gap appdo be increasing in magnitude until total

annual precipitation exceeds 68.7 centimeters aimfiatl decreases hybrid performance relative to
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open-pollinated corns once total rainfall exceed%.3 centimeters. In Table 9, we present an
alternative specification using year fixed effeoisplace of the quadratic time trends. For all

specifications this change removes all statist&ghificance associated with moderate growing
degree days. The statistical significance forrtbgative effect of extreme growing degree days on
the yield “identicals” also attenuates. For thebriy and open pollinated corn yields this

specification change does not appear to changd gmtsitivity to extreme growing degree days.
Using year fixed effects does not substantivelyngieathe coefficients or statistical significance of

extreme growing degree days in specifications t)) @).

Discussion and Conclusion

If hybrid corns exhibited a unique tolerance towasdreme heat and drought, then we
would expect that the difference between hybrid apdn-pollinated corn yields to increase in
periods of extreme heat. We uncover two distindtepas in the data regarding hybrid yield
performance relative to open-pollinated yield perfance. For crop reporting districts in lowa
from 1928 to 1942, extreme temperature increaseyidid performance of hybrid seeds relative to
open-pollinated seeds. This evidence is consistéht the claims of Richard Sutch and the rural
sociologists regarding the drought tolerant natfréybrids. In lowa, hybrid corns outperformed
their open-pollinated contemporaries. The pattar@sincover are consistent with a scenario where

farmers’ preferences for drought tolerance drovaridyadoption.

We find contrasting results using yield data fronlager time period and with a broader
geographic coverage. Using the yield specific datd the yield “identicals,” we find evidence
more consistent with the assessment of Griliches. d& not find strong evidence that extreme

temperature increased the performance of hybridscalative to open pollinated corns in the years
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after the Dust Bowl droughts. The evidence from tlegression analysis indicates that the
difference in yields between hybrids and open-patid corns increases during moderate GDD.
Extreme heat resulting from daily average tempeeatin excess of 29 degrees Centigrade do not
appear to increase the relative difference in tlylnd open-pollinated corns. Evidence using the
yield “identicals” from the unpublished USDA mantipts indicates that the difference in hybrid
and open-pollinated corn yields decreases withtaddil extreme GDD. This evidence suggests
that hybrid corns improved overall yields relatit@ open-pollinated corns during normal and
advantageous growing conditions, but that this eased yield performance attenuates during

periods of extreme heat exposure.

On one hand, our evidence supports Griliches’sonotihat hybrid seeds increased
productivity in corns overall rather than princigadluring droughts. Such results indicate that the
main benefit that hybrid seeds provided in mitiggtthe adverse effects of extreme temperature
come from their overall increase in yields. Thisregase in yields cushions the adverse effects of
drought. On the other hand, evidence from lowa expntal farms supports the narrative accounts
presented by historians and rural sociologistse mhanced results of this analysis highlight the

importance of having appropriate data to addressgjtiestions under investigation.
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Table 1. Summary Statistics of Hybrid and OpeniRaléd Yields Sample
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Variable Observations Mean Std. Dev. Min Max
Hybrid Yield Per Acre 211 51.430 15.069 13 97.969
Open-Pollinated Yield Per Acre 211 40.669 15.854 8 3. 90.092
Yield Difference 211 10.761 4.8226 2 31.700
Moderate Drought, PDSI 211 0.531 0.500 0 1
Extreme Drought, PDSI 211 0.289 0.454 0 1
Moderate Growing Degree Days 211 1773.318 228.086 181.853 2433.123
Extreme Growing Degree Days 211 60.205 29.489 B.24 146.674
Precipitation 211 0.545 0.113 0.254 0.879
Precipitation squared 211 0.310 0.128 0.065 0.773
Year 211 1939.787 1.103 1937 1941
Table 2. Summary Statistics of Yield Identicals $aam

Variable Observations Mean Std. Dev. Min Max
Yield Identical 989 6.029 3.148 0.1 31
Moderate Drought, PDSI 989 0.568 0.500 0 1
Extreme Drought, PDSI 989 0.267 0.442 0 1
Moderate Growing Degree Days 989 1581.220 348.529 41.531 2433.123
Extreme Growing Degree Days 989 47.621 38.649 0.721  214.064
Precipitation 989 0.547 0.160 0.197 1.233
Precipitation squared 989 0.325 0.199 0.039 1.519
Year 989 1944.219 3.876 1939 1953




27

Table 3. Summary Statistics of lowa Experimenté@iErSample

Variable

Yield Ratio, Hybrid/Open-Pollinated
Moderate Drought, PDSI

Extreme Drought, PDSI

Moderate Growing Degree Days

Extreme Growing Degree Days

Precipitation

Precipitation squared

Year

Observations

Mean Std. Dev. Min Max
114.303 BRB 97.4 153.9
0.5 0.515 0 1
0.224 0.418 0 1

1688.860 155.203 289.026 2091.285

57.457 35.310 9.589 206.420
0.567 0.088 0.394 0.841

0.329 0.105 0.155 0.708
1933.565 4.740 1926 1941

Table 4. Drought and lowa Hybrid and Open-Pollidab®rn Ratios, 1926-1941

1) )

Moderate Drought, PDSI

Extreme Drought, PDSI

CRD Fixed Effects
Quad. Time Trend
Year Fixed Effects
Sample

N
Adj. R2

lowa Yield Ratio lowa Yield Ratio
1.22031 1.64091

(1.32036) (1.34115)
6.45368*** 14.31629***

(2.16306) (3.39188)
Yes Yes

Yes No

No Yes

1926-1941 1926-1941

170 170

0.251 0.449

Robust standard errors are in parentheses.
* p<0.10 ** p<0.05 *** p<0.01
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Table 5. Extreme Heat and lowa Hybrid and Openifaitd Corn Ratios, 1926-1941

(1)

lowa Yield Ratio

)

lowa Yield Ratio

Moderate GDD, 10 29 C -0.02343+*+ -0.02925
(0.00867) (0.03604)
Extreme GDD, :29°C 0.21526*** 0.41668***
(0.04057) (0.09231)
Precipitation, meters -12.79066 24.73739
(65.88781 (80.88737
Precipitatiod 14.94762 -17.50428
(51.77032) (65.28811)
CRD Fixed Effects Yes Yes
Quad. Time Trend Yes No
Year Fixed Effects No Yes
Sample 1926-1941 1926-1941
N 170 170
Adj. R"2 0.391 0.48¢

Robust standard errors are in parentheses.
* p<0.10 ** p<0.05 *** p<0.01
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Table 6. Regression Results, Effect of Palmer Dnb@®&gverity Index Drought Measures on Corn Yields,
Quadratic Time Trends

) &) () (4)

In(Hybrid In(Open- In(Yield In(Yield
Yield Pollinated Yield Difference) Identical)
Per Acre) Per Acre)
Moderate Drought, PDSI -0.04312 -0.03525 -0.04267 0.04166
(0.03872) (0.04083) (0.06336) (0.04742)
[0.02462]* [0.02867] [0.05517] [0.04121]
Extreme Drought, PDSI -0.12809 -0.15996 -0.05841 07061
(0.04796) ** (0.07718) * (0.09487) (0.03967) *
[0.03173]*** [0.04594]*** [0.06713] [0.05908]
CRD Fixed Effects Yes Yes Yes Yes
Quad. Time Trend Yes Yes Yes Yes
Sample 1937-1941 1937-1941 1937-1941 1939-1953
N 212 212 211 989
Adj. R*2 0.760 0.824 0.471 0.346

Standard errors in parentheses are clustered tey Standard errors clustered by Crop Reportingridisre

in brackets.

* p<0.10 ** p<0.05 *** p<0.01
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Table 7. Regression Results, Effect of Palmer Dnb®&pverity Index Drought Measures on Corn Yields,

Year Fixed Effects

@ &) ®3) 4
In(Hybrid In(Open- In(Yield In(Yield
Per Acre) Pollinated Yield Difference) Identical)
Per Acre)
Moderate Drought, PDSI -0.02516 -0.03045 0.01987 .03132
(0.03830) (0.04180) (0.06250) (0.04316)
[0.02267] [0.02857] [0.06014] [0.04327]
Extreme Drought, PDSI -0.09129 -0.14050 0.02762 06827
(0.07218) (0.10992) (0.07857) (0.05739)
[0.03849]** [0.05543]** [0.07215] [0.07011]
CRD Fixed Effects Yes Yes Yes Yes
Year Fixed Effects Yes Yes Yes Yes
Sample 1937-1941 1937-1941 1937-1941 1939-1953
N 212 212 211 989
Adj. R*2 0.771 0.824 0.490 0.354

Standard errors in parentheses are clustered tey Standard errors clustered by Crop Reportingridisre

in brackets.

* p<0.10 ** p<0.05 *** p<0.01
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Table 8. Regression Results, Effect of Heat StwasSorn Yields, Quadratic Time Trends

1) @) 3) (4)

In(Hybrid  Yield In(Open- In(Yield In(Yield
Per Acre) Pollinated Yield Difference) Identical)
Per Acre)
Moderate GDD, 10- 2C  0.00065 0.00066 0.00047 0.00041
(0.00012) *** (0.00017) ***  (0.00035) (0.00023)*
[0.00009] *** [0.00012] *** [0.00021] ** [0.00022%
Extreme GDD, > 28C -0.00720 -0.01086 0.00055 -0.00362
(0.00224) ** (0.00415) ** (0.00382) (0.00157)**
[0.00154]*** [0.00243]**+ [0.00271] [0.00136]***
Precipitation, meters 0.05134 1.28623 0.52408 2669
(1.49331) (1.51984) (2.34221) (0.78107)**
[1.13843] [1.34332] [2.03963] [0.62225]***
Precipitatiod -0.249615 -1.311283 -0.750254 -1.577880
(1.22555) (1.19457) (2.04302) (0.49249)**+
[0.93803] [1.10756] [1.71669] [0.42972]**
CRD Fixed Effects Yes Yes Yes Yes
Quad. Time Trend Yes Yes Yes Yes
Sample 1937-1941 1937-1941 1937-1941 1939-1953
N 212 212 211 989
Adj. R?2 0.812 0.876 0.487 0.364

Standard errors in parentheses are clustered tey Standard errors clustered by Crop Reportingridigre
in brackets.
* p<0.10 ** p<0.05 *** p<0.01
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Effects
1) 2 3) 4)
In(Hybrid In(Open- In(Yield In(Yield
Per Acre) Pollinated Yield Difference) Identical)

Per Acre)

Moderate GDD, 10 29C 0.00068 0.00083 -0.00133 -0.00031
(0.00061) (0.00080) (0.00155) (0.00022)
[0.00051] [0.000579] [0.00111] [0.00039]

Extreme GDD, 29C -0.00749 -0.01135 0.00308 -0.00250
(0.00284) ** (0.00477) ** (0.00459) (0.00151)
[0.00175]*** [0.00274]*** [0.00338] [0.00164]

Precipitation, meters -0.44043 1.018168 -3.05435 441982
(1.62519) (1.67158) (2.75151) (0.86282)
[1.57646] [1.84648] [2.93167] [0.72885]*

Precipitatiod 0.261705 -0.98615 2.33118 -0.95899
(1.29111) (1.24845) (2.12156) (0.60857)
[1.30403] [1.54234] [2.45383] [0.49951]*

CRD Fixed Effects Yes Yes Yes Yes

Year Fixed Effects Yes Yes Yes Yes

Sample 1937-1941 1937-1941 1937-1941 1939-1953

N 212 212 211 989

Adj. R*2 0.810 0.874 0.498 0.366

Standard errors in parentheses are clustered tey Standard errors clustered by Crop Reportingridisre

in brackets.

* p<0.10 ** p<0.05 *** p<0.01
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Appendix Figures
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Figure Al. Moderate Growing Degree Days and Fieehdratic Lines for Constructed and Actual Hybnidl @©pen

Pollinated Corn Yields. Source: Authors’ Calculato
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Figure A2. Extreme Growing Degree Days and Fittea@atic Lines for Constructed and Actual Hybridl @dpen-
Pollinated Corn Yields. Source: Authors’ Calculago

In Figures Al and A2, we plot fitted quadric linesthe data to highlight the relationship between
moderate and extreme GDD and corn yields. We corststanated hybrid and open-pollinated
corn yields using data on harvested corn acreagke camput from the National Agricultural
Statistics Service’s Quickstats 2 program, the yigldntical,” and information on share of acreage
planted as hybrid corff. This descriptive evidence suggests that hybrifbpmance increases more
under moderate growing degree days than open-p@tnzorns. It also suggests that the difference

in yields is either fixed or decreasing in respoasextreme growing degree days.

? The formulas used to construct the dataYdeéd,, = Yieldoiq — Sharepypyiq * Identical andYield,,, =
Yield,, + Identical, whereYield,,., is the overall average yield in a CRD from QuiekstandSharey,yriqis the
fraction of acreage planted as hybrid seed.



