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The Diffusion of Tractor Technology 

DINAH DUFFY MARTINI AND EUGENE SILBERBERG

A substantial literature exists claiming the adoption of tractors was inefficiently 
slow. We develop a linear programming model of farms that specifically incor-
porates the opportunity cost of the farmer’s time and apply it to farms in Iowa 
during the interwar period. We develop technological coefficients derived at the 
task level, based on the data and agricultural reports from that period. By valu-
ing the time saved by tractors, we demonstrate that the seemingly slow rate of 
tractor adoption was in fact wealth maximizing. Tractors were widely adopted 
only after the improvement in implements that came late in this period.  

or much of the last generation, economists have been saying that the 
adoption of the tractor was “too slow.” We contend that this percep-

tion is in part the result of an incorrect application of Paul David’s 1966 
threshold model. That model plausibly assumes that producers will 
switch to the most efficient (least cost) technology for accomplishing a 
task or set of tasks. Previous studies have focused on only one part of 
farming—raising crops. In this article we develop a model that incorpo-
rates the opportunity cost of the farmer’s time and we apply the model 
to farmers in Iowa in the interwar period, a time when tractors came to 
resemble the machines we now recognize by that name. That is, we 
model the tractor adoption decision not as a horses or tractor decision, 
but rather as a horse farming versus horse and tractor farming decision. 
We show that an important reason why farmers switched to tractors was 
because they provided farmers with more time for noncrop activities, 
such as raising livestock, improving the farm infrastructure, or working 
off the farm. In fact it is more accurate to say that the tractor, by freeing 
up a farm owner’s time to raise livestock or work off the farm, in-

creased the opportunity cost of growing crops. With these results, ex-
planations such as market imperfections and “lumpiness” of the inputs 
are not needed. The imperfect capital market explanation seems particu-
larly suspect: farmers in fact bought cars, a purchase of comparable ex-
pense to tractors. In 1920, 74 percent of Iowa farms reported automo-
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biles, even though only 13 percent reported tractors. In 1930, 85 percent 
of Iowa farms had cars, but only 27 percent had tractors.1

 Among the first economists to apply the threshold model to tractors 
was Robert Ankli.2 Ankli concluded that the Corn Belt Farmers should 
have switched from horses to tractors above 46 acres and switched back 
to horses with more than 126 acres. When he compared the number of 
farms in this range with the number of tractors on farms, he concluded 
that the farmers had been slow to adopt. This is the genesis of the con-
cept that tractors should have diffused faster than they did. Sally Clarke 
replicated Ankli’s work for several combinations of horses and trac-
tors.3 She concluded that the threshold was 67 acres for teams of six 
horses and 61.4 crop acres for five horse teams. According to her re-
search, 70 percent of farms should have benefited but only 30 percent 
had tractors. Clarke noticed that there were fewer tractors in the coun-
ties where the average cash margins were the lowest. From this she 
theorized that the cause of the low adoption rates in 1920s and 1930s 
had occurred because of farmer fears of bankruptcy and the low state of 
farmer bank accounts throughout the 1920s.  
 William White argues that Clarke’s threshold acreage is actually too 
high.4 From his work on a hedonic price index for tractors, he found 
that the initial cost of a tractor in 1929 was $875 instead of the $1,000 
Clarke used. In his calculations with this lower initial cost, the threshold 
disappears completely. His conclusion is that everyone should have 
been farming with tractors. Byron Lew adds the element of uncertainty 
to the threshold model by introducing the role of agricultural prices and 
costs in this period and the uncertainty inherent in a rapidly evolving 
technology.5 He first calculates the threshold at which farmers should 
rationally switch using several sizes of horse teams and horse and trac-
tor combinations without uncertainty. He essentially finds the same re-
sult as the previous authors: the predictions of the threshold model do 
not match the data on Canadian prairie farms. He then explored the im-
pact of uncertainty in input prices, output prices, and tractor evolution. 
He finds that as output prices trend downward, there is less likelihood a 
farmer will buy a tractor. However as the price of a tractor tends down-
ward, he also does not buy. This last result seems odd, but he explains 
that as the tractor becomes more and more capable, the farmer is 
tempted to put off the buy decision because he could get a better one 
next year at the lower price. When Lew recalculates the threshold acre-

1 McKibben and Griffin, “Changes,” table E-5, p. 106. 
2 Ankli, “Horses.” 
3 Clarke, “New Deal Regulation.” 
4 White, “Unsung Hero.” 
5 Lew, “Diffusion.” 
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ages accounting for the uncertainty, he finds that his model predicts 
adoption rates closer to the data than the thresholds of Ankli and Clarke.
Alan Olmstead and Paul Rhode develop a simultaneous equation model 
and apply it to state-level data to test the impact of the tractor on crop-
land acres per farm.6 They find that farm scale and tractor adoption are 
co-determined, meaning in particular that crop acreage is not exoge-
nous. They also argue that the rapid fall in the price of horses explains 
the slower adoption in the South, and also point out that the decline in 
horse prices was itself an endogenous result of tractor adoption. Al-
though they stress the labor-saving aspect of tractors, Olmstead and 
Rhode do not formally model this important determinant of the adoption 
of this new technology.
 In his classic 1960 article on tractor adoption, Zvi Griliches, using 
national data, found investment in tractors to be dependent on the price 
of crops.7 Griliches’s 1957 paper on the adoption of hybrid corn con-
cluded that “Where the profits from this innovation were large and clear 
cut, the changeover was very rapid.”8

 We believe the shortcoming common to this previous research is that 
it investigates only the cost of growing crops. Although researchers 
have often mentioned that tractors saved time, this aspect of production 
has not been specifically incorporated into the models. The tractors did 
not necessarily result in the farmers having a larger corn crop; output 
was constrained by the land and the farm technology at the time. But 
farmers also generated income by raising livestock, improving the farm, 
and working off the farm. By saving time using a tractor, farmers could 
generate additional income through these other activities, or simply 
consume greater leisure.  
 Although we and others construct average costs and average techni-
cal coefficients of production, these are not necessarily any one farm’s 
marginal costs or benefits. The marginal benefits of using some tech-
nology varied from farm to farm depending on the other inputs the 
owners had available, especially the farmer’s human capital related to 
the use of horses. A 1935 farm study found that younger farmers were 
more likely to adopt tractors than their older colleagues.9 This is what 
one would expect on the basis of elementary considerations of human 
capital theory—older farmers would likely be the ones whose skills 
with horses would be relatively greater, and younger farmers have a 
greater potential gain from incurring the costs of adopting new technol-

6 Olmstead and Rhode, “Reshaping the Landscape.” 
7 Griliches, “Demand. 
8 Griliches, “Hybrid Corn,” pp. 501–22.  
9 Hopkins, “Changing Technology,” p. 63.  



Tractor Technology 357

ogy, because they will have more years to apply that technology. All we 
can say with data of this sort is that as the average benefits of tractors 
rises relative to horses, we expect the rate of switching from horses to 
tractors to increase.  
 We restrict our analysis to Iowa farms in the interwar period. Na-
tional-level data obscure many important influences and variations in 
the diffusion of tractors. The diffusion of the tractor was not uniform 
across the United States. As the tractor developed, various farming sys-
tems found them useful, albeit in different decades. Very roughly, the 
small grain region and Far West were the earliest adopters. This farming 
system has an annual cycle of plow, plant, and reap. Although the plant-
ing was usually done with horses, plowing and reaping could be done 
with tractors. The huge power needs of these tasks made the tractor a 
valuable addition to the farm and reduced the number of horses needed. 
The more complicated farming system of the Corn Belt has a cycle of 
plow, plant, cultivate, and hand harvest for crops. Because of smaller 
acreages and cultivation between the rows of corn, tractors did not dis-
place many horses until the introduction of the Farmall tractor in 
1924.10 Adoption in the eastern states was more individual as the evolu-
tion of the tractor and specific implements became available. Thus it is 
important to segregate the type of farming by region or even state. For 
this reason, and because of data availability, we restrict our analysis to 
farms in Iowa from 1920 to 1940.  

THE MODEL 

 In order to investigate the incentives that farmers faced affecting the 
rate of substitution of tractors for horses, we need a tractable (no pun in-
tended) model of farms that captures the changing costs and technology 
that led to this substitution. We analyze those incentives using a multi-
year linear programming (LP) model. To capture the dynamic aspects of 
farming technology, we repeat LP models over the years 1922, 1930, 
1936, and 1940. Each LP model generates a Lagrange multiplier 
(“shadow price”) for tractors and horses and a value of the objective 
function for each period. In this manner we can see how these net in-
comes and shadow prices change over time. We show that these values 
are consistent with the slow adoption of tractors in this period.
 We posit that farmers maximize their net income by choosing the 
proper levels of corn, oats, and hay (x1, x2, x3) with a fixed coefficient 

10 The Farmall was the first tractor with the modern set-up of two small front wheels close to-
gether and large rear wheels on a high axle. This permitted tractors to cultivate crops (turn over 
the soil, weed) until the crops reached the height of the rear axle.  
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technology, using priced and unpriced inputs and fixed resources, sub-
ject to resource constraints. The technical coefficients, the aijs, are the 
amounts of input i necessary to produce one unit of output j. We define 
one unit of corn or oats to be 100 bushels; one unit of hay is one ton. 
We use the subscripts i (1,2,3,4) for the inputs land, man-hours, horse-
hours, and tractor-hours, respectively, and j (1,2,3) for the outputs corn, 
oats, and hay, respectively. The farmer’s net income is the income he 
receives from sale of the crops less the cost of the inputs used. Here, the 
priced inputs are horses and tractors only.
 In our model we do not include labor as a priced input. It seems most 
likely that the farmers on 160 acre farms used family labor almost exclu-
sively. Shaw reports that there were approximately three unpaid family 
workers for every hired worker in 1930.11 (The Census definition of 
“family labor” was work done by family members without pay.) In 1930 
there were, on average, 0.54 hired workers per farm.12 (The index of 
hired workers displayed in Table 1 implies there would have been 
slightly more hired workers in 1920, and fewer as the 1930s progressed.) 
Thus on average, the workers on a 160-acre farm were 1 farmer-operator, 

0.54 hired workers, and an additional 3  0.54 = 1.62 unpaid family 
workers for a total of 3.16 individuals. The hired workers thus constituted 
only about one-sixth of the total workforce. Further, if one supposes that 
the distribution of hired labor was greater on the larger than average 
farms, then the farms modeled in this article were most likely run by fam-
ily members. The inclusion of the relatively small hired labor input into 
the objective function would not likely change any of the results.  
 Denoting the unit prices of horse and tractor hours as w3 and w4 re-
spectively, the cost of each input is the sum of the amounts of that input 
used in each crop times its respective input price. The net income the 
farmer receives is thus 

43432421413333232131 )()( wxaxaxawxaxaxaxp ii

 The resource constraints simply state that the amount of each input 
used cannot exceed the total amounts of those inputs that are available, 
represented by the right-hand side coefficients: 

al1x1+ a12x2 + a13x3  AnnualCroplandHarvested 

a21x1+ a22x2 + a23x3  AnnualManHours

a31x1+ a32x2 + a33x3  AnnualHorseHours

a41x1+ a42x2 + a43x3  AnnualTractorHours

11 Shaw et al., “Trends,” table H-2, p. 154. 
12 U.S. Bureau of the Census, “Fifteenth Census,” vol. 3, table 20, p. 789.  
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TABLE 1 — continued 
Sources: These numbers come mainly from the 1960 Census, State Summary tables 6 
and 7 (pp. 9 and 10). The Pasture and Marketing numbers come from the applicable 
volumes of the Iowa Year Book of Agriculture (IYBA). The 1922 entries come from 
the IYBA for 1922 pp. 629, 655, 659 and 667; 1930 entries for from the IYBA 1930 
pp. 611, 625, 633 and 655; 1936 entries come from the IYBA for 1936, pp. 386, 391, 
403 and 411; 1940 entries come from the IYBA for 1940 pp. 486, 491, 499 and 507. 
The Index of Hired workers comes from Shaw and  Hopkins, “Trends,” p. 789. 

 This simple model, however, ignores important constraints the Iowa 
farmers faced. When this model is solved with actual data, it says that 
farmers would plant only corn on every available acre. In fact, farmers 
planted corn, oats, and hay in fairly persistent proportions year after 
year. This seemingly non-wealth-maximizing behavior has two explana-
tions: land fertility considerations and the episodic nature of the labor 
requirements of corn.13 Thus, the basic model must be extended to in-
clude crop rotation and seasonality constraints. 

Crop Rotation

 Crop rotation was a way for farmers to keep their yields of corn high. 
Data from records kept by the Iowa Agricultural Experiment Station on 
fields that had been kept in corn for three or four years indicated that 
corn yields dropped by 12.3 percent in the second year, by 15.2 percent 
in the third year, and 32.7 percent in the fourth year.14 These results are 
supported by a 30 year study reported in 1941. In that study, yields 
dropped 35 percent in four years.15 It can easily be shown that failing to 
rotate crops eventually resulted in lower net incomes for the farmers.  
 With chemical fertilizers not generally available in this time period, 
farmers dealt with this loss of yield by rotating oats and hay with the 
corn. The typical rotation was to divide the farm into four sections, and 
grow corn in sections 1 and 2, oats in 3, and hay in 4. The next year the 
farmer would grow the same crops but start with section 2, and so on. 
Thus, although the crop rotation process is a chronologically sequential 
one for a particular farm, the proportions of land on the farm in various 
crops remained the same. Although a more complete, multiyear model 
would generate this crop rotation as part of the solution, we simplify the 
model by requiring the farm to have the same acres in oats and hay as 
did the average farm for that year. Because the solution will always fill 

13 Hopkins, “Crop System,” p. 287, table vii. Thomas and Hopkins, “Seven Iowa Counties,” 
figure 3. 

14 Hopkins, “Crop System,” table 7, p. 287. 
15 Chen and Arny, “Crop Rotation Studies,” p. 4. 
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all available land with corn production, constraining the number of oat 
and hay acres is all that is needed. 
 The Crop Rotation Constraints are thus: 

al2 x2 Oat Acres Planted

al3 x3 Hay Acres Planted

Seasonality

 Although the farmer had approximately 3,120 work hours per person 
available to him (10 hours per day × 6 days per week × 52 weeks), bad 
weather, the uneven distribution of labor requirements throughout the 
year, and the physical limit to a work day of 10–12 hours meant that at no 
time did the farmer have all of his annual labor available to him. Labor 
hours become very constraining at the times of the year during spring 
planting and fall harvesting. Of these two, the spring planting time was 
the most demanding because there was a narrow window of opportunity 
to get the crops planted. According to H. L. Thomas and John A. Hop-
kins, doing the needed work at just the right time seems to be one of the 
most important influences in obtaining a satisfactory yield at the least 
cost.16 Farmers generally plan to do the seedbed preparation and planting 
in the first two weeks in May.17 In a 1922 study (published in 1926), 
George Pond found that farmers in southwestern Minnesota (just north of 
the cash grain area of Iowa) began plowing in mid-April and planted until 
late May.18 Pond found that on average, after allowing for weekends and 
rainy days, there were 21 days available for spring plowing and planting. 
 In the fall the crop must be harvested as soon as it is ripe so that an 
early winter does not prevent the crop from being harvested. Once there 
is snow on the ground the horses and machines cannot get into the fields 
to harvest. 
 We capture the intertemporal nonsubstitutability of labor by dividing 
the year into three important windows of time and matching the labor 
available to the power needs for each set of tasks. Because the amount 
of labor used for plowing cannot be substituted for the harvesting of 
grain and there are definite dates between which specific tasks must be 
performed, for each crop we calculate three season-specific technical 
coefficients for each labor constraint, each horse hour constraint, and 
each tractor constraint. Only one technical coefficient per crop is 
needed for the land because land is allocated only once a year. 

16 Thomas and Hopkins, “Seven Iowa Counties,” pp. 23–24. 
17 Richey, “What and How of Hybrid Corn,” p. 17 
18 Pond, “Study,” p. 44. 
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 The seasons are: Winter: This is the month of April when the oats can be 
planted. The oats germinate in colder wetter soil than corn so they can be 
planted even when there is still a threat of frost. Spring: This is the corn 
seedbed preparation and planting period. This period is bounded by the last 
day of frost and June 1. As mentioned, the farmers planned about 21 work-
days to accomplish the preparation and planting on the number of acres 
designated for corn. Summer&Fall: This is the period from June 1 through 
the end of harvest. The tasks done are cultivating the corn in June and July, 
harvesting the oats in July and harvesting the corn from late September on. 
 We add a third subscript k (1,2,3) to indicate the season. For example, 
a223 is the technical coefficient for the man-hours used for oats in the 

Summer&Fall. Note that ij
k

ijk aa
3

1

, i = 1,2,3,4, and j = 1,2,3. 

The Opportunity Cost of Labor 

 As we have stressed, the major benefit of using tractors was that the 
labor input dropped dramatically. If the farmer spent less time raising 
crops he would have more time for noncrop activities such as raising 
livestock, improving the farm infrastructure, or working off the farm. 
There is an implicit cost of the farmer’s labor that must be considered. 
We have modeled this opportunity cost of the farmer’s time by modify-
ing the objective function.

 Let M  be the endowment of all the hours the farmer has available to 
him, and let w2 represent the opportunity cost of this labor. Recall that 
a21, a22 and a23 represent the labor hours summed over all seasons for 
raising a unit of each crop. Then the amount of time the farmer has to 
work in activities other than crops is

M  – (a21x1 +a22x2 +a23x)

 Multiplying this quantity by the alternative wage represents foregone 
earnings in livestock, infrastructure improvements, or off-farm em-
ployment.  
 The final model in its entirety is thus: 

Maximize over x 

43432421413333232131

2323222121

)()(

))((

wxaxaxawxaxaxa

wxaxaxaMxp ii

subject to resource, seasonality, crop rotation, and non-negativity 
constraints:
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 Resource Constraints: 
al1x1 + a12x2 + a13x3 AnnualCroplandHarvested

a21x1 + a22x2 + a23x3 AnnualManHours

a31x1 + a32x2 + a33x3 AnnualHorseHours

a41x1 + a42x2 + a43x3 TractorHours

 Seasonality Constraints: 
a211x1 + a221x2 + a231x3 ManHoursWinter

  a212x1 + a222x2 + a232x3 ManHoursSpring

  a213x1 + a223x2 + a233x3 ManHoursSummer&Fall

  a311x1 + a321x2 + a331x3 HorseHoursWinter

  a312x1 + a322x2 + a322x3 HorseHoursSpring

  a313x1 + a323x2 + a333x3 HorseHoursSummer&Fall

  a411x1 + a421x2 + a431x3 TractorHoursWinter

  a412x1 + a422x2 + a432x3 TractorHoursSpring

  a413x1 + a423x2 + a433x3 TractorHoursSummer&Fall

 Crop Rotation Constraints: 
al2x2 Oat Acres planted

al3x3 Hay Acres Planted

 Non-Negativity Constraints: x1, x2, x3  0 

 All parameters were derived from reports in the literature of the time. 
The technological coefficients were derived at the task level, as indi-
cated in the Appendix. The principal sources were the Agricultural Ex-
periment Station (AES) Reports of Iowa, Minnesota, and Illinois, Iowa 
Year Book of Agriculture (IYBA) for each year, and the various publi-
cations (Farmer’s Bulletins, Department Bulletins, Miscellaneous Pub-
lications and Technical Bulletins) of the United States Department of 
Agriculture (USDA). Specific citations are available from the authors 
upon request.

Structural Stability, 1920–1940 

 We assume throughout that yields (bushels per acre), farm size, price, 
and wages were constant. By 1940, 55 percent of the farms had tractors, 
but the manner or scale of farming had not changed, as the data in  
Table 1 clearly show. Farm size varied by only 3.3 acres over the pe-
riod, corn acres fluctuated between 104.72 in 1930 to 90.28 in 1935 but 
over the period remained virtually flat. The same agronomic techniques 
prevailed—the crop rotation system and the numbers of times opera-
tions were performed remained unchanged, and the yields per acre all 
remained constant.  
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 Although the period of study is 1920 to 1940, Table 1 covers 1910–
1960 so that the period of study can be seen within the longer-term 
trends. Comparing across the columns one can see that the farm size 
changed little over the first four decades of the twentieth century. After 
1940 the size begins to climb and by the 1960s the average farm size 
was almost 200 acres. The proportion of acres in corn oats and hay vary 
slightly, but with no discernible trend between 1920 and 1940; the pro-
portion allocated to corn begins to rise through the 1950s. Although the 
number of horses declined by almost 50 percent over the period, the 
proportion of oats, usually considered to have been grown for horse 
feed, surprisingly did not change, and pasture acres increased 13 per-
cent. The data on livestock are ambiguous: The number of beef remains 
flat but the dairy cows rise during the period. Of note, however, is the 
increase in the number of cattle marketed and the number of gallons of 
milk sold. The increase in marketing quantities suggests the farmers 
were spending more time and assets in livestock operations. Hogs de-
cline during the period of study but not over the longer haul. This hog 
decline was due in part from the policies of the New Deal but swine 
cholera was also a major problem of the day. Finally, the number of 
sheep on farms fluctuates but the amount of wool produced rises.
 A very interesting and important indicator for the purposes of this 
study is the rising trend of farmers working more than 100 days off their 
farms and the steady decline in the index of average number of hired 
workers. The most important effect of tractor technology was to reduce 
the labor input required for field crops. The upward trend of work off-
farm illustrates one of the ways that farmers used the hours released 
from farming to increase their total annual income.  

Isolating the Effects of Technical Change 

 Tractors improved throughout the interwar period. The Fordson trac-
tor in 1918 could plow but not cultivate, and it had a tendency to flip 
backwards onto the operator when it hit obstructions or very soft 
ground. The Farmall in 1924 was the first tractor that could cultivate 
young corn plants. Over the next 15 years, manufacturers developed 
better metal alloys and tractor designs. Other developments included an 
expanding array of specialized implements culminating with Harry Fer-
guson’s three point hitch in 1939, hydraulics for lifting implements, and 
rubber tires. Only with the advent of the Ford Ferguson 9N circa 1940 
were all of the basic elements of modern tractors introduced.
 Exogenous effects such as variations in weather can obscure these 
technological changes. For example, if yields are low because of 
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weather, the aijks for the inputs will be higher, obscuring the advances 
in tractor design that would lower the aijks. Removing these exoge-
nous effects is critical to drawing accurate conclusions from the re-
sults. We therefore apply the model to each observation period as if 
the same farmer worked the same farm using the same farming 
method with horses or with horses and a tractor at each observation 
point. In this case, because we are interested in the effects of techno-
logical change, we hold the yields, farm size, prices, and alternative 
wages constant.19 We have used the average yields for the period 
1920–1938. 
 In addition to weather, there are three other important exogenous ef-
fects at work that can affect the implicit prices of tractors and horses 
from one year to the next: the evolution of agriculture towards greater 
efficiency in the use of the inputs (learning effects), severe macroeco-
nomic shocks to the economy, and scale effects. Throughout the two 
decades of our study, the Iowa Agricultural Experiment Station (and 
others like it) conducted studies and promoted greater efficiency in 
farming, in terms of, for example, the number of times various tasks had 
to be done. This secular growth in knowledge is largely a separate issue 
from the choice of tractors vs. horses, and so in this study we use the 
same set of tasks for each period.  
 During this period, there were some important macroeconomic 
shocks, one of which was the drop in real agricultural wages in the 
1930s.20 We discuss wages further below, in particular, the role wages 
played in determining the opportunity cost of the farmer’s labor as a 
farmer. A drop in the real agricultural wage in the 1930s would tend to 
reduce the incentives for adopting labor-saving devices such as tractors. 
We capture this effect by using an alternative wage ranging from zero to 
$0.55 per hour.
 Lastly, we ignore the minor effects of economies of scale in this pe-
riod in our model. In fact farm size changed very little over the period 
as Table 1 shows. The crop acres average 100.13 and so 100 acres has 
been used in all the models as the land limit. We use the actual average 
acres of oats and hay in each period. 

19 There is a slight upward trend in corn and hay yields due to the introduction of hybrid corn 
and alfalfa hay in the last years of the period. Oat production remained flat.  

20 See U.S. Bureau of the Census, Historical Statistics, especially Series E 113–139, pp. 125–
26, Consumer Price Indexes (BLS) by Major Groups and Subgroups: 1890 to 1957, Series K 
73–82, p. 280; Farm Employment, Wages, and Man-Hours Used for Farmwork: 1866–1957; Se-
ries D 626–634, p. 92, Hours and Earnings for Production Workers in Manufacturing: 1900 to 
1957. It is clear that nominal farm and manufacturing wages fell, but real farm wages fell abso-
lutely, whereas real manufacturing wages remained steady from 1929 through 1933 and then 
rose slightly for the rest of the 1930s.  
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THE EMPIRICAL MODELS 

 Linear programming models generate positive shadow values only for 
those constraints that are binding.21 For the Iowa farmers in this study, the 
land limit was the overriding constraint. Those farmers assembled the in-
puts that allowed them to plant as much land as was available. A second 
binding constraint is the oats crop rotation constraint. This constraint is 
used to model the reality that corn could not be planted year after year on 
the same land without severe losses in yield. Requiring that the solution 
include the number of oat acres planted in each observation year provides 
a simple way to account for deteriorating corn yields over time from re-
peated planting. The shadow value of an acre of oats is always negative 
because in these static models (ignoring the benefits of crop rotation), di-
verting acreage from corn to oats lowers net income.  
 When the models are run, the tractor and horse-hours constraints turn 
out to be nonbinding, producing zero shadow prices. The number of 
hours theoretically available for tractor and horse-hours does not ade-
quately reflect the peak time constraints the farmers faced. We therefore 
parametrically reduce the Spring right-hand side time limits for horse and 
tractor-hours until these constraints became just binding. That is, after the 
model determines how many Spring horse or tractor hours the solution 
requires, we reset the horse or tractor constraint to that level. This proce-
dure allows the model to generate positive shadow values for these re-
sources without changing the solution, so that a comparison of the mar-
ginal productivities of these two power sources becomes possible. 
 It is a fair criticism of the model that—because there can be only three 
binding constraints, one of which is obviously the land constraint, and the 
two others turn out to be the crop rotation constraints for oats and hay 
(until we parametrically lower the Spring power source constraint until it 
becomes just binding, replacing the crop rotation constraint for hay)—the 
solution is in a real sense pre-ordained to have the farmer plant approxi-
mately half of his acreage in corn, and approximately 25 percent in oats 
and the remainder in hay. These elementary predictions of the model in 
fact accord with reality—this is what these farmers actually planted, with 
only very small deviations, every year (see Table 1). Though the model is 

21 The number of binding constraints cannot exceed the number of decision variables, in this 
case, three. (See, for example, Silberberg and Suen, Structure, especially section 17.2 & ff.) If a 
constraint is binding, it is easy to calculate the increase in the objective function value (net in-
come) that would occur if, say, one more acre of land were available. This increase in income 
represents the value of the marginal product (VMP) of land, and thus the implied competitive 
price of this resource. If a constraint is not binding, meaning there is an excess of the resource 
over what the solution requires, then the VMP, or shadow price of that resource is zero, even 
though its average value is obviously not zero. These “shadow prices” or “Lagrange multipliers” 
are generated as part of the solution.  
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framed to derive the optimal crop mix, this is not its real purpose—Iowa 
farmers in the interwar period had very little choice about this due to the 
necessity for crop rotation. Rather, our purpose is to derive the shadow 
prices of the two alternative power sources, to see how changing technol-
ogy affected their relative prices and farm income, and to investigate the 
role of the opportunity cost of labor. Moreover, once the model deter-
mines which three constraints are binding, we can analyze the technical 
coefficients of those constraints to gain a better understanding of exactly 
what is driving the results. 
 We run several comparative statics experiments using various hourly 
real wages the farmer might have had in 1910–1914 dollars to examine 
the incentive farmers had to switch to tractors: zero alternative wage, an 
average farm wage, and the average manufacturing wage (w= 0, $0.27, 
$0.55 per hour, respectively). We assume the annual time available to 

farmers is M =3,120 hours (10 hours per day × 6 days per week × 52 
weeks). However, the seasonal constraints are narrow windows of oppor-
tunity, and we use the reduced number of hours available for each season 
in those constraints. We use a wage of $0 to model the polar case where 
the farmer had no alternative use for his time. This is the assumption 
most previous authors have implicitly or explicitly used.22 We use the av-
erage farm wage of $0.27 to model the effect on the farmer’s incentives 
of using his nonfield crop time to work for another farm, farm more acres 
himself, or spend more time on livestock. One of the reported changes 
that occurred when farmers got tractors was that they did custom work 
for their neighbors. Because the work they did replaced other hired labor, 
the average farm wage without board is a reasonable and plausible proxy. 
The manufacturing wage of $0.55 models the wage available to farmers 
who found off-farm work in nonagricultural occupations. We use the 
manufacturing wage because in 1935 nonagricultural occupations were 
reported for three-fourths of the off-farm days. 
 The real horse-hour cost varied from $0.09 to $0.10 for all the obser-
vation periods, while the real tractor cost varied from $0.54 in 1922, to 
$0.37 in 1930, and $0.41 in 1936.23 (There was no report in 1940 be-
cause only tractors were used. We used the 1936 horse farming data for 
1940 horse farming. We incorporated the mechanical corn picker in the 
technical coefficient for corn harvesting in 1940 on tractor farms. These 
are averages obtained from surveys of men who had used tractors for at 
least one season. There are large variations in the reported hourly costs 

22 This would imply that farmers valued their leisure at zero; we do not intend to imply that 
this is a true reflection of their time value. We simply use this to illustrate the effects of ignoring 
the farmer’s value of time saved. 

23 Tolley and Reynoldson, “Cost”; Reynoldson et al., “Utilization”; and Goodsell, “Cost.”  
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for both horse and tractors. The number of hours the power source was 
used varied widely with farm size as depreciation was the greatest pro-
portion of cost. Because the 100-crop-acre farm was the most common 
size, using these averages is the most appropriate. The prices received 
for feed grains were used to deflate the costs into 1920–1914 = 100 val-
ues. The tractor costs were deflated by the “Prices Paid Index for all 
Commodities used in Production by Farmers.”24

 In order to isolate the effects of technological change, we hold the costs 
constant in all the models that follow. We use costs of $0.09/horse hour 
and $0.50 per tractor hour. Because the tractor hour cost declined, the 
shadow values for tractors are understated, but, again, holding the costs 
constant has the advantage of isolating the effects of technological change. 
 The following pages contain the actual models we ran, with land, 
yields, farms size prices, and wages held constant. The objective func-
tions and constraints are presented with their numerical coefficients, fol-
lowed by the LP results. For each time period we run a horse farming 
model and a tractor-farming model. In the horse farming models we as-
sume that horse teams powered all the tasks throughout the year. In the 
tractor-farming models, the distribution of tasks varies with the capabili-
ties of the tractors over time. For example, in 1922 tractors only did the 
seedbed preparation tasks, but by 1940 they were used for all the tasks. 
 In all the models that follow, the technical coefficients over time de-
crease for both types of farming. For example, in 1922 it took 51.44 
man hours to grow and harvest 100 bushels of corn with horses; in 1930 
it took 35.41. With tractors it took 48.06 man-hours in 1922 and 28.78 
in 1930. As a result, the number of men and horses required to grow the 
corn and other crops steadily decreases throughout the period of this 
study, and indeed, throughout the rest of the century. 
 The technical coefficients were all derived independently of each 
other and independently of the resource constraints. Each crop was di-
vided into the tasks that needed to be done to grow and harvest each 
crop. Then the Agricultural Experiment Station and USDA reports for 
the length of time each of these tasks took per acre were used to sepa-
rate the tasks into their appropriate season and to derive the total hours 
necessary in man, horse, and tractor hours to produce each crop. The re-
source limits were taken from census data on the resources available. 

24 U.S. Department of Agriculture, Major Statistical Series, p. 17. These hourly costs are cal-
culated as follows: First the initial cost of the horse or tractor depreciated over its life, then costs 
for feed, bedding, veterinary fees and a 5 percent interest on the capital investment area added in 
the case of the horse. For the tractor fuel, oil, grease, repairs, and a 5 percent interest on the 
capital investment are added to the depreciation for each year. These total are then divided by 
the number of hours each are used annually. The result is the hourly cost for using the power 
source. In previous studies, the authors calculated the costs in the same manner.  
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The crop acreages turn out to be the limiting resources. Men, horse, and 
tractor hours available are in each case greater than the resources neces-
sary to produce the optimum quantities. The Appendix contains cita-
tions for these sources. 

1922 Horse Farming Model 

Maximize over x 

3321

2321

)56.831.4547.127(

))36.577.2244.51((

wxxx

wxxxMxp ii

subject to resource, seasonality, crop rotation, and non-negativity constraints: 

 Resource Constraints:  2.62x1 + 2.89x2 + 0.71x3  100 
           51.44x1 + 24.88x2 + 5.36x3  2,100 
           127.47x1 + 45.31x2 + 8.56x3  4,858 
 Seasonality Constraints: 
  Man-Hours 
   Winter     0x1 + 6.0x2 + 0x3  264 
   Spring     14.64x1 + 0x2 + 0x3  336 
   Summer&Fall  36.80x1 + 18.87x2 + 5.36x3  1,500 
  Horse-hours  
   Winter     0x1 + 19.97x2 + 0x3  528 
   Spring     61.67x1 + 0x2 + 0x3  1,330 
   Summer&Fall  65.79x1 + 25.45x2 + 8.56x3  3,000 
 Crop Rotation Constraints: Oats  2.89x2  27.68 
            Hay  0.71x3  15.79
 Non-Negativity Constraints: x1, x2, and x3  0 

where pi = (59,31,10), xi = (x1, x2, x3), w2 = $0, $0.27, $0.55, and w3 = $0.09 

TABLE 2
THE RESULTS OF THE 1922 HORSE FARMING MODEL 

Hourly wage ($) 
Zero Wage

0.00
Farm Wage

0.27
Mfg. Wage 

0.55

Quantities Corn (units)  21.6 21.6 0 
     Oats (units)  9.6 9.6 9.6 
     Hay (units)  22.3 22.3 102 
Net income ($)  1,488 1,935 2,483 
Shadow prices  Land ($)  12.99 10.96 8.85 
      Oats ($)  –3.68 –3.97 0 
      Value of a man hour using a four 
       horse team ($) 

 0.87 0.32 0 

Spring horse hours to just bind  1,330 1,330 NA 

Notes: When the alternative wage becomes $0.55, no corn is grown. At a wage greater than 
$0.42 a farmer would substitute out of farming, or transfer his farm to someone with a greater 
comparative advantage in farming. The (nonbinding) spring man-hours constraint of 336 hours 
represents three workers. 
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1922 Tractor Farming Model 

Maximize over x

423321

2321

)004.463.8()13.849.2904.71(

))44.554.2206.48((
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wxxxMxp ii

subject to resource, seasonality, crop rotation, and non-negativity constraints: 

 Resource Constraints:  2.62x1 + 2.89x2 + 0.71x3  100 
           48.06x1 + 22.54x2 + 5.44x3  2100 

71.04x1 + 29.49x2 + 8.13x3  4858
8.63x1 + 4.04x2 + 0x3  774  

 Seasonality Constraints: 
  Man-Hours 
   Winter     0x1 + 6.06x2 + 0x3  264 
   Spring     11.25x1 + 0x2 + 0x3  336 
   Summer&Fall  36.80x1 + 16.77x2 + 5.44x3  1,500 
  Horse-hours 
   Winter     0x1 + 4.04x2 + 0x3  528 
   Spring     5.25x1 + 0x2 + 0x3  1,330 
   Summer&Fall  65.79x1 + 25.45x2 + 8.13x3  3,000 
  Tractor-hours 
   Winter     0x1 + 4.04x2 + 0x3  88 
   Spring     8.63x1 + 0x2 + 0x3  186 
   Summer&Fall  0x1 + 0x2 + 0x3  500 
 Crop Rotation Constraints: Oats  2.89 x2  27.68  
            Hay  0.71x3  15.79 
 Non-Negativity Constraints: x1, x2, and x3  0 

where pi = (59,31,10), xi = (x1, x2, x3), w2 = $0, $0.27, $0.55, w3 = $0.09, 
and w4 = $0.45 

TABLE 3
THE RESULTS OF THE 1922 TRACTOR FARMING MODEL 

Hourly Wage ($) 
 Zero wage

0.00
Farm Wage

0.27
 Mfg. Wage 

0.55

Quantities Corn (units)  21.6 21.6 0 
     Oats (units)  9.6 9.6 0 
     Hay (units)  22.3 22.3 101.86 
Net income ($)  1,512 1,984 2,492 
Shadow Prices Land ($)  13.05 10.98 8.83 
      Oats ($)  –3.83 –3.87 0 
      Value of a man working an  
       additional hour on a tractor ($) 

 1.68 0.81 0 

Tractor-hours to just bind  186 186 NA 

Note: The (nonbinding) spring man-hours constraint of 336 hours represents three workers. 
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1930 Horse Farming Model 

Maximize over x

3321

2321

)29.613.3913.109(
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subject to resource, seasonality, crop rotation, and non-negativity constraints: 

 Resource Constraints: 
  2.62x1 + 2.89x2 + 0.71x3  100 
  35.41x1 + 19.57x2 + 3.79x3  1,512 

109.13x1 + 39.13x2 + 6.29x3  4,037 
 Seasonality Constraints:  
  Man-Hours  
   Winter     0x1 + 4.56x2 + 0x3  176 
   Spring     12.07x1 + 0x2 + 0x3  336 
   Summer&Fall  23.25x1 + 15.01x2 + 3.79x3  1,000 
  Horse-hours  
   Winter     0x1 + 15.76x2 + 0x3  440 
   Spring     50.63x1 + 0x2 + 0x3  1,097 
   Summer&Fall  58.5x1 + 23.28x2 + 6.29x3  2,500 
 Crop Rotation Constraints: 
  Oats  2.89x2  2,922 
  Hay  0.71x3  1,392 
 Non-Negativity Constraints: x1, x2, and x3  0 

where pi = (59,31,10), xi = (x1, x2, x3), w2 = $0, $0.27, $0.55, and 
w3 = $0.09 

TABLE 4
THE RESULTS OF THE 1930 HORSE FARMING MODEL 

Hourly wage ($) 
 Zero Wage

0.00
Farm Wage

0.27
 Mfg. Wage 

0.55

Quantities Corn (units)  21.7 21.7 21.7 
     Oats (units)  10.1 10.1 10.1 
     Hay (units)  19.7 19.7 19.7 
Net income ($)  1,530 2,091 2,674 
Shadow prices Land ($)  13.28 11.85 10.35 
      Oats ($)  –3.78 –4.17 –4.57 
      Value of a man hour using a four 
       horse team ($) 

 1.12 .68 0.20 

Spring horse hours to just bind  1,097 1,097 1,097 

Note: See Table 3. 
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1930 Tractor Farming Model 

Maximize over x 

423321

2321
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subject to resource, seasonality, crop rotation, and non-negativity constraints: 

 Resource Constraints:  2.62x1 + 2.89x2 + 0.71x3  100 
           28.80x1 + 16.25x2 + 3.79x3  1,512 

32.79x1 + 21.93x2 + 6.57x3  4,037 
11.23x1 + 2.91x2 + 0x3  1,225 

 Seasonality Constraints:  
  Man-Hours 
   Winter     0x1 + 3.78x2 + 0x3  176 
   Spring     8.18x1 + 0x2 + 0x3  336 
   Summer&Fall  20.62x1 + 12.47x2 + 3.79x3  1,000 
  Horse-hours 
   Winter     0x1 + 1.73x2 + 0x3  440 
   Spring     3.67x1 + 0x2 + 0x3  1,097 
   Summer&Fall  29.12x1 + 20.14x2 + 6.57x3  2,500 
  Tractor-hours 
   Winter     0x1 + 2.91x2 + 0x3  176  
   Spring     6.35x1 + 0x2 + 0x3  137 

Summer&Fall 4.88x1 + 0x2 + 0x3  1,000 
 Crop Rotation Constraints: Oats  2.89 x2  29.22  
            Hay  0.71x3  13.92 
 Non-Negativity Constraints: x1, x2, and x3  0 

where pi = (59,31,10), xi = (x1, x2, x3), w2 = $0, $0.27, $0.55, w3 = $0.09, 
and w4 = $0.45 

TABLE 5
THE RESULTS OF THE 1930 TRACTOR FARMING MODEL 

Hourly Wage ($) 
 Zero wage

0.00
Farm Wage

0.27
 Mfg Wage 

0.55

Quantities Corn (units)  21.5 21.6 21.6 
     Oats (units)   10.1 10.1 10.1 
     Hay (units)  20.7 20.1 20.1 
Net income ($)  1,569 2,179 2,811 
Shadow Prices Land ($)  13.25 11.81 10.32 
      Oats ($)  –3.66 –3.78 –3.82 
      Value of a man working an  
       additional hour on a tractor ($) 

 2.56 1.93 1.28 

Spring Tractor-hours to just bind  137 137 137 

Note: See Table 3. 
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1936 Horse Farming Model 

Maximize over x 

3321

2321
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subject to resource, seasonality, crop rotation, and non-negativity constraints: 

 Resource Constraints: 
  2.62x1 + 2.89x2 + 0.71x3  100 
  31.10x1 + 19.11x2 + 3.79x3  1,400 

84.73x1 + 38.38x2 + 6.29x3  3,997 
 Seasonality Constraints:  
  Man-Hours 
   Winter     0x1 + 4.39x2 + 0x3  176 
   Spring     10.70x1 + 0x2 + 0x3  336 
   Summer&Fall  20.38x1 + 14.72x2 + 3.79x3  1,000 
  Horse-hours 
   Winter     0x1 + 16.16x2 + 0x3  440 
   Spring     44.73x1 + 0x2 + 0x3  1,057 
   Summer&Fall  40.01x1 + 22.22x2 + 6.29x3  2,500 
 Crop Rotation Constraints: 
  Oats  2.89x2  26.36 
  Hay  0.71x3  11.68 
 Non-Negativity Constraints: x1, x2, and x3  0 

where pi = (59,31,10), xi = (x1, x2, x3), w2 = $0 $0.27, $0.55, and 
w3 = $0.09 

TABLE 6
THE RESULTS OF THE 1936 HORSE FARMING MODEL 

Hourly wage ($) 
 Zero wage

0.00
Farm Wage

0.27
 Mfg Wage 

0.55

Quantities Corn (units)  23.6 23.9 23.9 
     Oats (units)  9.1  9.1  9.1 
     Hay (units)  16.5 16.5 16.5 
Net income ($)  1,621 2,201 2,802 
Shadow Prices Land ($)  13.28 11.84 10.35 
      Oats ($)  –3.76 –4.10 –4.46 
      Value of a man hour using a four  
       horse team ($) 

 1.48 $1.08 0.64 

Spring horse hours to bind  1,057 1,057 1,057 

Note: See Table 3. 
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1936 Tractor Farming Model 

Maximize over x

423321
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subject to resource, seasonality, crop rotation, and non-negativity constraints: 

 Resource Constraints:  2.62x1 + 2.89x2 + 0.71x3  100 
           15.35x1 + 10.13x2 + 2.97x3  1,400 

3.15x1 + 1.39x2 + 0x3  3,997 
13.77x1 + 9.26x2 + 2.97x3  1,306 

 Seasonality Constraints: 
  Man-Hours 
   Winter     0x1 + 3.78x2 + 0x3  176 
   Spring     7.08x1 + 0x2 + 0x3  336 
   Summer&Fall  8.24x1 + 6.35x2 + 2.97x3  1,000 
  Horse-hours  
   Winter     0x1 + 1.39x2 + 0x3  440 
   Spring     3.15x1 + 0x2 + 0x3  1,057 
   Summer&Fall  0x1 + 0x2 + 0x3  2,500 
  Tractor-hours 
   Winter     0x1 + 2.91x2 + 0x3  176 
   Spring     5.51x1 + 0x2 + 0x3  130 

Summer&Fall 8.24x1 + 6.34x2 + 2.97x3  1,000 
 Crop Rotation Constraints: Oats  2.89 x2  26.36  
            Hay  0.71 x3  11.68 
 Non-Negativity Constraints: x1, x2, and x3  0 

where pi = (59,31,10), xi = (x1, x2, x3), w2 = $0, $0.27, $0.55, w3 = $0.09, 
and w4 = $0.45 

TABLE 7
THE RESULTS OF THE 1936 TRACTOR FARMING MODEL 

Hourly wage ($) 
 Zero Wage

0.00
Farm Wage

0.27
 Mfg. Wage 

0.55

Quantities Corn (units)  23.6  23.6 22.7 
     Oats (units)  9.1  9.1  9.1  
     Hay (units)  16.7  16.7  20.0 
Net income ($)  1,627 2,333 3,066 
Shadow Prices Land ($)  12.20 11.24 9.90 
      Oats ($)  –2.96 –2.82 –2.59 
      Value of a man hour when using a 
       tractor ($) 

 3.72 3.51 3.29 

Spring tractor hours to just bind  130 130 130 

Note: See Table 3. 
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1940 Tractor Farming Model 

Maximize over x 

423321

2321

)97.226.951.12()039.10(

))97.229.951.12((

wxxxwxxx

wxxxMxp ii

subject to resource, seasonality, crop rotation and non-negativity constraints: 

 Resource Constraints:  2.62x1 + 2.89x2 + 0.71x3  100 
           12.51x1 + 9.29x2 + 2.97x3  700

0x1 + 1.39x2 + 0 x3  1,400
12.51x1 + 9.26x2 + 2.97x3  696 

 Seasonality Constraints:  
  Man-Hours  
   Winter     0x1 + 3.61x2 + 0x3  88 
   Spring     4.93x1 + 0x2 + 0x3  112 
   Summer&Fall  7.58x1 + 6.35x2 + 2.97x3  500 
  Horse-hours  
   Winter     0x1 + 1.39x2 + 0x3  176 
   Spring     0x1 + 0x2 + 0x3  224 
   Summer&Fall  0x1 + 0x2 + 0x3  1,000 
  Tractor-hours 
   Winter     0x1 + 2.91x2 + 0x3  88 
   Spring     4.93x1 + 0x2 + 0x3  108 

Summer&Fall 7.58x1 + 6.35x2 + 2.97x3  500 
 Crop Rotation Constraints: Oats  2.89x2  27.71 
            Hay  0.71x3  14.21 
 Non-Negativity Constraints: x1, x2, and x3  0 

where pi = (59,31,10), xi = (x1, x2, x3), w2 = $0, $0.27, $0.55, w3 = $0.09, 
and w4 = $0.45 

TABLE 8
THE RESULTS OF THE 1940 TRACTOR FARMING MODEL 

Hourly wage ($) 
 Zero Wage

0.00
Farm Wage

0.27
 Mfg Wage 

0.55

Quantities Corn (units)  22.1 21.9 22.1 
     Oats (units)  9.6 9.6 9.1 
     Hay (units)  20.23 21.0 20.2 
Net income ($)  1,607 2,335 3,089 
Shadow Prices Land ($)  12.20 11.72 9.90 
      Oats ($)  –3.07 –2.87 –2.66 
      Value of a man hour when using a 
       tractor ($) 

 4.34 4.26 4.17 

Spring tractor-hours to just bind  109 108 108 

Note: The (nonbinding) spring man-hour constraint of 112 hours represents one worker. 
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RESULTS

 It is important to understand that it is improving technology that 
drives the results that follow. In all the models, it turns out that the three 
constraints that determine the solution are the land constraint and the 
oats and hay crop rotation constraints. When we reduce the spring 
power constraint so that it becomes just binding, that constraint replaces 
the crop rotation constraint for hay. Since the oats crop rotation con-
straint alone determines the output of oats (which changes little over 
this period), and the land resource constraint is unchanged in all the 
models, it is, first, the reduction over time of the technical coefficient 
for the spring power constraint (a312 for horse farms and a412 for tractor 
farms), and second, the decrease in the technical coefficients for the 
over-all man-hours constraint, that produces the changes in shadow val-
ues and net incomes that are of interest. For horse farms, the amount of 
horse-hours needed for planting the acreage to produce 100 bushels of 
corn falls from 61.67 in 1922, to 50.63 in 1930 and to 44.73 in 1936. 
For tractor farms, the number of tractor hours needed to plant acreage 
for 100 bushels of corn falls from 8.63 in 1922 to 6.35 in 1930, to 5.51 
in 1936 and to 4.93 in 1940. This is a reduction of 27.5 percent for 
horse farms and a 37.2  percent reduction for tractor farms between 
1922 and 1936, and a 43.9 percent decrease for tractor farms by 1940. 
Thus there was technological progress for both horse and tractor farms, 
but the pace of progress was faster for the farms that used tractors. 
Similarly, on farms using just horses, it took 51.44 man-hours to pro-
duce 100 bushels of corn in 1922, and 31.10 man-hours in 1936. By 
contrast, using tractors, it took 48.06 man-hours to produce 100 bushels 
of corn in 1922; in 1940, it took only 12.51 hours, an almost four-fold 
reduction. These reductions came in part from the continuing evolution 
in tractor design and in the metallurgical advances applied to imple-
ments for both methods of farming. For example, the speed of horse 
farming improved when more efficient implement designs were made 
with harder and stronger materials. In tractor farming, as the power and 
versatility improved, more ground could be covered in shorter times. 
 We now present and analyze the results of these models. 

Zero Alternative Wage Value 

 The Zero Alternative Wage experiment produces the shadow values 
and maximum net income values shown in Table 9. In this table and the 
ones following, “Horses” refers to a four-horse team, the most common 
team size in this period. 
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TABLE 9
ZERO ALTERNATIVE WAGE 

(1910–1914 = 100 $)  

 Shadow Value of an Additional 
Power Hour 

 Value of Objective Function 
(net crop income ) 

Year  Horses  Tractor  Horses  Tractor 

1922 0.87  1.68  1,488  1,512 
1930 1.12  2.56  1,530  1,569 
1936 1.48  3.72  1,621  1,627 
1940  Same as 1936  4.34  Same as 1936  1,607 

Notes: All entries are from Tables 2 through 8. 

 In every observation year the amount of revenue one man can generate 
by driving an additional tractor hour is absolutely higher than the value 
he can produce when driving a horse team for an hour. Additionally, the 
spread between these shadow values widens over time. The 1922 shadow 
value of tractor-hours is 93 percent higher than the shadow value of a 
horse team hour; in 1930 it is 129 percent higher; in 1936 it is 151 per-
cent higher and in 1940 it is 193 percent higher. These are the results that 
have led previous authors to conclude that if farmers were wealth-
maximizers they should have begun adopting tractors in great numbers in 
the 1920s unless some market imperfection caused delays. 
 However if farmers made their decisions to substitute technologies 
based on the total crop income alone, as previous authors implicitly as-
sume, the very small variations in net income found in Table 9 clearly 
suggest that from the perspective of his annual income, a farmer in fact 
had little incentive to change. Technological improvements in imple-
ments for horse farming allowed farmers to reduce the number of horses 
used. As late as 1936, the crop income from horse farming was compa-
rable to tractor farming, indicating little incentive to change technolo-
gies. As long as a farmer worked with his horses until all the crop acres 
were planted, he could produce the same level of corn, oats, and hay on 
the same number of acres, i.e., the same gross crop income, with horses 
as he could with tractors. There was little incentive to make the outlays 
for a tractor and take on the uncertainties of a new technology because 
the hourly cost of the two technologies was quite close. 
 Dividing the total crop income by the number of man-hours used pro-
duces the implied average time values of farming crops in these years 
shown in Table 10.25

 Note that the internal wage rate for raising crops increases over time 
for both horse and tractor farms, but that the ratio of tractor to horse

25 We are indebted to an anonymous referee for suggesting these calculations.  
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TABLE 10
IMPLIED WAGES AND RATIOS 

Year

 Implied Wage on 
Horse Farms 

($)

 Implied Wage on
Tractor Farms 

($)
Ratio, Wage on Tractor Farms to 

Wage on Horse Farms 

1922  1.01 1.10  1.09
1930  1.47 1.82  1.24
1936  1.67 3.23  1.94
1940  1.67 3.69  2.26

Notes: Implied wages are total crop incomes divided by number of man-hours used, taken from 
Tables 2 through 8. 

farm wages increases substantially over time. The reason for the increase 
in this ratio is mainly the substantially greater reduction in hours required 
to produce all the crops the land could bear when the farmer used tractors 
versus horses. We can presume the farmer valued these hours saved, either 
for leisure or for the ability to earn additional income in some other activ-
ity. Thus the time saved is an important component of the reason for the 
switch to tractors. The size of these internal wages are in fact substantially 
greater than what we find (55 cents) in the manufacturing sector. This 
would provide an incentive to expand the farm acreage and raise additional 
livestock. It also should have resulted in increased rents on the specific fac-
tor, land, in this period. However we see little of these effects in the inter-
war period: farm size and livestock levels remained stable, and work off 
the farm increased only slightly between 1930 and 1940. (Off-farm work 
may have increased from 1922, but we are not aware of any data for this.) 
Livestock levels may have remained constant in this period because even 
with tractors, corn output, used mostly for feed, did not increase. 
 It is not clear, however, that the farmer had available to him time that 
had this value at the margin. Without changing the size of the farm, at the 
margin, the farmer’s alternative wage was the greater of the value of his 
leisure or what he could earn with various chores, i.e., improving the ex-
isting capital on the farm, producing livestock, or working off the farm. 
As we have noted, the technological improvements that occurred in the 
interwar period did not result in higher crop levels—it just took farmers 
less time to produce the crops. With the same output of corn (mostly used 
for feed), there was little added incentive to raise additional livestock. It 
was only after World War II that these effects become evident in the data, 
and this is when further innovations, particularly the use of fertilizer, hy-
brid corn, and soybeans (which were nitrogen fixing and thus reduced the 
need for crop rotation) do farm sizes and livestock levels increase. Thus, 
the relevant wage to evaluate the farmer’s time should be the farm and 
manufacturing wages we consider. 
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TABLE 11
RESULTS OF FARM WAGE MODELS 

(opportunity cost = $0.27 per hour Iowa farm wage) 

  Shadow Value of an Additional 
Power Hour 

($)

Value of Objective Function 
(Net Crop Income + Wage income) 

($)

Year  Horses  Tractor  Horses  Tractor 

1922  0.32  0.81  1,935  1,984
1930  0.68  1.93  2,091  2,179
1936  1.08  3.51  2,201  2,333
1940  Same as 1936  4.26  Same as 1936  2,335

Notes: All entries are from Tables 2 through 8. 

 We now demonstrate how allowing for a positive alternative wage for 
farmers resolves some of the mystery regarding the slow pace of tractor 
adoption.

Average Iowa Farm Wage 

 The effect on the shadow values of tractor and horse-hours when 
there is an alternative use for the farmer’s time is shown in Table 11, 
which utilizes a farm wage of $0.27 per hour for the opportunity cost of 
the farmer’s time.26 The per-hour horse cost and tractor cost are held 
constant in this experiment. 
 Again we see the same pattern. As with the zero alternative wage ex-
periment, we see that the absolute shadow values are higher for a tractor 
hour than a horse team hour but the relative value between the two wid-
ens over time at a faster rate: $0.75/$0.32 = 2.34 in 1922, rising to 
$4.26/$1.08 = 3.94 in 1940. 
 More interesting is the relationship of the maximum net income lev-
els. The objective function is the sum of the net value of the field crops 
and the wages a farmer could earn with the hours of his endowment be-
yond those needed for the crops. At $0.27 per hour there is a $49 differ-
ence between the maximum net income for horse farming or tractor 
farming in 1922 but in 1936 there is a $132 difference.27 Henry Ford 
lowered the price of his Fordson tractor to $395 in the mid 1920s in his 
marketing war with International Harvester.28 Used tractors could 
probably be purchased for approximately $200, so in 1936 a farmer 
might be enticed to give tractor farming a try. These results more accu-
rately reflect the observation that farmers valued the time saved. For ex-

26 U.S. Department of Agriculture, Major Statistical Series, p. 17, table 28, page 80.  
27 We also ran the model with the actual reported costs of tractor and horse-hours stated 

above; that model produced an increase in net income of $109. 
28 Williams. Fordson, p. 55. 
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ample, Hopkins cites the improvement in farms through installation of 
drainage tiles during the 1930s and from more modern husbandry prac-
tices.29 This wealth-enhancing activity became more feasible as the time 
used to raise crops decreased. By using their time saved to add to their 
income from other sources, farmers enhanced their returns on capital. 
 Note especially how a positive alternative wage causes a larger effect 
on net income. Rodolfo Manuelli and Ananth Seshadri concluded that 
the rising manufacturing wage led farmers to adopt tractors because that 
rise made farm labor more expensive.30 However, the major switch to 
tractors took place during the 1930s, when real wages declined. As the 
alternative wage rises, the shadow value of a tractor hour rises faster 
than the shadow value of horses. This suggests that the farmer would 
have bought a tractor so that he could capture the high manufacturing 
wage for himself, i.e., that it was the opportunity cost of the farmer’s 
own time that caused the switch. 
 A somewhat surprising result in this experiment is that the absolute 
values of horse and tractor hours decline when a positive wage is used 
and wages rise. This happens because the endowment of man-hours is 
fixed at 3,120 hours. The farmer can either raise crops or do some other 
work. Every hour he works on crops is one fewer hour he can work 
elsewhere. The farmer will earn the income from the crops grown, but 
will lose the income he would have earned but for the extra hour he put 
into crops. Thus, as the alternative wage rises, the net marginal value of 
additional inputs into farming declines. 
 A second unexpected result is the large increase in the shadow values 
for horses. Throughout the observation period, horse implements got 
bigger and stronger, partly from some spillover from the work being 
done on tractors and their implements, and partly the from continuation 
of the remarkable horse farming innovations, such as the reaper, that 
had already brought agriculture to a higher level of productivity. This 
provides an additional reason why the switch to tractors took place 
slowly over two decades. 

The Average U.S. Manufacturing Wage 

 The next experiment uses the average U.S. manufacturing wage of 
$0.55 during the period.31 These results are displayed in Table 12. 
 Again the absolute value of the additional tractor hour is always 
greater than the additional team hour and the spread widens over time.

29 Hopkins, “Changing Technology,” p. 37.  
30 Manuelli and Seshadri. “Frictionless Technology Diffusion,” pp. 24 and 27.  
31 U.S. Department of Agriculture, Major Statistical Series.
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TABLE 12
MANUFACTURING WAGE 

(opportunity cost = $0.55 per hour manufacturing wage) 

  Shadow Value of an Additional 
Spring Power Hour 

($)

Value of Objective Function 
(Net Crop Income + Wage income) 

($)

Year  Horses  Tractor  Horses  Tractor 

1922  0.00  0.00  2,483  2,492
1930  0.20  1.28  2,674  2,811
1936  0.64  3.29  2,803  3,066
1940  Same as 1936  4.17  Same as 1936  3,089

Notes: All entries are from Tables 2 through 8. 

Once more, the marginal tractor hour generates more revenue than the 
marginal horse-team hour does, but now, the differences in the net in-
come a farmer can generate by using tractors rather than horses be-
comes significant. In 1922 horse and tractor farming lead to approxi-
mately the same income, but by 1936 the farmer’s net income is $263 
greater if he utilizes tractors as opposed to horses. In 1922 the shadow 
value for horses and tractors drops so low with this high alternative 
wage that the optimum quantity of corn is zero. (The model implies that 
all the land should be put into hay if the alternative wage is above $0.42 
or, alternatively, the farmer should leave farming and work in the indus-
trial sector.) Even tractor farming in 1922 did not return as much as the 
average manufacturing wage of this time. In 1930 any wage over $0.49 
would be better than growing corn or oats but by then tractor farming 
had become efficient enough so that at the $0.55 wage the optimum 
quantities again include corn and oats. 
 These results also indicate that, in the extreme case, a high manufac-
turing wage could encourage farmers to leave the farm, not buy a trac-
tor! If the alternative wage is high enough, then the best solution for the 
farmer will be to exclusively work off the farm and sell or transfer the 
farm operation to someone whose comparative advantage in farming 
was greater. 
 The similarity of the horse and tractor revenue in 1922 and the wid-
ening gap between the two over time makes it easy to see that farmers 
were not slow to adopt tractors; they adopted them as the spread be-
tween the maximum revenue from tractor farming and horse farming 
grew larger and larger. This pattern is consistent with the pattern in the 
data: few farmers adopted tractors before 1930, but twice as many 
adopted them by 1940, and twice again as many adopted them by 1950. 
So the notion of farmers being slow to change is in reality not true. 
They only changed when the incentives were positive, not because mar-
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kets did not function effectively, or because exogenous monetary 
shocks prevented them from doing so as previous authors have argued. 
 This last experiment using the manufacturing wage serves to illus-
trate the motivations for the huge structural changes that have rumbled 
through American agriculture to the present time: farm size grew, the 
number of livestock increased and the rural population dropped precipi-
tously. This change was a combination of farmers taking jobs off the 
farms, or increasing their acreage, or spending more time with live-
stock. Although only 18.3 percent of farmers reported work off the farm 
for pay in 1930 (the first year of the record), by 1950, 30 percent did so. 
The number of farms began falling during the 1940s, and by 1960 there 
were only 174,707 farms on the same land area that had held 221,986 in 
1935.

Hybrid Corn Experiment 

 To further test the sensitivity of the model, we ran one last experi-
ment using recalculated aijks to see how biotechnological change af-
fected the shadow values of horses and tractors. Throughout this study 
we held constant all but the technical coefficients for land use. As pre-
viously discussed, the technical coefficients drop as yields rise. 
 Hybrid corn began to be planted in the late 1930s, principally in 
Iowa.32 Estimates at the time were a 20 percent increase in yield.33 Us-
ing this estimate, we recalculate the aijks as if the average corn yield had 
been 20 percent higher during the entire period (see Table 13). The 
maximum income rises $200 to $300 in each period. (We assume here 
that the price of corn remained constant; of course, as hybrid corn led to 
greater yields, the real price of corn would have dropped). The optimum 
quantity of corn rises 20 percent, as expected, but the optima for oats 
and hay are unchanged. There is a dramatic change in the shadow val-
ues. The increased yield on the land planted with hybrid corn has the ef-
fect of lowering input levels per unit of output. As long as the number 
of acres is constant, these lower aijks will not reduce the labor input. The 
larger yield raises the income possible per acre and so raises the shadow 
values of the nonpriced inputs. These rising shadow values mean that 
the alternative wage can rise much higher before it entices farmers com-
pletely from the farm. If higher yields lead to higher incomes, the price 
of the land will rise with them. Farmers who are less efficient may be 
enticed from their farms because manufacturing wages rise, or their 
land values rise. 

32 Macy, Arnold, and McKibben, “Changes,” p. 15. 
33 Ryan and Gross, “Acceptance,” p. 668.  
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TABLE 13
HYBRID CORN EXPERIMENT VALUES 

(opportunity cost = $0.27 per hour Iowa farm wage) 

  Shadow Value of an Additional 
Spring Power Hour 

($)

Value of Objective Function 
(Net Crop Income + Wage income) 

($)

Year  Horses  Tractor  Horses  Tractor 

1922  1.08  2.18  2,190  2,238
1930  1.60  3.80  2,348  2,435
1936  2.12  5.67  2,481  2,613
1940  Same as 1936  6.65  Same as 1936  2,594

Notes: We divided all the technological coefficients for corn by 1.20 to reflect a 20 percent in-
crease in corn yield. 

CONCLUSIONS 

 The results from these linear programming models give a simpler and 
clearer understanding of the motivations for changing technologies. 
Previous applications of the threshold models, by focusing only on the 
cost of raising crops, failed to adequately quantify the opportunity cost 
of the farmer’s time. In the 1920s and 1930s tractors did not produce 
more corn; they produced more time for the farmer. The cost of raising 
crops with tractors versus horses was not very different. The switch to 
tractors was a result of giving the farmer more time to engage in pro-
ductive activities other than crops. With these results explanations such 
as market imperfections (which can be brought in to explain almost 
anything) and “lumpiness” of the inputs are not needed. The slow cu-
mulative adoption can be explained by looking at the problem from the 
perspective of maximizing total net income, not just crop income. To 
maximize their income in a year, farmers look for the most efficient in-
puts to their field crop operation and use the saved time to earn greater 
income in some other activity or off-farm job. 
 In this article we have not touched on some interesting problems, for 
example, how the decision to invest in tractor technology might have 
been influenced by whether the farm was owner-operated or leased, or 
institutional constraints of that period.34 In addition, family size might 
have mattered, in terms of affecting both the availability of perhaps 
low-wage labor, and also the alleviation of agency problems associated 
with proper care and maintenance of horses and tractors. We leave these 
issues to future research. 

34 See, for example, Whatley, “Southern Agrarian,” pp. 45–70. 



384 Martini and Silberberg

Appendix: The Technical Coefficients—An 

Overview35

 Each aijk in the model is the amount of input i necessary to produce one unit of out-
put j in a season k. However, there are several tasks in each season. Thus, the inputs 
must be calculated at the task level and then summed over all the tasks performed in 
each season to obtain each aijk. Each of these task level calculations requires several 
data points: 

The tasks in the farming practice  
The machine that was used for the task 
The power source needed to pull that machine 
The time it took that power source to pull the machine across one acre 
The number of times the task was repeated 
The number of acres needed to produce one unit of output 

 As an example, we calculate the aijk for the labor needed in corn in the Spring using 
horses. The Spring tasks were plowing, disking harrowing, and planting. In 1930 the 
most common horse implement for plowing was four horses pulling a two-bottom 
plow.36 L. A. Reynoldson et al. report that this unit could plow one acre in 2.38 
hours.37 Because plowing was usually only done once, the total man-hours needed for 
plowing was 2.38 hours. This process is repeated for disking (1 hour), harrowing (0.6 
hours), and planting (0.7 hours). The sum of these man-hours per acre for these tasks 
is 4.6 hours. This number times the number of acres to produce one unit of corn, 2.62, 
is 12.07, (ignoring rounding error) which is a212.
 To find the horse-hours needed for corn in the spring, the man-hours per acre for 
each task are multiplied by the number of horses in the team pulling the implement for 
each task.  

THE RESOURCE LIMITS 

 In general, these limits were the same for horse and tractor farming because at the 
time the farmer makes the decision to switch he has all the inputs available for horse 
farming. The literature reports over and over that farmers did not reduce the number of 
horses or labor until they had operated the tractor for a year or more. Most of the input 
limits in farming are time based: the number of man-hours, the number of horse-hours, 
the number of tractor-hours. Because the length of time available to complete a set of 
tasks is limited to certain periods in the year and days are limited to 24 hours, no mat-
ter the power source, the hourly input limits will be the same in all the models.  
 We derive the first three limits (man-hours, horse-hours, and tractor-hours) mainly 
from issues of the Iowa Year Book of Agriculture (IYBA) for 1920 through 1940 and 
the Agriculture Censuses for 1920–1940.38 The last two (cropland and oat/hay acres) 
come directly from the IYBA for the applicable year. However, in the end, we reduced 

35 Details of these calculations are available from the authors. They are published in Dinah 
Duffy Martini’s Ph.D. dissertation, “Technological Change in U.S. Agriculture: The Case of 
Substitution of Gasoline Tractor Power for Horse Power,” University of Washington, Seattle 
Washington, 2003.  

36 McKibben, Hopkins and Griffin, “Changes,” table 8, p. 22.
37 Reynoldson et al., “Utilization,” table 8.
38 Iowa State Department of Agriculture. “Iowa Year Book of Agriculture,” vols. 20–41.  
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these amounts parametrically in order to make the constraints just bind, so that we 
could derive a positive shadow price of these resources.  

MAN-HOURS AVAILABLE CALCULATION 

 As mentioned earlier, the farmer has a very definite period during which a group of 
tasks must be completed. Tasks left undone or performed too late cause yields to drop 
or, worst case, the loss of the crop. This means that when the farmer is planning what 
crops and how much of each to plant he knows that he must be able to complete, say, 
the plowing and planting between 15 April and 25 May. He must be able to do all the 
necessary work himself or he must be able to hire the help to do it. To capture this 
complex relationship in the model we derive the number of hours available per worker 
in each season and the number of available workers. The number of hours available 
depends on: 

the length of the period in which the tasks must be done 
the number of days in that period on which work in the fields can be done 
the number of hours per day 
the number of workers  

 The general calculation for the man-hours available in any period is: the number of 

work days in the season  the hours in a work day  the number of workers.  
 The number of workdays in a season is the total days in the performance period less 
the number of days it rains. If there are delays, weekend days could become workdays 
(for the farmer and his family). In the months of May in the years from 1890 to 1922 
there were between five and 16 days with more than 0.01 inches of rain in the 
month.39 The average was 10.2 days, which means that if ten days of the 30 were lost, 
20 or so would be left to do the Spring tasks.40 This accords well with the statements 
of Thomas and Hopkins: “Most of the work in preparing the seedbed and planting 
corn occurs during the first 2 weeks in May. These operations are most effective dur-
ing a very short period. The timeliness of the operations becomes an important means 
of reducing production costs by increasing yields when operations are performed dur-
ing the optimum time limit.” Planning to accomplish the spring work in early May left 
some flexibility if the weather was uncooperative.  
 Hopkins et al. reported that most farmers work 12 hours a day and their paid or un-
paid helpers work 11. Because all the farmers also raised livestock for market, 3–4 
hours per day of chores must be done.41 “Chores” are those routine livestock tasks 
such as feeding, milking, etc. Generally the farmer did the livestock work and his 
helper did the plowing or planting because the livestock chores require more skill, bet-
ter judgment, and high trustworthiness.42 This meant that after the livestock were 
cared for, there were approximately ten hours left of the day to do the crop work.  

HORSE-HOURS AVAILABLE CALCULATION 

 Horses could work eight to ten hours a day. They usually worked for four hours in 
the morning had an hour or two midday rest and then worked another four. If the days 
were hot, the work time was reduced to avoid killing the horses with heat exhaustion.

39 Ibid., applicable years. 
40 Thomas and Hopkins, “Costs,” p. 17. 
41 Hopkins, Goodsell, and Buck, “Economic Study,” p. 38. 
42 Holmes, “Wages,” p. 74. 
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APPENDIX TABLE 1
SOURCES FOR THE TECHNICAL COEFFICIENTS, PRICES, LIMITS AND WAGES IN 

THE MODELS 

Technical   
Coefficients   1922 1930 1936 1940

Horse model Pond, table 39,  
p. 105 

Sallee, table 2,  
p. 74 

Goodsell, table 
18, p. 354; 
Sallee 

Tractor model Pond, table 39,  
p. 105; 
McKibben, ta-
bles 8, 16, 18, 
28, 31, 33, 37, 
42, 44, 47 

Sallee, table 2,  
p. 74; 
Reynoldson, 
table 8; 
McKibben, ta-
bles 8, 16, 18, 
28, 31, 33, 37, 
42, 44, 47 

Goodsell,
table 17,  
p. 353; Rey-
noldosn, table 
8; Davidson 
table 1, p. 208;
McKibben ta-
bles 8, 16, 18, 
28, 31, 33, 37, 
42, 44, 47 

Shedd, tables 3–5:
Goodsell,
table 17,  
p. 353; 
Sallee, table 2,  
p. 74; 
McKibben, ta-
bles 8, 16, 18, 
28, 31, 33, 37, 
42, 44, 47 

Limits     

 Yields Average 
1920–1938
from 1938 
IYBA, p. 430,
and 1940,
p. 487 

Average
1920–1938
from 1938 
IYBA, p. 430,
and 1940,
p. 487 

Average
1920–1938
from 1938 
IYBA, p. 430,
and 1940,
p. 487 

Average
1920–1938
from 1938 
IYBA, p. 430, 
and 1940,
p. 487 

 Acres Cropland per 
farm from Ag 
Census 1920 

Cropland per 
farm from Ag 
Census 1930 

Cropland per 
farm from Ag 
Census 1935 

Cropland per 
farm from Ag 
Census 1935 

 Labor  15th Ag Census 
data, table 20, 
pp. 789–795 

 Available 
days 

Pond; Sallee;
1922 IYBA 

Pond; Sallee; 
1930 IYBA 

Pond; Sallee; 
1936 IYBA 

1940 IYBA 

 Horse hours Average Horses 
per farm 1922 
IYBA, table 5, 
pp. 678–81 

Average Horses 
per farm 15th 
Ag Census 
State, table 1, 
p. 884 

Average Horses 
per farm 16th 
Ag Census 
State, table 3, 
p. 113 

 Tractor hours Same as labor 
hours available 
for 1 man 

Same as labor 
hours available 
for 1 man 

Same as labor 
hours available 
for 1 man 

 Corn acres 1922 IYBA, 
table 1 

1922 IYBA, 
table 1 

1922 IYBA, 
table 1 

 Oat acres 1922 IYBA, 
table 5, table 2,
pp. 656–69 

1930 IYBA, 
table 3, 
pp. 622–25 

1940 IYBA, 
table 7, 
pp. 496–99 

 Hay acres 1922 IYBA, 
table 3, 
pp. 664–67 

1930 IYBA, 
table 4, 
pp. 630–33 

1940 IYBA, 
table 2,  
p. 486 
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In 1930, a heat wave in July during the grain harvest killed 10,000 horses in just a few 
days.43 The censuses report the number of horses in each county and the number of 
farms reporting horses, thus the average number of horses per farm is easily derived. 
Farmers could lengthen their work days by using different teams during the day for 
longer periods. The farmer might work for 12 hours, but each individual team might 
only work six or seven. The available horse-hours are calculated by multiplying the 
number of horses by ten hours per workday and then by the number of workdays.  

TRACTOR-HOURS AVAILABLE 

 The tractor-hours are calculated by multiplying the workdays in the season times 
10–12 hours in a day. Generally the tractor-hours are very close to the man-hours. The 
tractors could theoretically be worked 24 hours a day, but because they require a man 
to operate them, the available hours are constrained by the available labor hours. We 
assume one tractor on each tractor farm because very few farms had more than one as 
shown in Appendix Table 1.44

43 Iowa State Department of Agriculture, “Iowa Year Book,” vol. 30, p. 569. 
44 U.S. Bureau of the Census, “Sixteenth Census,” Agriculture table 11, p. 119.
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